Journal of

Clinical Medicine

Special Issue Reprint

Clinical Updates in
Physiotherapy for
Musculoskeletal Disorders

Edited by
Santiago Navarro Ledesma

mdpi.com/journal/jcm

WVI\DPI

F




Clinical Updates in Physiotherapy for
Musculoskeletal Disorders






Clinical Updates in Physiotherapy for
Musculoskeletal Disorders

Guest Editor

Santiago Navarro Ledesma

/
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj e Manchester
/



Guest Editor

Santiago Navarro Ledesma
Department of Physical
Therapy

University of Granada
Melilla

Spain

Editorial Office

MDPI AG
Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Journal of Clinical Medicine
(ISSN 2077-0383), freely accessible at: https://www.mdpi.com/journal/jcm/special_issues/
294K1H451Q.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-7318-0 (Hbk)
ISBN 978-3-7258-7319-7 (PDF)
https://doi.org/10.3390/books978-3-7258-7319-7

© 2026 by the authors. Articles in this reprint are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The reprint as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

About the Editor . . . . . . . . . . . s

Ahmed Alalawi

Multidimensional Recovery Trajectories Following Physiotherapy with or Without Pain
Education in People with Chronic Low Back Pain

Reprinted from: J. Clin. Med. 2026, 15, 2320, https:/ /doi.org/10.3390/jcm15062320 . . . . . . ..

Ahmed Alalawi

Causal Mediation Analysis of the Effects of Pain Education on Disability and Pain Intensity in
Individuals with Chronic Low Back Pain

Reprinted from: J. Clin. Med. 2026, 15, 348, https://doi.org/10.3390/jcm15010348 . . . . . . . ..

Ji-Ho Lee, Si-Hyun Han, Min-Su Kim, Dong-Ho Keum and Seo-Hyun Park

Association Between Systemic Symptoms and Recovery in Acute Low Back Pain: A
Retrospective Cross-Sectional Study

Reprinted from: J. Clin. Med. 2025, 14, 6969, https:/ /doi.org/10.3390/jcm14196969 . . . . . . ..

Leire Cruz Gambero, Gabriel A. Gijén-Noguerén, Salvador Diaz Miguel, Javier Bar6n-Lépez
and Cantero-Téllez Raquel

Wrist Joint Restriction: Impact on Foot Pressure, Center of Gravity, and the Role of the Dominant
Hand

Reprinted from: J. Clin. Med. 2025, 14, 2829, https:/ /doi.org/10.3390/jcm14082829 . . . .. . ..

Alberto Rolddn-Ruiz, Javier Bailon-Cerezo, Deborah Falla and Maria Torres-Lacomba
Cervical Spine Screening Based on Movement Strategies Improves Shoulder Physical Variables
in Neck-Related Shoulder Pain Patients: A Secondary Analysis from an Observational Study
Reprinted from: J. Clin. Med. 2025, 14, 2433, https:/ /doi.org/10.3390/jcm14072433 . . . . . . ..

So-Yeong Kim, Woon-Su Cho, Chi-Bok Park and Byeong-Geun Kim

Impact of Sarcopenia and Functional Relationships Between Balance and Gait After Total Hip
Arthroplasty

Reprinted from: J. Clin. Med. 2025, 14, 2036, https:/ /doi.org/10.3390/jcm14062036 . . . . . . ..

Ali H. Alnahdi, Abdulrahman M. Alsubiheen and Mishal M. Aldaihan

Rasch Measurement Model Supports the Unidimensionality and Internal Structure of the
Arabic Oswestry Disability Index

Reprinted from: J. Clin. Med. 2025, 14, 1259, https:/ /doi.org/10.3390/jcm14041259 . . . . . . ..

Santiago Navarro-Ledesma

Frozen Shoulder as a Systemic Immunometabolic Disorder: The Roles of Estrogen, Thyroid
Dysfunction, Endothelial Health, Lifestyle, and Clinical Implications

Reprinted from: J. Clin. Med. 2025, 14, 7315, https://doi.org/10.3390/jcm14207315 . . . . . . ..

Jessica Straub, Dhinu J. Jayaseelan, Clara Honigberg and David A. Scalzitti

Injury Characteristics and Physical Therapy Management Strategies for Circus Artists: A
Scoping Review

Reprinted from: J. Clin. Med. 2025, 14, 5948, https:/ /doi.org/10.3390/jcm14175948 . . . . . . ..

Santiago Navarro-Ledesma

Frozen Shoulder as a Metabolic and Immune Disorder: Potential Roles of Leptin Resistance,
JAK-STAT Dysregulation, and Fibrosis

Reprinted from: J. Clin. Med. 2025, 14, 1780, https://doi.org/10.3390/jcm14051780 . . . . . . . .



Joanna Piruta and Wojciech Kutak

Physiotherapy in Text Neck Syndrome: A Scoping Review of Current Evidence and Future
Directions

Reprinted from: J. Clin. Med. 2025, 14, 1386, https:/ /doi.org/10.3390/jcm14041386 . . . . . . ..

Jaehyun Lim and Byeonggeun Kim

Effects of Resistance Training on Pain, Muscle Strength, and Function in Patients Undergoing
Total Knee Arthroplasty: A Systematic Review and Meta-Analysis

Reprinted from: J. Clin. Med. 2025, 14, 4979, https:/ /doi.org/10.3390/jcm14144979 . . . . . . ..

vi



About the Editor

Santiago Navarro Ledesma

Santiago Navarro Ledesma is an Associate Professor for the Department of Physiotherapy
and Director of the Chair of Clinical Psychoneuroimmunology at the University of Granada.
His teaching, research, and clinical work focus on musculoskeletal physiotherapy, clinical
psychoneuroimmunology, and lifestyle as a therapeutic cornerstone, integrating exercise, sleep,
stress, nutrition, and inflammation into the management of pain and disability. He holds two
doctoral degrees from the University of Malaga, where he received the Extraordinary Doctorate
Award, and a PhD in Medical Sciences from the University of Antwerp (Belgium), with international
distinction. His expertise is centered on the study and treatment of musculoskeletal disorders from a
biopsychosocial and immunometabolic perspective, with a particular interest in translating scientific
evidence into clinical physiotherapy practice. He maintains an active academic and scientific profile
through the publication of scientific papers, the supervision and co-supervision of doctoral theses, the
leadership of a research group and research projects, and active participation in numerous national

and international conferences.

vii






Journal of

Clinical Medicine

Article

Multidimensional Recovery Trajectories Following
Physiotherapy with or Without Pain Education in People with
Chronic Low Back Pain

Ahmed Alalawi

Department of Medical Rehabilitation Sciences, Faculty of Applied Medical Sciences, Umm Al-Qura University,
Makkah 24382, Saudi Arabia; amalawi@uqu.edu.sa

Abstract

Background/Objective: To investigate short-term multidimensional recovery trajectories
after physiotherapy with or without adjunctive pain education in individuals with Chronic
low back pain (CLBP). Methods: This was a secondary analysis of a randomized controlled
trial (RCT) of 92 participants (46 participants per group) comparing physiotherapy alone
with physiotherapy plus pain education. Changes from baseline values over six weeks
were calculated for pain intensity, disability, psychological well-being, and self-efficacy to
define short-term recovery trajectories across domains, and were standardized prior to
analysis. Descriptive characterization of recovery dimensions by principal component anal-
ysis and identification of different recovery trajectory clusters by k-means clustering were
performed. Sensitivity analyses with multinomial logistic regression were performed to
determine robustness after adjustment for baseline characteristics. Results: Three recovery
trajectories were found: minimal recovery (n = 40), psychosocial-dominant recovery (n =
26), and global recovery (n = 26). In the physiotherapy-only group, participants were classi-
fied as minimal recovery (61%) or psychosocial-dominant recovery (39%), with no cases of
global recovery. In contradistinction, 57% of participants receiving physiotherapy with pain
education were classified as within the global recovery trajectory, with fewer classified as
minimal recovery (26%) or psychosocial-dominant recovery (17%). Psychosocial-dominant
recovery occurred in both groups, and was characterized by large improvements in psy-
chological well-being and self-efficacy with more modest changes in pain and disability.
The distribution of recovery trajectories between treatment groups was large (x3(2)= 36.25,
p <0.001; Cramer’s V = 0.63). Conclusions: Distinct short-term recovery trajectories were
found after physiotherapy with or without pain education in individuals with CLBP, re-
flecting heterogeneity in multidimensional recovery that is not reflected in mean-based
outcome analyses.

Keywords: chronic low back pain; recovery trajectories; pain education; physiotherapy;
multidimensional outcomes

1. Introduction

Low back pain (LBP) represents a major cause of disability worldwide and remains
a major challenge for healthcare systems, despite extensive research and development of
clinical guidelines [1-3]. In addition to the severity of pain, people with chronic low back
pain (CLBP) often experience ongoing disability, low psychological well-being, and low
confidence in their ability to cope with symptoms, which reflects the multidimensional
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nature of the condition [4,5]. Although physiotherapy-based interventions are widely
recommended and routinely implemented, the effects of these treatments tend to be small,
and large variability in individual responses is consistently observed [6,7].

CLBP is largely conceptualized within a biopsychosocial model. According to this
model, biological factors interact with psychological and social factors to influence pain
and disability [5,8,9]. The purpose of pain education is to change maladaptive beliefs
about pain and reduce perceived threat [10]. It also promotes an adaptive understanding
of central sensitization and pain mechanisms [10-12]. These interventions can affect
multiple domains simultaneously by modifying the cognitive appraisal of pain. These
domains include psychological well-being, self-efficacy, and functional engagement [13].
Improvements in psychological well-being may enhance motivation and resilience [14].
Increased confidence in symptom management may support activity despite pain [14—
16]. Recovery may therefore occur as coordinated change across pain and disability and
psychological outcomes rather than single measure improvement. Multivariate trajectory
approaches may be appropriate to capture these multidimensional patterns of recovery
that mean-based analyses may miss.

Despite the multidimensional and heterogeneous nature of LBP, most randomized con-
trolled trials continue to measure treatment effectiveness by mean changes in isolated out-
comes (mainly pain intensity or disability). This can be seen in many RCTs where pooled
treatment effects are primarily reported as average between-group differences in pain and
functional limitation [17-19]. While this approach is appropriate for estimating the average
treatment effect, it has limited consideration of normal individual variability [20-22]. Conse-
quently, it offers limited information on how patients recover individually in several domains
of outcomes. Clinically meaningful patterns of improvement, for example, changes that do
not occur simultaneously between symptoms and psychological outcomes, may therefore be
masked when recovery is summarized with aggregate statistics only [23,24]. This limitation is
especially relevant in LBP, in which improvements in coping, self-efficacy, or well-being may
be independent of, or precede, improvements in pain and disability [4].

In response to these limitations, an emerging interest has emerged in approaches
that characterize recovery as a multidimensional and heterogeneous process rather than
a uniform change in a single outcome. Several studies have found subgroups of patients
with different recovery profiles, highlighting that individuals may follow different courses
despite receiving similar interventions [24-27]. However, much of this literature has
focused on long-term trajectories or single outcome domains, most commonly pain or
disability. Recovery trajectories incorporating both clinical and psychosocial outcomes
after intervention remain relatively understudied, leaving the immediate post-treatment
recovery of patients across multiple domains incompletely understood.

In a recent study, improvements in psychological well-being partially mediated reduc-
tions in disability following a program of pain education combined with physiotherapy,
whereas self-efficacy did not [28]. Although the study provided insight into possible
pathways of change, it did not examine whether patients demonstrated distinct multidi-
mensional recovery trajectories over time. Exploring how outcomes change in parallel
across domains may therefore provide insight beyond mediation models that focus on
isolated causal pathways.

Therefore, the aim of this study was to identify short-term multidimensional recovery
trajectories following physiotherapy with or without pain education in individuals with
CLBP. It was hypothesized that different recovery trajectories would be identified across
pain, disability, psychological well-being, and self-efficacy, and that the distribution of
these patterns would differ between treatment groups.

https://doi.org/10.3390/jem15062320
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2. Materials and Methods
2.1. Study Design

This study is a secondary analysis of a previously published randomized controlled
trial (RCT) [13]. The study examined the effect of adding a structured pain education
program to physiotherapy in individuals with CLBP [13]. The primary trial was a two-arm,
parallel-group trial with random assignment of participants to standard physiotherapy or
physiotherapy combined with pain education.

Block randomization (block size = 4) was used. The sequences of allocations were
pre-generated and hidden in sealed, opaque envelopes, which were opened sequentially
once participants were enrolled. The allocation of treatment was not disclosed to the
participants, and the assessments of outcomes were performed by physiotherapists who
were blinded to group assignment. Additional details about the study methodology have
been reported elsewhere [13].

The trial was conducted in accordance with the Declaration of Helsinki. The study
was approved by the Institutional Ethics Committee (RP/114/2021) and registered in
advance on the Clinical Trial Registry (CTRI/2021/08/035963). The current study is based
on the initial trial [13], with an emphasis on short-term follow-up changes and multivariate
analysis of recovery trajectories at the 6-week follow-up.

2.2. Participants

Participants were recruited for the original RCT until the target sample size was
reached. Adults aged 18 to 60 years with a clinical diagnosis of non-specific low back
pain persisting for more than three months were eligible for inclusion. Diagnosis was
established by a qualified medical professional based on clinical assessment. Participants
were excluded if they failed to attend more than two scheduled intervention sessions
or chose to withdraw from the study. Written informed consent was obtained from all
participants prior to enrollment. A total of 92 participants were available for analysis, with
46 allocated to the physiotherapy-only (control) group and 46 to the physiotherapy with
pain education group.

2.3. Interventions
2.3.1. Physiotherapy (Control Group)

Participants in both groups received a standardized physiotherapy intervention for
LBP, consistent with current clinical practice guidelines [7,29]. The program included
recommendations to stay active, superficial heat application, lumbar stretching, aerobic
conditioning via stationary cycling, and core stabilization with a focus on trunk strength and
endurance. The sessions were about 40 min long and provided based on a pre-established
protocol [13].

2.3.2. Pain Education (Intervention Group)

In addition to the physiotherapy program, participants assigned to the intervention
group received a structured pain education program. The program covered the main con-
cepts regarding chronic pain, pain neurophysiology, central sensitization, fear-avoidance,
and the role of psychological and social factors in pain perception. Presentation, visual
aids, and interactive discussion were used to deliver the educational program.

The intervention included two pain education sessions per week for the first three
weeks, with reflective question-and-answer discussions in weeks four and five. A printed
pain education handbook was designed specifically for the trial and distributed to partici-
pants at the end of the intervention period [10-12].

https://doi.org/10.3390/jem15062320
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2.4. Outcome Measures

Clinical and psychosocial outcomes were measured at baseline and post-intervention
(6 weeks). The present analysis focuses on change over this interval in pain intensity,
disability, psychological well-being, and self-efficacy. All outcomes were collected by
assessors who were trained and blinded to the group allocation.

Pain intensity was measured using a 10-point Visual Analog Scale (VAS), with 0 rep-
resenting no pain and 10 representing the worst imaginable pain. The VAS is a valid
and reliable tool for measuring pain intensity [30]. Disability was measured using the
Roland-Morris Disability Questionnaire (RMDQ), which has 24 items with a range of 0 to
24; the higher the score, the greater the disability [31]. The validity and reliability of the
RMDQ have been established [31].

The psychological well-being was measured using the World Health Organization Five-
Item Well-Being Index (WHO-5) [32]. The instrument comprises five items that measure
participants’ current emotional well-being. Item responses are summed to give a raw score
between 0 and 25; the lower the score, the poorer the well-being. For interpretability, raw
scores were standardized to a 0-100 scale by multiplying the total score by 4, with higher
values indicating better psychological well-being. The WHO-5 has good validity, reliability,
and responsiveness in both clinical and general populations [32].

The General Self-Efficacy Scale (GSE) was used to measure self-efficacy [33]. GSE is
a 10-item self-report instrument that assesses a person’s perceived ability to cope with
difficult situations. The range is 10-40, with higher scores indicating greater perceived
self-efficacy. The scale has a high construct validity and internal consistency between
different populations [33].

2.5. Baseline and Clinical Covariates

In addition to the primary outcomes, a set of demographic and clinical variables was
collected at baseline to support adjusted and sensitivity analyses. These variables were
selected a priori based on their established associations with pain severity, disability, and
recovery trajectories in individuals with CLBP [2,4,34].

Age and sex were used as demographic variables. Clinical and lifestyle-related vari-
ables included body mass index (BMI), smoking (yes/no), the duration of LBP (in months),
and self-reported sleep duration. These variables were not treated as outcomes in the
present analysis. Rather, they were applied to (i) determine baseline comparability be-
tween treatment groups and (ii) adjust multivariable models in sensitivity analysis of the
robustness of recovery trajectory classification and group differences.

2.6. Statistical Analysis

Baseline characteristics were summarized by treatment group using means and stan-
dard deviations for continuous variables and frequencies with percentages for categorical
variables. For each participant, within-participant change scores were calculated as the
difference between post-intervention and baseline values for all outcomes: VAS, RMDQ,
WHO-5, and GSE. These changes represented the treatment effect over the 6-week interven-
tion period. In the present study, recovery trajectories were defined as short-term change
between baseline and post-intervention across multiple outcome domains. For multivariate
analyses, the within-participant change scores were standardized to z-scores to ensure
comparable scaling across outcomes [35], before dimension reduction and clustering.

2.6.1. Principal Component Analysis

Principal component analysis (PCA) [36] was applied to the standardized within-
participant change values of VAS, RMDQ, WHO-5, and GSE to explore underlying dimen-
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sions of short-term recovery trajectories across all outcomes. Components were retained
based on eigenvalues > 1, the amount of variance explained, or considering the elbow
criterion in the scree plot [35-37]. Variable loadings were examined to characterize the
contribution of each outcome to the derived components [38].

2.6.2. Recovery Trajectory Identification

Recovery trajectory clusters were identified using k-means clustering [39] applied to
the standardized multidimensional change-score space. Solutions with two to four clusters
were evaluated. The optimal number of clusters was determined based on a combination
of within-cluster sum of squares, mean silhouette width, and clinical interpretability of
cluster profiles [40].

A three-cluster solution was selected as the final model. Clusters were labeled post
hoc according to their mean change profiles across pain, disability, psychological well-
being, and self-efficacy, resulting in the following recovery trajectories: minimal recovery,
psychosocial-dominant recovery, and global recovery. Each recovery trajectory was sum-
marized using the mean of within-participant change scores, standard deviations, and 95%
confidence intervals for all outcomes. These summaries were used to describe the clinical
and psychosocial profiles of each trajectory.

2.6.3. Group Comparisons of Recovery Trajectories

Differences in the distribution of recovery trajectories between treatment groups were
assessed using a chi-square test of independence. Effect size was quantified using Cramer’s
V. For comparisons involving sparse cells, particularly when examining the presence versus
absence of global recovery, Fisher’s exact test was used in place of the chi-square test.

2.6.4. Sensitivity Analyses

Additional sensitivity analyses using multinomial logistic regression [41] were under-
taken to assess the robustness of recovery trajectory cluster classification after adjustment
for baseline characteristics (e.g., age, sex, duration of LBP, baseline pain and disability, and
smoking status). Detailed results are provided in the Supplementary Materials. Analyses
were performed in R software (version 4.5.2) and conducted using complete-case data.

3. Results
3.1. Participants and Baseline Characteristics

Ninety-two participants were included in the analyses, with 46 allocated to the control
group and 46 to the pain education group. Baseline data were complete for all reported
variables (Table 1). Groups were broadly comparable at baseline: age, pain intensity, well-
being, self-efficacy, body mass index, and hours of sleep all showed small standardized
mean differences (SMDs < 0.27). More substantial imbalances were observed for the
duration of LBP (35.85 [50.37] vs. 20.93 [34.33] months; SMD = —0.35), with longer symptom
duration in the control group. The pain education group also included a higher proportion
of smokers (26.1% vs. 8.7%).

Table 1. Baseline characteristics of participants by treatment group.

Variable Level Control (n = 46) Pain Education (n = 46)
Age (years) 42.52 (13.32) 42.02 (8.24)
Sex Female 35 (76.1) 25 (54.3)
Male 11 (23.9) 21 (45.7)
Duration of low back pain (months) 35.85 (50.37) 20.93 (34.33)

https://doi.org/10.3390/jem15062320
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Table 1. Cont.

Variable Level Control (n = 46) Pain Education (n = 46)
VAS (0-10) 5.98 (1.71) 5.70 (1.66)
RMDQ (0-24) 15.02 (4.78) 12.65 (4.71)
WHO-5 (0-100) 54.41 (18.56) 53.48 (17.53)
GSE (10-40) 25.78 (6.40) 25.83 (5.61)
BMI (kg/m?) 26.96 (4.08) 27.76 (4.28)
Hours of sleep (per night) 6.33 (1.73) 6.74 (1.32)
Smok No 42 (91.3) 34 (73.9)
moker Yes 4(87) 12 (26.1)
Light 14 (30.4) 17 (37.0)
Level of activity Moderate 23 (50.0) 20 (43.5)
Very active 9 (19.6) 9 (19.6)

Values are mean (SD) unless otherwise stated; categorical variables are presented as n (%). GSE = General
Self-Efficacy Scale; WHO-5 = World Health Organization-5 Well-Being Index; RMDQ = Roland-Morris Disability
Questionnaire; VAS = Visual Analogue Scale for pain; BMI = body mass index.

3.2. Recovery Dimensions and Trajectory Cluster Identification

Clustering of multidimensional change scores identified three distinct recovery trajec-
tories. The three recovery trajectories are summarized in Table 2. The minimal recovery
trajectory (n = 40) was characterized by small average improvements across all outcomes:
pain intensity decreased by —0.83 (SD 1.77; 95% CI: [-1.39]-[—0.26]), disability decreased
by —1.58 (SD 3.20; 95% CI [-2.60]-[—0.55]), and gains in well-being and self-efficacy were
modest (WHO-5 2.50 [SD: 7.62]; 95% CI 0.06-4.94; GSE 0.75 [SD: 2.22]; 95% CI 0.04-1.46).

Table 2. Recovery trajectory clusters by outcome (mean change [SD] and 95% confidence intervals.

Outcomes Minimal Recovery Psychosocial-Dominant Global Recovery
(n = 40) Recovery (n = 26) (n = 26)
Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI
VAS (0-10) —0.83(1.77) —1.39,-026  —1.54 (1.58) ~2.18, —0.9 —4.00(1.30)  —4.52, —3.48
RMDQ (0-24) —-1.58 (3.20) —2.6, —0.55 —1.73 (2.16) —2.6, —0.86 —9.77 (3.44)  —11.16, —8.38
WHO-5 (0-100) 2.50 (7.62) 0.06, 4.94 4.92 (7.03) 2.09,7.76 24.19 (12.28) 19.23,29.15
GSE (10-40) 0.75 (2.22) 0.04,1.46 9.46 (2.75) 8.35,10.57 2.69 (4.36) 0.93,4.45

Values are mean change (SD) from baseline to post-intervention. Negative values for pain intensity and disability
represent improvement; positive values for well-being and self-efficacy represent improvement. 95% CI = 95%
confidence interval. GSE = General Self-Efficacy Scale; WHO-5 = World Health Organization-5 Well-Being Index;
RMDQ = Roland-Morris Disability Questionnaire; VAS = Visual Analogue Scale for pain.

The psychosocial-dominant recovery trajectory (n = 26) showed a different profile:
pain and disability improved only modestly (VAS —1.54 [SD: 1.58]; 95% CI [—2.18]-[—0.90];
RMDQ —1.73 [SD: 2.16], 95% CI [—2.60]-[—0.86]), whereas self-efficacy and well-being
increased substantially (GSE 9.46 [SD: 2.75], 95% CI 8.35-10.57) and well-being (WHO-5
4.92 [SD: 7.03], 95% CI 2.09-7.76).

The global recovery trajectory (n = 26) showed large and coherent improvements
across domains, with substantial reductions in pain (VAS —4.00 [SD: 1.30], 95% CI [—4.52]-
[—3.48]) and disability (RMDQ —9.77 [SD: 3.44], 95% CI [—11.16]-[—8.38]), accompanied
by marked increases in well-being (WHO-5 24.19 [SD: 12.28], 95% CI 19.23-29.15) and
moderate gains in self-efficacy (GSE 2.69 [SD: 4.36], 95% CI 0.93—4.45).

Together, these trajectories represent distinct magnitudes and combinations of short-
term change across clinical and psychological outcomes.

https://doi.org/10.3390/jem15062320



J. Clin. Med. 2026, 15,2320

3.3. Distribution of Recovery Trajectories by Treatment Group

The distribution of recovery patterns differed between groups (Table 3, Figure 1). In the
control group, participants were classified exclusively into the minimal recovery (28/46; 61%)
and psychosocial-dominant recovery trajectories (18/46; 39%), with no participants achieving
global recovery. In contrast, in the pain education group, more than half of the participants
were classified as global recovery (26/46; 57%), while substantially fewer were classified as
minimal recovery (12/46; 26%) or psychosocial-dominant recovery (8/46; 17%).

Table 3. Distribution of recovery trajectory by treatment group (n and %).

Trajectory Control n (%) Pain Education n (%)
Minimal recovery 28 (61) 12 (26)
Psychosocial-dominant recovery 18 (39) 8 (17)
Global recovery 0 (0.0 26 (57)

Values are n (% of group). Percentages are calculated within the treatment group (columns sum to 100%). Minimal
recovery = minimal change in pain, disability, well-being, and self-efficacy; Psychosocial-dominant recovery =
modest symptom changes with large gains in self-efficacy and well-being; Global recovery = large, coherent
improvements across all outcomes.

Distribution of recovery trajectories by treatment group

100%
w 75%
€
@
a
g Recovery trajectory
©
E- o . Minimal recovery
g ! Psychosocial-dominant
.g . Global recovery
g
o
0 o5

0%
Control Pain education

Figure 1. Distribution of short-term recovery trajectories by treatment group. Participants in the
control group were exclusively classified within the minimal recovery and psychosocial-dominant
recovery trajectories, with none achieving global recovery. In contrast, a higher proportion of
participants in the pain education group were classified as being in the global recovery trajectory.

The association between treatment allocation and recovery trajectory was statistically
large and highly significant (x?(2) = 36.25, p < 0.001; Cramer’s V = 0.63). When recovery tra-
jectories were dichotomized into global recovery versus all other patterns, global recovery
occurred in 26 of 46 participants (57%) in the pain education group and none of the 46 par-
ticipants in the control group (Fisher’s exact p < 0.001). Together, these findings indicate
that pain education was associated with a marked redistribution of recovery trajectories
toward the global recovery trajectory.

3.4. Sensitivity Analyses

Sensitivity analyses using multinomial logistic regression, adjusting for baseline pain,
disability, age, sex, smoking status, and symptom duration, yielded results consistent with
the primary analyses. The association between pain education and psychosocial-dominant
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recovery trajectory was not statistically significant (adjusted OR 1.61, 95% CI 0.41-6.29;
p = 0.49). Estimation of the global recovery trajectory was limited by the absence of global
recovery cases in the control group (Table S1).

4. Discussion
4.1. Summary of Findings

This secondary analysis identified three distinct short-term recovery trajectories fol-
lowing physiotherapy alone or physiotherapy combined with pain education in people
with CLBP. These trajectories reflected different multidimensional changes across pain,
disability, psychological well-being, and self-efficacy, rather than differences in a single
outcome. The trajectories were labeled minimal recovery, Psychosocial-dominant recovery,
and global recovery.

The distribution of recovery trajectories differed between treatment groups. More than
half of the participants who received physiotherapy with pain education were classified
within the global recovery trajectory, showing large and consistent improvements across
all measured outcomes. In contrast, no participants in the physiotherapy-only group were
classified within the global recovery trajectory. Participants in this group were classified
only as minimal recovery or psychosocial-dominant trajectory.

A psychosocial-dominant recovery trajectory was observed in both groups, character-
ized by improvements in well-being and self-efficacy alongside relatively modest changes
in pain and disability. After adjustment for baseline factors, this pattern was not clearly as-
sociated with treatment allocation. Overall, the findings suggest that adding pain education
to the physiotherapy program was associated with a marked redistribution of short-term
recovery patterns, particularly an increased representation of the global recovery trajectory.

4.2. Global Recovery Pattern

The global recovery trajectory was characterized by large improvements in multiple
outcomes that occurred simultaneously (e.g., pain intensity, disability, psychological well-
being, and self-efficacy), indicating coherent change across multiple outcome domains
rather than isolated improvement in symptoms. This trajectory resulted from an exploratory
and data-driven clustering approach. Thus, it describes an observed recovery pattern rather
than a discrete, mechanistically defined recovery state. Global recovery was only observed
in participants who received the pain education plus physiotherapy group, indicating a
significant redistribution of recovery trajectories between treatment groups and movement
towards broad and multidimensional improvement.

However, this observed difference in recovery distribution should not be interpreted
as evidence that pain education alone fully accounts for the observed global recovery
pattern. Although baseline characteristics were broadly comparable between groups,
moderate imbalances were observed in symptom duration and smoking status. Sensitivity
analyses adjusting for baseline pain, disability, age, sex, smoking status, and symptom
duration yielded findings consistent with the primary analyses (Table S1). Nevertheless,
the absence of global recovery cases in the control group limited the precision of adjusted
effect estimates. Accordingly, these findings indicate an association between treatment
allocation and recovery trajectory classification and should not be interpreted as evidence
of a definitive causal effect.

The pattern of global recovery seen in this study is consistent with the current models
of LBP that highlight the interdependence of pain, psychological processes, and coping
capacity [2,4]. The simultaneous improvements in these outcomes could be explained by
alterations in pain-related understandings and threat appraisals that may influence multiple
domains of outcome at the same time, not just pain alone. In support of this interpretation,
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recent syntheses of pain neuroscience education report modest average effects on pain
and disability but more consistent effects on psychosocial outcomes, and with substantial
heterogeneity across individuals [1,17]. Taken together, this body of evidence suggests that
there may be broad, multidimensional recovery in a subset of patients and that mean-based
analyses may not adequately capture this recovery.

The physiotherapy intervention assigned to the control group was delivered in ac-
cordance with current clinical practice guidelines and reflects standard evidence-based
care [1-3]. Although no participants in the physiotherapy-only group were classified within
the global recovery trajectory, this finding should be interpreted with caution. It should
not be interpreted as suggesting that physiotherapy alone is incapable of producing global
recovery. Rather, within this sample and the six-week follow-up period, global recovery
was observed only among participants who received additional pain education. Several
methodological considerations may help explain this pattern. The sample size in this sec-
ondary analysis was modest and not specifically powered to detect differences in trajectory
distribution, and the clustering approach was exploratory and data-driven. Moderate
baseline imbalances were also observed, and although adjusted sensitivity analyses yielded
consistent findings, residual confounding cannot be excluded. In addition, the follow-up
period reflects short-term recovery only, and broader multidimensional improvements
following physiotherapy alone may emerge over longer time horizons.

4.3. Psychosocial Recovery Pattern

The pattern of recovery in the psychosocial-dominant trajectory was characterized by
large improvements in psychological well-being and self-efficacy with modest improve-
ments in pain intensity and disability. This profile suggests a type of recovery where
psychosocial adaptation improves more quickly than physical symptoms, rather than a
partial or incomplete response to treatment. Importantly, this trajectory was found in both
treatment groups, indicating that it is not specific to the addition of pain education.

After controlling for baseline characteristics, the analyses showed no clear associa-
tion between allocation to the treatment arm and classification within the psychosocial-
dominant recovery trajectory (see Supplementary Table S1). Consequently, the observed
improvements in well-being and self-efficacy cannot be attributed solely to the pain educa-
tion component of the intervention. More likely, these improvements reflect participants’
responsiveness to the physiotherapy intervention provided to both groups. All participants
undertook a standardized physiotherapy regimen that adhered to guidelines and included
advice to remain active, supervised exercise sessions, and repeated therapist—patient in-
teractions. The structured nature of this rehabilitation program may have facilitated
improvements in psychological well-being and self-efficacy, independent of the additional
pain education material. Indeed, similar psychosocial-dominant response patterns have
been observed in previous trajectory and subgroup studies, in which psychological im-
provements occurred despite relatively modest reductions in pain intensity or functional
disability [24,26].

Clinically, this trajectory should not be interpreted as treatment failure. Rather, it may
represent an intermediate or alternative form of recovery in which psychological adaptation
precedes, or occurs independently of, symptomatic improvement. However, given the
short follow-up period, it remains unclear whether psychosocial-dominant recovery is a
stable trajectory, a transient response, or a precursor to later improvements in pain and
disability. Longer-term follow-up is required to determine whether this trajectory translates
into sustained functional recovery or reduced healthcare use over time.
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4.4. Clinical Implications

The findings of this study indicate that short-term recovery following treatment
for CLBP is heterogeneous, with patients exhibiting different recovery trajectories over
the same intervention period. These differences are not apparent when outcomes are
summarized using single outcomes or mean changes alone [23,24], which may obscure
clinically meaningful variation in how patients respond to treatment.

The high proportion of participants classified within the global recovery trajectory in
the pain education group should not be interpreted as evidence that pain education reliably
produces comprehensive recovery at the individual level. Rather, the results suggest that
some patients experience broad improvements across pain, disability, and psychosocial
domains, while others demonstrate predominantly psychological improvements, with
more modest changes in symptoms.

Importantly, improvements in psychological well-being and self-efficacy may rep-
resent meaningful clinical progress, even in the absence of large reductions in pain or
disability. However, the present findings do not support changes in treatment selection,
stratification, or clinical decision-making based on recovery trajectory membership. In-
stead, these results support a broader, multidimensional view of recovery and suggest that
trajectory-based interpretation of outcomes may improve understanding of heterogeneous
short-term responses to treatment in individuals with LBP.

4.5. Strengths and Limitations

One of the strengths of this study is that a multivariate, trajectory-based analytic
approach was used to investigate the short-term recovery after intervention for people
with CLBP. By incorporating changes across pain, disability, psychological well-being,
and self-efficacy, this approach goes beyond single-outcome or mean-based summaries
and offers a more comprehensive perspective on heterogeneous responses to recovery, a
perspective increasingly advocated [42]. The use of data from an RCT provides additional
internal validity, enhancing the interpretation of observed recovery trajectories as reflecting
differences in response rather than systematic variation in intervention delivery. In addition,
sensitivity analyses based on adjusted multinomial models were performed to assess the
robustness of trajectory-group associations, accounting for statistical uncertainty.

However, several limitations should also be noted. Recovery trajectories in this study
were determined using an exploratory, data-driven clustering approach and, as such,
should be interpreted as descriptive rather than definitive classifications. The sample size
was based on the primary RCT and was not specifically calculated for the exploratory
clustering analyses performed in this secondary study. An additional limitation relates to
the duration of follow-up. The identified recovery trajectories reflect patterns observed
over a six-week period only. It remains unclear whether these trajectories represent sus-
tained recovery states or short-term treatment responses, and their prognostic significance
over longer follow-up is unknown. Future studies incorporating extended follow-up are
required to evaluate the stability of multidimensional recovery patterns. Furthermore, the
absence of global recovery cases in the control group led to quasi-complete separation in
the adjusted multinomial models, limiting the precision and reliability of independent
effect estimates for this trajectory.

5. Conclusions

This secondary analysis identified three different short-term recovery trajectories
after physiotherapy with or without pain education for people with CLBP. Rather than
reflecting change in a single outcome, these trajectories described parallel changes in
pain intensity, disability, psychological well-being, and self-efficacy over the six weeks of
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intervention. Most of the participants who received physiotherapy with pain education
were classified within a global recovery trajectory. In contrast, those who were assigned to
physiotherapy alone were represented only within the minimal recovery and psychosocial-
dominant trajectories. The psychosocial-dominant trajectory was observed in both groups
and characterized improvements in psychological outcomes, with relatively small changes
in pain and disability.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jcm15062320/s1. Table S1: Multinomial logistic regression for
recovery trajectories (reference: Minimal recovery trajectory).
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Abstract

Background/Objective: The purpose of this study was to determine whether the effects
of pain education combined with physiotherapy could be explained by changes in psy-
chological well-being and self-efficacy in individuals with chronic low back pain (LBP).
Methods: This study includes a secondary analysis (mediation analysis) of a random-
ized controlled trial (RCT) that compares the effect of physiotherapy and pain education
with physiotherapy alone. The Roland-Morris Disability Questionnaire, assessed at six
weeks, was used as a primary outcome in this study, with pain intensity as a secondary
outcome. The World Health Organization Five Well-Being Index (WHO-5) and the General
Self-Efficacy Scale were evaluated as potential mediators. Causal mediation analysis based
on a counterfactual framework was employed to estimate both direct and indirect effects.
Results: The analyses comprised 46 participants (mean age = 42.2 years; 54.3% female)
who received pain education along with physiotherapy. In the mediation models, improve-
ments in emotional well-being (assessed by WHO-5) explained approximately one quarter
of the effect of the intervention on disability (average causal mediation effect = —1.66,
95% CI [-2.8, —0.72], p < 0.001). By contrast, self-efficacy did not significantly mediate
disability, and neither factor accounted for changes in pain intensity. Sensitivity analyses
suggested that the indirect effect on psychological well-being was reasonably robust against
potential unmeasured confounding factors. Conclusions: Enhancements in psychological
well-being were associated with reductions in disability following pain education, whereas
self-efficacy did not emerge as a significant mediator. These findings may support the
value of incorporating mental well-being strategies within rehabilitation programs for
chronic LBP.

Keywords: chronic low back pain; pain education; psychological well-being; self-efficacy;
mediation analysis

1. Introduction

One of the leading causes of disability worldwide and a significant public health
concern is chronic low back pain (LBP). According to estimates from around the world,
LBP is the leading cause of years spent disabled in many different areas and demographic
groups. Over the coming decades, it is anticipated that the number of people who suffer
from LBP will keep rising [1]. High healthcare expenses, lost productivity, and a reduced
quality of life are just a few of the significant personal, social, and financial costs associated
with LBP [2].
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According to current treatment guidelines, the first-line treatment for LBP should
involve non-invasive techniques such as physiotherapy, exercise therapy, and patient
education [3]. These interventions result in modest improvements in pain and function,
but recurrence rates are still high, and many patients experience long-term disability [4].
This highlights how important it is to fully understand how rehabilitation interventions
work in order to improve outcomes.

A biopsychosocial model recognizes that physical impairments, in addition to psy-
chological and social factors, have an impact on pain and disability [5]. There is a consis-
tent correlation between outcomes in chronic LBP and psychological measures such as
self-efficacy, catastrophizing, and fear-avoidance [6]. Specifically, self-efficacy has been
demonstrated to predict disability levels and quality of life in musculoskeletal pain con-
ditions [7,8]. More general signs of mental health, mood, and resilience have also been
linked to pain-related outcomes, and they often have a stronger link to disability than to
pain severity itself [9]. Within biopsychosocial frameworks such as the fear-avoidance
model [10] and the psychological flexibility model [11], cognitive and emotional processes
play a central role in shaping pain-related disability. Both self-efficacy and psychological
well-being are conceptually aligned with these frameworks, making them theoretically
relevant mediators of rehabilitation outcomes. Unlike constructs such as catastrophizing or
affective distress, psychological well-being reflects positive mental health and resilience
rather than negative symptom burden [12] and has been relatively understudied as a
mediator in LBP rehabilitation. Psychological responses to pain, including factors such as
well-being and self-efficacy, can vary across age groups [13]. A recent umbrella review in
individuals with chronic LBP reported that pain neuroscience education, when combined
with exercise or physiotherapy, leads to improvements in pain and disability. However,
the review also highlighted substantial heterogeneity and noted that the mechanisms
underlying these benefits remain preliminary and require further research [14].

Despite this evidence, there exist relatively few randomized controlled trials (RCTs)
that have systematically investigated the psychological mechanisms by which rehabili-
tation interventions confer their benefits. Numerous secondary analyses and mediation
studies indicate that psychosocial alterations could explain a portion of the effects of inter-
ventions such as cognitive behavioral therapy (CBT), cognitive functional therapy (CFT),
and exposure-based methodologies [15-18]. The Back Skills Training trial illustrated that
modifications in cognitive and affective processes partially mediated enhancements in
disability [18]. Concurrently, mediation analyses in exposure-based treatments identified
significant pathways of change, including reductions in catastrophizing and fear-avoidance,
alongside increases in self-efficacy [15]. Mindfulness-based stress reduction (MBSR) and
CBT have demonstrated efficacy in alleviating pain and enhancing psychological and
functional outcomes, partially through the enhancement of mindfulness, acceptance, and
self-efficacy [19,20]. Recent mediation studies on physiotherapy, yoga, and chiropractic
care have yielded inconclusive results, indicating that certain psychological factors, such as
stress and self-efficacy, serve as partial mediators, whereas others, such as catastrophizing
or sleep disturbances, do not [16,17,21,22].

This expanding body of literature highlights the necessity to identify the psychological
mechanisms that most significantly impact clinical outcomes and to determine whether
these mechanisms differ by intervention type. Nevertheless, significant gaps persist, as the
majority of trials conducted thus far have excluded psychological well-being as a mediator,
despite evidence correlating it with pain-related disability. Despite extensive mediation
research in chronic LBP, the role of psychological well-being in pain education interventions
remains largely unexamined, creating a conceptual gap that this study addresses. We
hypothesized that improvements in psychological well-being would partially mediate the
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effect of pain education on disability. This study aimed to assess whether the impact of a
pain education intervention on disability and pain intensity in individuals with chronic
LBP was mediated by changes in self-efficacy, psychological well-being, and pain intensity
itself. In line with this aim, the present work focuses on the effects of this intervention by
applying a counterfactual causal mediation framework.

2. Materials and Methods
2.1. Study Design

The data from a previously published RCT that evaluated the effects of a structured
pain education and physiotherapy program on people with chronic LBP were secondary an-
alyzed in this study. Details about the study methodology, participants” details, recruitment,
and key findings are published elsewhere [23]. Briefly, a two-arm parallel-group design
was used in the trial, and participants were randomized 1:1 to receive either standard
physiotherapy or physiotherapy plus a pain education intervention. Randomization was
performed using block randomization (block size = 4), with allocation sequences concealed
in sealed, opaque envelopes to ensure allocation concealment. Participants were blinded to
their group assignment, as were the physiotherapists who conducted the clinical outcome
examinations. This study was conducted in accordance with the Declaration of Helsinki
and reported in accordance with the Guidelines for Reporting Mediation Analysis [24].
Ethical approval was granted by the Institutional Ethics Committee (RP/114/2021), and
the trial was registered with the Clinical Trial Registry (CTRI/2021/08/035963).

2.2. Participants

Until a sufficient sample size of 92 was reached, participants were recruited on a rolling
basis [23]. Adults of either sex, ages 18 to 60, who had been diagnosed with nonspecific
chronic LBP that had persisted for longer than three months were eligible. A medical
professional used appropriate diagnostic investigations and clinical assessment to establish
the diagnosis. Participants who missed more than two scheduled sessions or voluntarily
withdrew were excluded from the study. Group assignment was concealed from both
participants and outcome assessors. Prior to enrollment, all participants provided written
informed consent.

2.3. Interventions
2.3.1. Physiotherapy

A standardized physiotherapy program for chronic LBP was provided to both groups,
based on international clinical practice guidelines [3,25]. The program included advice
to avoid prolonged bed rest, application of superficial heat for 10 min, and stretching of
the lumbar musculature for 10 min. It also comprised static cycling for 10 min and core
stabilization exercises aimed at enhancing strength and endurance for 10-15 min. A study
calendar was used to monitor adherence during the roughly 40 min sessions.

2.3.2. Pain Education

Participants in the intervention group received a structured pain education program in
addition to a regular physiotherapy program. The education intervention session covered
topics like the nature of chronic pain, how pain affects the brain, how central sensitization
works, what fear-avoidance beliefs are, and how social and psychological factors affect how
pain is perceived. For individual education sessions, PowerPoint presentations, pictures,
lectures, and interactive discussions were used. There were two sessions per week for the
first three weeks. Reflective Q&A sessions took place in weeks four and five. Participants
were given a printed pain education handbook at the end of the six-week program.
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Following Butler and Moseley’s methodological framework, a culturally specific pain
education handbook was developed specifically for this study [26-28]. Relevant clinical
guidelines for LBP and the body of existing literature on pain education were used as the
basis for the content. Additionally, the Explain Pain handbook [28] was used. The drafts of
the education handbook were reviewed by several co-authors to ensure clarity, and final
proofreading was performed by a physiotherapist, a clinical psychologist, a rehabilitation
doctor, and a native speaker.

2.4. Measurement
2.4.1. Outcome Measures

The disability and pain intensity were the primary outcomes of this mediation analysis.
Disability was assessed using the Roland-Morris Disability Questionnaire (RMDQ), which
consists of 24 items with a score range of 0 to 24 [29]. Higher disability is indicated by
higher scores. The reliability and validity of the RMDQ have been demonstrated [29]. Pain
intensity during routine tasks was measured using a 10-point Visual Analog Scale (VAS;
0 = no pain, 10 = worst imaginable pain). In clinical and research settings, the VAS is a
valid and reliable measure for assessing pain intensity [30]. Scores of both measures were
collected at baseline and at the end of the 6-week intervention [23].

2.4.2. Mediators

Self-efficacy and psychological well-being were used as mediators in this study. Self-
efficacy was assessed using the General Self-Efficacy Scale (GSE) [31]. This 10-item self-
report test assesses a person’s level of confidence in their capacity to manage and succeed
in challenging circumstances. Higher GSE scores indicate that people believe they are
more self-sufficient. The scores range from 10 to 40. The construct validity and internal
consistency have been demonstrated in a range of populations [31].

Psychological well-being was assessed using the World Health Organization Five
Well-Being Index (WHO-5) [32]. It is composed of five questions that evaluate the current
emotional state of participants. A raw score ranging from 0 (the lowest level of well-
being) to 25 (the highest level). Additionally, a percentage score between 0 and 100 is
calculated by multiplying the raw scores by 4, where higher values indicate greater well-
being. In both clinical and non-clinical populations, the WHO-5 is known to have robust
psychometric characteristics, including validity, reliability, and sensitivity to change [12].
Since psychological well-being and self-efficacy are key elements in biopsychosocial models
of chronic pain and have both been shown to have an effect on pain-related outcomes and
disability in people with chronic LBP, these mediators were chosen [33]. Pain intensity
was included as a potential mediator because prior mediation research shows that pain
contributes to disability indirectly by influencing cognitive and emotional processes such
as fear of movement, catastrophizing, and self-efficacy [34].

2.5. Analysis

The proposed causal framework was designed to divide the total effect of the interven-
tion into direct and indirect components, as previously employed [16]. A causal mediation
analysis was conducted utilizing a counterfactual-based methodology to estimate the natu-
ral direct effect (NDE) and the average causal mediation effect (ACME), or natural indirect
effect [35]. Within this framework, the NDE signifies the impact of the intervention on
the outcome that remains unexplained by the mediator, whereas the ACME quantifies the
degree to which the intervention affects the outcome via alterations in the mediator. The
proportion mediated was determined by the ratio of the ACME to the total effect, indicating
the extent to which the mediator pathway accounts for the intervention’s effect [16].
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The analyses relied on the assumption of sequential ignorability: namely, no unmea-
sured confounding between intervention and mediator, between mediator and outcome,
and no mediator—outcome confounders affected by the intervention [16]. Given the random-
ized design, confounding between intervention and mediator was not expected. Potential
mediator-outcome confounders considered in the models included baseline age, sex, pain
intensity, disability, and baseline values of the mediator.

To further assess robustness, additional sensitivity mediation models were estimated
that included baseline smoking status, BMI, and duration of low back pain as covariates in
both the mediator and outcome equations. These extended models yielded ACME, average
direct effect (ADE), and total effect estimates that were nearly identical to the primary
models, indicating that these baseline variables did not confound the mediation pathway.

The original RCT reported three missing baseline item responses (two items from the
GSE and one item from the WHO-5), which were addressed using mean substitution at
the item level, as described elsewhere [23]. Following this minimal item-level imputation
conducted in the primary trial, the dataset used for the present secondary analysis contained
no missing mediator, outcome, or covariate values at either baseline or follow-up. Therefore,
no additional imputation procedures were performed, and the current mediation analysis
was conducted on a complete-case dataset.

Although baseline mediator and outcome values were included as covariates, the
mediator and outcome values used in the mediation pathway were both assessed at the 6-
week follow-up. Baseline adjustment reduces confounding but does not establish temporal
ordering. Consequently, the mediation findings should be interpreted as exploratory. To
address assumptions underlying causal mediation, particularly the sequential ignorability
assumption, we conducted a sensitivity analysis following the recommendations of Imai
et al. (2010), quantifying the degree of unmeasured mediator-outcome confounding
required to nullify the ACME [35].

Although baseline mediator and outcome values were collected and statistically ad-
justed for, mediator and outcome assessments were obtained at the same 6-week follow-up.

Separate models were estimated for each hypothesized mediator (self-efficacy, psy-
chological well-being, pain intensity, and disability) and each outcome (pain intensity and
disability). Following the approach of Imai et al. (2010), counterfactual mediator and
outcome values were simulated based on fitted regression models: the mediator model
regressed the mediator on intervention and covariates, while the outcome model regressed
the outcome on the mediator, intervention, and covariates [35]. All confidence intervals
(ClIs) were derived from 2000 parametric bootstrap replications [35]. All analyses were
performed in R software (version 4.5.2) using the ‘mediation” package.

Sensitivity Analyses

To examine robustness, we conducted a sensitivity analysis to assess the degree to
which the estimated ACME would be affected by potential unmeasured confounding in
the mediator-outcome relationship, as proposed by Imai et al. (2010) [35]. For the linear
regression models underlying the mediation analyses, model adequacy was assessed using
standard diagnostics (residual-versus-fitted and normal Q-Q plots, scale-location plots, and
Cook’s distance), and model fit was summarized using R?, adjusted R?, and the residual
standard error [36]. In exploratory analyses, we also examined the association between
change in self-efficacy and change in disability and tested whether the relationship between
change in self-efficacy and change in disability differed by treatment group in a linear
regression model predicting change in RMDQ [36].
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3. Results
3.1. Participant Characteristics

Table 1 presents the baseline characteristics and post-intervention outcomes for partic-
ipants in the control and pain education groups (n = 46 each). Both groups were generally
comparable at baseline in terms of age, gender distribution, BMI, smoking status, physical
activity level, sleep duration, and baseline clinical measures. The mean age was similar
(42.52 4= 13.32 years in the control group vs. 42.02 £ 8.24 in the pain education group), and
most participants were female. Sleep duration was comparable at baseline (6.33 = 1.73 h
vs. 6.74 £ 1.32), and smoking prevalence was higher in the intervention group (26.1%)
compared to the control group (8.7%).

Table 1. Baseline and Post-Intervention Characteristics of Participants in the Pain Education and
Control Groups of 92 participants.

Control (6 Weeks Pain Education (6 Weeks

Variable Level Control Pain Education Post-Intervention) Post-Intervention)
(n = 46) (n = 46)
(n = 46) (n = 46)
Age (years) 42.52 (13.32) 42.02 (8.24)
Gender Female 35 (76.1) 25 (54.3)
Male 11 (23.9) 21 (45.7)
BMI (kg/m?) 26.96 (4.08) 27.76 (4.28)
Duration of LBP
(months) 35.85 (50.37) 20.93 (34.33)
Level of activity Light 14 (30.4) 17 (37.0)
Moderate 23 (50.0) 20 (43.5)
Very active 9 (19.6) 9 (19.6)
Smoker No 42 (91.3) 34 (73.9)
Yes 4(8.7) 12 (26.1)
Hours of sleep 6.33 (1.73) 6.74 (1.32)

VAS (0-10) 5.98 (1.71) 5.70 (1.66) 5.57 (1.15) 2.26 (0.88)
RMDQ (0-24) 15.02 (4.78) 12.65 (4.71) 14.00 (4.74) 5.80 (2.49)
WHO-5 (0-100) 54.41 (18.56) 53.48 (17.53) 56.39 (16.34) 70.13 (14.42)

GSE (10-40) 25.78 (6.40) 25.83 (5.61) 30.28 (5.84) 28.85 (5.54)

Values are presented as mean (SD) or frequency (%), as appropriate. Abbreviations: BMI = Body Mass Index; LBP
= Low Back Pain; VAS = Visual Analog Scale for pain intensity; RMDQ = Roland-Morris Disability Questionnaire;
WHO-5 = World Health Organization-5 Well-Being Index; GSE = General self-efficacy scale.

Atbaseline, pain intensity scores were 5.98 £ 1.71 for the control group and 5.70 &= 1.66
for the pain education group. Following the intervention, the control group exhibited mini-
mal change in pain intensity (5.57 £ 1.15), whereas the intervention group demonstrated
a significant reduction (2.26 & 0.88). In the control group, disability scores (RMDQ) ex-
hibited a minor decrease (from 15.02 4= 4.78 to 14.00 £ 4.74), while the intervention group
demonstrated a significant reduction (from 12.65 £ 4.71 to 5.80 + 2.49).

Improvements were also observed in the emotional well-being assessed by WHO-5, in-
creasing from 53.48 4 17.53 to 70.13 £ 14.42 in the intervention group, while the control group
changed only modestly (54.41 £ 18.56 to 56.39 + 16.34). GSE followed a similar pattern, with
greater post-intervention improvement in the pain education group (from 25.83 + 5.61 to
28.85 £ 5.54) compared to the control group (from 25.78 £ 6.40 to 30.28 £ 5.84).

3.2. Mediation Analysis
3.2.1. Causal Mediation Effects on Disability (RMDQ)

As shown in Table 2, causal mediation analysis revealed that the WHO-5 significantly
mediated the effect of pain education on disability scores (ACME = —1.66, 95% CI [-2.8,
—0.72], p < 0.001), accounting for approximately 23.6% of the total effect. Neither self-
efficacy (ACME = 0.10, 95% CI [—-0.15, 0.37], p = 0.41) nor pain intensity (ACME = —0.69,
95% CI [—2.67, 1.40], p = 0.51) showed significant indirect effects. The mediation model,
including multiple mediators, did not yield significant indirect effects on disability for the
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physiotherapy versus physiotherapy and education model (Table S1). The ADE and total
effect estimates corresponding to these mediation results are also reported in Table 2 to
provide a complete decomposition of effects. In exploratory stratified mediation analyses,
the indirect effect of pain education versus control on disability at 6 weeks via WHO-5
was consistently negative across sex, smoking status, and duration of LBP subgroups, with
broadly overlapping 95% confidence intervals (Table S2).

Table 2. Estimated total, direct (ADE), and indirect (ACME) effects of pain education versus control on
Roland-Morris Disability Questionnaire scores at 6 weeks, with effect estimates and 95% confidence
intervals for each potential mediator.

% Mediated

Mediator Pathal Path b 2 Total Effect 3 [95% CI] Dlrec[tgléﬁiecCtﬁADE) Indlrecbggoecctl(]ACME) ACME

p-Value

GSE —1.66 [~3.48, 0.16] —0.06 [-0.21, 0.09] —7.02 [8.37, —5.66] —7.11[~8.5, —5.68] 0.1[—0.15,0.38] 0.410
WHO-5 14.49 [10.53, 18.45] ~0.11[-0.18, —0.05] ~7.02 [~8.37, —5.69] —537[~7.13, —3.67] —1.66 [-2.8, —0.72] 0.001
VAS —323[-3.6, —2.86] 0.21 [-0.51, 0.94] —7.01[—8.4, —5.68] —6.32[—8.67, —4.09] —0.69 [~2.56, 1.39] 0.508 9.

MU
@
oxn

Abbreviations: WHO-5 = World Health Organization-5 Well-Being Index; ADE = Average Direct Effect;
ACME = Average Causal Mediation Effect; CI = Confidence Interval; VAS = Visual Analog Scale for pain
intensity. ! Path a is intervention-mediator estimates in units of the mediator scale. 2 Path b is mediator-outcome
estimates in units of the outcome scale. 3 Total effect estimates are presented in terms of back-related disability on
the RMDQ scale. All estimates are presented as mean differences between pain education and the control group
and their 95% confidence interval. All estimates are presented as mean differences between pain education and
the control group, with 95% confidence intervals.

The mediator and outcome regression models showed good fit, explaining 70.7% and
76.5% of the variance in WHO-5 and RMDQ scores at 6 weeks, respectively (adjusted
R? = 0.697 and 0.754), and diagnostic plots did not indicate major violations of linear regres-
sion assumptions or any highly influential observations (Table S3, Figure S1). Exploratory
analyses examining the association between change in self-efficacy and change in disability,
and testing whether this relationship differed between groups, did not provide evidence of
a meaningful relationship or differential effect between groups. Full results are presented
in Table S4.

3.2.2. Causal Mediation Effects on Pain Intensity (VAS)

As shown in Table 3, none of the tested mediators significantly mediated the effect of
pain education on post-intervention pain intensity. The indirect effects (ACME) through
the General Self-Efficacy Scale, WHO-5 Well-being Index, and Roland-Morris Disability
Questionnaire were all non-significant (ACME = 0.05, 95% CI [-0.02, 0.16], p = 0.254;
ACME = —0.18, 95% CI [-0.47, 0.1], p = 0.226; and ACME = —0.13, 95% CI [—-0.54, 0.29],
p = 0.580, respectively). The proportion of the total effect mediated ranged from —1.4% to
5.7%. The mediation model, including multiple mediators, did not yield significant indirect
effects on pain intensity for the physiotherapy versus physiotherapy and education model
(Table S5).

Table 3. Estimated total, direct (ADE), and indirect (ACME) effects of pain education versus control on
pain intensity at 6 weeks, with effect estimates and 95% confidence intervals for each potential mediator.

% Mediated

Mediator Pathal Path b2 Total Effect [95% 1] Direct EFfect (ADE)[95%  Indirect iffect (ACME) ACME

p-Value

GSE ~1.35[-3.11,04] —0.03 [—0.08, 0.01] —3.21[-3.57, —2.86] —3.26 [~3.61, —2.92] 0.05 [-0.02, 0.16] 0.254 —14
WHO-5 14.32[10.47, 18.17] —0.01 [—0.03, 0.01] —321[-3.57, —2.85] —3.02[—3.47, —2.58] —0.18 [—0.47,0.1] 0.226 5.7
RMDQ ~7.01[—8.27, —5.74] 0.02 [—0.04, 0.08] —3.23[-3.59, —2.88] ~3.1[-3.59, —2.58] —0.13 [—0.54, 0.29] 0.580 40

Abbreviations: WHO-5 = World Health Organization-5 Well-Being Index; ADE = Average Direct Effect;
ACME = Average Causal Mediation Effect; CI = Confidence Interval; RMDQ = Roland-Morris Disability Ques-
tionnaire. ! Path a is intervention-mediator estimates in units of the mediator scale. 2 Path b is mediator-outcome
estimates in units of the outcome scale. 3 Total effect estimates are presented in terms of pain intensity on the VAS
scale. All estimates are presented as mean differences between the pain education and control group and their
95% confidence interval.
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3.3. Sensitivity Analyses

Sensitivity analysis indicated that the mediating effect of psychological well-being
(WHO-5) on disability was robust to a meaningful degree of unmeasured mediator—
outcome confounding. Although psychological variables such as depression, catastro-
phizing, or fear-avoidance were not measured in the original trial, the sensitivity curve
demonstrates that the ACME would remain statistically significant unless the residual
correlation (p) between the mediator and outcome models exceeded approximately —0.40
(equivalent to a shared variance of 16%). Confidence intervals for the ACME remained
above zero across most of the plausible range of p values, suggesting that unmeasured
psychological confounders would need to exert a strong and unlikely degree of correlated
influence to fully explain away the mediation effect. The sensitivity curve illustrating this
robustness is presented in Figure 1, with detailed numerical estimates included in Table Sé.

Sensitivity Analysis: WHO-5 Mediation

Average Mediation Effect

-0.5 0.0 0.5

Sensitivity Parameter: p

Figure 1. Sensitivity analysis for the confounding assumption in the mediation model for WHO-5.
The solid curve represents the estimated average causal mediation effect (ACME) of the WHO-5
Well-being Index on disability (RMDQ) as a function of the sensitivity parameter (p). The shaded
area indicates the 95% confidence interval, the horizontal dotted line denotes the null indirect effect
(ACME =0), and the vertical line at p = 0 represents the assumption of no residual correlation between
the mediator and outcome models.

4. Discussion
4.1. Summary of Findings

This secondary analysis of an RCT investigated whether the impacts of a pain edu-
cation program on pain and disability were facilitated by self-efficacy and psychological
well-being. The findings offer partial support for the proposed hypothesis of the mediation
pathways. Pain education, when provided together with physiotherapy, substantially
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reduced pain and disability in comparison to physiotherapy alone, as evidenced in the
initial RCT [23]. Mediation analyses indicated that improvements in emotional well-being
were associated with approximately 24% of the overall difference in disability between
groups. On the other hand, self-efficacy did not have a significant effect on disability, and
neither self-efficacy nor psychological well-being had an effect on the intervention’s effect
on pain intensity. Because the mediator and outcome were measured concurrently at the
6-week follow-up, the temporal ordering required for definitive causal mediation cannot
be confirmed.

4.2. The Mediating Role of Psychological Well-Being in the Effect of Pain Education on Disability

Our results indicate that improvements in emotional well-being were associated with
lower disability scores and partially explained the differences observed between groups.
This suggests that improvements in the general quality of life could be partly responsible
for the reduction in disability observed in the intervention group. On the other hand, the
observed treatment effect was not significantly explained by other mediators that were
assessed in this study, such as pain intensity and pain self-efficacy.

These results are consistent with a growing body of research highlighting the impor-
tance of psychological health in musculoskeletal rehabilitation. Psychological interventions
improve physical function and quality of life for people with chronic LBP, particularly
when paired with physiotherapy [37]. CBT and mindfulness-based stress reduction (MBSR)
have also shown promise in improving psychological and functional outcomes and reduc-
ing pain in this population [19,20]. Additionally, a comprehensive analysis by O'Keeffe
et al. [38] emphasized that pain-related disability can be considerably reduced by address-
ing maladaptive pain-related thoughts, feelings, and behavioral tendencies.

The study’s findings regarding the mediating role of psychological well-being align
with the biopsychosocial model of chronic pain. This model recognizes that social and
psychological factors, in addition to biological influences, have a substantial impact on
disability [5]. The WHO-5 is an internationally recognized tool for assessing well-being
and has been validated among clinical groups, including those with chronic pain [12]. It
might also cover broader aspects of mental health that are not just connected to pain. In
line with evidence showing that psychosocial constructs often show a stronger correlation
with disability than with pain severity, this could help explain why well-being mediated
disability but not pain intensity [9]. These findings suggest that interventions that support
psychological well-being may enhance functional outcomes and could serve as a valuable
addition to traditional rehabilitation approaches. Integrating mental health components
into pain education and rehabilitation programs may be a vital approach to improve long-
term outcomes for those with LBP. The absence of mediation through pain intensity further
suggests that psychological well-being may influence disability via affective-motivational or
attentional pathways, rather than through direct modulation of nociceptive processing [39].
However, because well-being and disability were measured at the same time point in this
study, alternative temporal sequences cannot be excluded, and the proposed pathway
should be regarded as preliminary.

4.3. Self-Efficacy as a Non-Significant Mediator

Although self-efficacy is widely acknowledged as a key predictor of outcomes in
chronic LBP, our mediation analysis did not support its role in explaining the benefits of
pain education on either pain or disability. These null mediation findings are consistent
with exploratory analyses in the present dataset, which showed only a very weak, non-
significant association between change in self-efficacy and change in disability and no
evidence that this association differed between intervention and control groups (Table S4).
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This contrasts with prior evidence. For example, van Hooff et al. demonstrated that
post-treatment self-efficacy was a stronger predictor of functional improvements than
traditional constructs such as fear-avoidance or catastrophizing [40]. Similarly, Ryum
and Stiles reported that increases in self-efficacy significantly mediated the relationship
between changes in pain intensity and disability in the treatment of LBP [15]. Meta-
analyses also highlight self-efficacy as a robust determinant of pain-related disability across
musculoskeletal conditions [7].

Several explanations may account for the absence of mediation effects in the present
study. First, the short intervention duration (six weeks) may not have been sufficient to
produce measurable improvements in self-efficacy. A recent meta-analysis indicated that
exercise or combined physiotherapy programs typically yield only small improvements
in self-efficacy over longer periods of 4-6 months [7]. Second, the content of the pain
education program primarily focused on neurophysiological understanding and promoting
psychological well-being, rather than mastery-based or behavioral strategies such as graded
exposure, goal setting, or cognitive-behavioral therapy techniques that directly enhance
self-efficacy. Finally, although baseline self-efficacy scores were in the moderate range,
suggesting scope for improvement, the intervention may not have sufficiently targeted
the mechanisms necessary to shift this construct, thereby limiting its potential role as a
mediator. It is also possible that the content of the pain education intervention targeted
emotional appraisal more directly than behavioral confidence, and that the use of a global
(non-pain-specific) self-efficacy measure may have reduced sensitivity to detect change in
this context.

4.4. Implications and Future Directions

The findings from this study have both clinical and research implications. Clinically,
the results highlight the importance of addressing psychological well-being in rehabili-
tation programs for individuals with chronic LBP. The observation that improvements
in well-being, but not self-efficacy, mediated reductions in disability suggests that inter-
ventions that foster positive mental health and resilience may be particularly effective in
improving functional outcomes. Routine use of brief, validated tools such as the WHO-5
could help clinicians identify patients with low emotional well-being who may benefit most
from pain education and complementary psychosocial support [12]. Integrating strategies
that actively target mental well-being, such as mindfulness-based interventions, positive
psychology techniques, and stress management, in physiotherapy and pain education
programs may therefore optimize long-term outcomes [41,42]. These implications should
therefore be interpreted cautiously and primarily as guidance for future mechanistic and
clinical trials, rather than as definitive evidence. These exploratory findings are consistent
with a recent umbrella review showing that pain neuroscience education combined with
exercise or physiotherapy yields small-to-moderate improvements in pain and disabil-
ity in chronic LBP, while the mechanisms underlying these benefits still require further
clarification [14].

An alternative explanation for the observed pattern is moderation rather than medi-
ation, for example, that individuals with higher baseline well-being or self-efficacy may
derive greater benefit from pain education. Although exploratory analyses did not reveal
significant interaction effects, this remains a plausible conceptual model and warrants
examination in future trials with repeated mediator assessments.

From a research perspective, the findings underscore the need to broaden the scope of
mediation analyses in chronic LBP. While this study focused on psychological well-being
and self-efficacy, other psychosocial mechanisms, including fear-avoidance, catastrophizing,
stress, and mood disturbance, may also contribute significantly to the effects of education
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and rehabilitation programs [10,34]. In addition, future studies should investigate physi-
ological and behavioral pathways, such as nociceptive modulation and physical activity,
to capture a more comprehensive understanding of treatment mechanisms [43]. Longer
follow-up periods are also essential to determine whether improvements in psychological
well-being translate into sustained functional benefits and whether self-efficacy requires
greater time and targeted intervention strategies to emerge as a significant mediator [44,45].

4.5. Strengths and Limitations

This study has several notable strengths. First, it was based on a rigorously conducted
RCT, which enhances internal validity by minimizing selection bias and treatment-mediator
confounding. The use of a counterfactual causal mediation framework allowed for the
decomposition of total effects into direct and indirect components, providing a nuanced
understanding of how pain education exerts its influence on clinical outcomes. To further
ensure robustness, confidence intervals were generated using bootstrap resampling, and
sensitivity analyses were conducted, demonstrating that the mediating role of psychological
well-being was relatively stable even under moderate levels of unmeasured confounding.
In addition, supplementary sensitivity models that included baseline smoking status,
BMI, and duration of low back pain yielded ACME estimates nearly identical to the
primary model, further supporting the robustness of the mediating effect of psychological
well-being. These methodological features strengthen confidence in the validity of the
observed findings.

Despite the strengths of this study, several limitations should be noted. First, because
this was a secondary analysis, the original trial was not specifically powered to detect
mediation effects, which may have limited our ability to identify smaller indirect pathways.
This limitation is even more pronounced for the exploratory subgroup mediation analyses
(Table S2), which were based on smaller strata and multiple comparisons. Accordingly,
these subgroup results were presented primarily to assess consistency of the mediation
pattern across key clinical characteristics, rather than to support formal hypothesis testing,
and the associated p-values should be regarded as descriptive. Second, the follow-up
period was relatively short (six weeks), making it difficult to draw conclusions about the
durability of the intervention’s effects and potentially explaining why self-efficacy did not
emerge as a mediator. Third, this study focused on only two mediators (psychological
well-being and self-efficacy) while other psychosocial factors, such as fear-avoidance,
catastrophizing, stress, or anxiety, were not measured and may also play important roles
in treatment mechanisms. Fourth, mediators and outcomes were collected at the same
post-intervention time point. Although this study adjusted for baseline levels, this limits
the ability to establish temporal ordering, and the mediation findings should be interpreted
with caution. Finally, as with any causal mediation analysis, the sequential ignorability
assumption cannot be fully verified, even though the sensitivity analyses suggest that a
substantial degree of unmeasured confounding would be required to eliminate the observed
mediation effect.

5. Conclusions

This secondary analysis found that improvements in psychological well-being were
associated with reductions in disability following pain education, whereas self-efficacy did
not appear to explain treatment effects. These mediation findings should be interpreted
cautiously, as mediators and outcomes were assessed concurrently, and the short inter-
vention period limits conclusions about temporal ordering or durability. Nonetheless, the
results suggest that psychological well-being may play a meaningful role in functional
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improvement and highlight the value of incorporating well-being-oriented content into
rehabilitation programs.
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WHO-5, by sex, smoking status, and duration of low back pain; Table S3: Model fit indices for the
mediator and outcome regression models used in the primary causal mediation analysis; Table S4:
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assessd by RMDQ using combined multiple mediator model; Table S6: Sensitivity Analysis of the
Average Causal Mediation Effect (ACME) for the WHO-5 Mediator on Disability Outcomes; Figure S1:
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Abstract: Background: Several prognostic factors, including the early recovery pattern of
acute low back pain (ALBP), are related to the chronicity of LBP. However, the association
between systemic symptoms and ALBP remains underexplored from a holistic perspec-
tive. Hence, this study aimed to investigate this relationship and identify novel clinical
prognostic predictors for LBP. Methods: This retrospective cross-sectional study included
patients with ALBP admitted to the Department of Korean Medicine Rehabilitation at the
Dongguk University Bundang Hospital between 1 January 2021 and 30 April 2025. Data
extracted from medical records included demographics, treatment-related information,
pain characteristics, past medical history, and systemic symptoms. Statistical analyses
included independent t-tests, Mann-Whitney U tests, chi-squared tests, Fisher’s exact tests,
correlation analysis, and multiple linear regression models. Results: A total of 194 patients
with ALBP were included in the analysis. Among systemic symptoms, dyspepsia was
significantly associated with higher pain at discharge and smaller absolute and relative
pain changes. Although sleep disturbance and constipation showed associations with
higher pain at discharge in univariate analyses, these associations were not statistically
significant in regression models. Beyond systemic symptoms, alcohol consumption was
significantly associated with lower pain at discharge and greater relative pain change,
while hospitalization and symptom duration exhibited non-linear relationships. These
findings remained robust in sensitivity and subgroup analyses. Conclusions: Systemic
symptoms, especially dyspepsia, may serve as prognostic factors impeding ALBP recovery,
representing potential early markers for identifying patients at risk of chronicity. The find-
ings highlight the prospect of multidimensional strategies in reducing pain and enhancing
patients” quality of life in clinical practice.

Keywords: low back pain; prognosis; chronicity; systemic symptom; dyspepsia

1. Introduction

Low back pain (LBP) is defined as pain or discomfort localized below the costal margin
and above the inferior gluteal folds, which can radiate to the lower extremities. LBP is a
commonly encountered musculoskeletal symptom in primary care, with a reported lifetime
prevalence of 49-70% [1]. Among various LBP classification systems, the etiological classifi-
cation distinguishes mechanical from non-mechanical causes. Mechanical LBP, accounting
for approximately 97% of cases, arises from structural or functional abnormalities of the
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spine and surrounding tissues, whereas non-mechanical LBP, comprising the remaining
3% of cases, is caused by extrinsic pathologies such as infections, malignancies, or vis-
ceral disorders [2]. LBP can also be classified according to symptom duration. Although
somewhat controversial, acute LBP is generally defined as pain lasting <4—-6 weeks, while
subacute and chronic phases are subsequently delineated using a 12-week threshold [1,3].
Over 90% of patients with acute LBP (ALBP) recover fully within days to weeks, whereas
approximately 5% progress to chronic LBP (CLBP) via the subacute phase [4].

CLBP impairs not only the patient’s physical health but also psychological well-being
and socioeconomic functioning. Studies showed that CLBP is frequently accompanied
by sleep disturbances, depression, and anxiety [5-7]. Additionally, productivity loss
imposes a substantial societal LBP-related burden [8]. Moreover, despite the availability of
various treatment modalities reflecting the multifactorial nature of CLBP, treatment efficacy
remains inconsistent, and the factors influencing the therapeutic response are not yet fully
understood [9]. Consequently, a small subset of patients with CLBP accounts for nearly
80% of the total healthcare costs for LBP [9].

Given the considerable socioeconomic burden imposed by CLBP, early identification
of patients at risk for chronicity is of utmost clinical importance. Studies demonstrated that
CLBP is more strongly related to demographic, psychosocial, and occupational factors than
with musculoskeletal pathology alone [10]. These findings prompted a shift toward the
biopsychosocial model, which integrates biological, psychological, and social dimensions
in the understanding of pain perception [11]. Several prognostic factors for chronicity,
including sex, age, obesity, physical workload and awkward posture, social isolation,
depression, diabetes, and smoking, have been proposed [12].

Furthermore, the short-term progression of ALBP is recognized as an indicator of
chronicity risk. Recovery patterns within the first week of onset predict the LBP course
at 1 and 3 months with significant accuracy [13]. Moreover, most patients with LBP who
continued to experience activity limitations for 3 months from the onset had already
exhibited signs of delayed recovery within the first week [14]. Therefore, early recovery
patterns may serve as valuable prognostic indicators of long-term outcomes in ALBP.

Beyond the biopsychosocial model, a holistic approach has recently gained attention,
seeking to investigate the relationship between LBP and systemic symptoms. Systemic
symptoms, identified through comprehensive history-taking, refer to symptoms arising
from other organ systems unrelated to the patient’s chief complaint [15]. These symptoms
are utilized to assess the overall health status, aid in differential diagnosis, and evaluate
the systemic impact of diseases [15]. Studies reported a higher risk of LBP in women with
frequent gastrointestinal (GI) symptoms, as well as increased rates of urinary incontinence
or GI symptoms among women with LBP [16,17]. Furthermore, women with LBP who
experience constipation exhibit higher pain sensitivity [18]. However, these studies did not
examine the impact of systemic symptoms on the clinical LBP course. Sleep disturbances
also demonstrated a bidirectional association between pain intensity, which may contribute
to delayed recovery [19].

Traditional Korean Medicine (TKM) adopts a holistic diagnostic and therapeutic
approach, encompassing physiological characteristics, lifestyle factors, and systemic symp-
toms. The Donguibogam, a foundational text in TKM, reflects a longstanding recognition of
the association between LBP and systemic symptoms, classifying LBP into subtypes based
on accompanying symptoms: urinary dysfunction (kidney deficiency type), GI symptoms
(food accumulation type), and psychological symptoms (Qi stagnation type) [20]. Accord-
ingly, TKM practitioners comprehensively assess systemic symptoms (i.e., sleep patterns,
dietary habits, digestive function, bowel and urinary symptoms, and thirst) in conjunc-
tion with pain intensity, duration, and location [20]. This multidimensional information
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determines the underlying pathophysiology of pain and supports pattern identification
and treatment planning. From this holistic perspective, systemic symptoms may plausibly
influence LBP prognosis. Indeed, the prognostic value of systemic symptoms for neck pain
was reported [21]. However, no studies have examined the prognostic value of systemic
symptoms in ALBP.

This study retrospectively analyzed systemic symptoms in inpatients with ALBP,
aiming to identify potential novel factors that may significantly influence early recovery
patterns. Specifically, we aimed to evaluate the prognostic value of systemic symptoms
commonly used in TKM and explore the clinical relevance of a holistic approach through
univariate and multivariate statistical analyses. Given that short-term progression can
predict long-term outcomes of LBP, this study is expected to provide early indicators for
identifying the risk of chronicity.

2. Materials and Methods
2.1. Study Design and Eligibility Criteria

This retrospective cross-sectional study aimed to investigate potential factors influ-
encing recovery from ALBP by analyzing the correlation between ALBP and systemic
symptoms. The Institutional Review Board (IRB) of Dongguk University Bundang Oriental
Hospital approved this study (IRB no. 2025-0005). All procedures adhered to the Strength-
ening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [22].
Patients who were admitted to the Department of Korean Rehabilitation Medicine for acute
mechanical LBP between 1 January 2021 and 30 April 2025, were included in the study.
LBP diagnoses were identified using the Korean Standard Classification of Diseases (KCD)
diagnostic codes recorded at initial admission, specifically S30-S39 (injury to the abdomen,
lower back, lumbar spine, and pelvis) and M50-M54 (other dorsopathies).

The following eligibility criteria were applied to ensure data reliability and sample
consistency (Table 1). First, patients with non-mechanical LBP (such as spinal tumor, spinal
infection, or ankylosing spondylitis) were excluded to focus exclusively on mechanical
LBP. Mechanical LBP is generally defined as pain arising from structural or functional
abnormalities of the spine and its surrounding tissues. However, this study also classified
cases involving radicular pain as mechanical LBP when nerve root compression could be
clearly attributable to structural lesions, such as disc herniation or spinal stenosis [2].

Furthermore, to minimize potential confounding, patients aged > 65 years, presenting
with red flag signs, or with concussion at LBP onset were excluded. Older patients are
subject to various confounders (including age-related degenerative changes, comorbidities,
and psychosocial issues such as anxiety or cognitive impairment), which may substan-
tially influence the prognosis of LBP [23,24]. Red flag signs indicate potential serious
underlying conditions such as compression fractures, cauda equina syndrome, progressive
neurological deficits, infection, or malignancy [25]. Among these, compression fractures
and cauda equina syndrome, although structural in nature, were excluded due to their
distinct clinical course and specific management strategies (i.e., urgent surgical intervention
in cauda equina syndrome), which differ significantly from those for typical mechanical
LBP [26-28]. Lastly, concussion was excluded as it may alter pain perception through
central sensitization, compromising the reliability of self-reported pain measures [29,30].

Moreover, patients who received no treatment during hospitalization or were admitted
for <3 days were excluded due to insufficient therapeutic exposure to ensure homogeneity
of therapeutic outcomes. Furthermore, although ALBP is typically defined as <4-6 weeks,
a more conservative cutoff of 4 weeks was adopted to avoid the inclusion of cases possibly
transitioning into the subacute phase by the final assessment [2].
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Table 1. Inclusion and exclusion criteria of the study.

KCD Codes S30-5S39 (Injuries to the Abdomen, Lower Back,
Definition of LBP Lumbar Spine and Pelvis) or M50-M54 (Other
Dorsopathies) Related to LBP

Age < 65 years old
Inclusion Criteria Duration of LBP < 4 weeks
Hospitalization period > 3 days

Age > 65 years old
Duration of LBP > 4 weeks
Hospitalization period < 3 days
Exclusion Criteria Non-mechanical LBP
Red flags (Cauda equina, Compression fracture, etc.)
Loss of conscious at onset
Lack of sufficient information regarding systemic symptoms
Abbreviation: LBP, Low Back Pain; KCD, Korean Standard Classification of Diseases.

2.2. Data Extraction

Patient’s medical records were reviewed to obtain comprehensive data. A third-party
independent of the study extracted the data and removed personal identifiers to ensure
patient anonymity and data protection. The processed data were subsequently provided
to two independent researchers for verification and organization. Any disagreements
between the researchers were resolved through discussion. Then, the finalized data set was
transferred to another researcher for statistical analysis.

Demographic data were retrieved from the admission records, including sex, age,
symptom duration, hospitalization length, diagnosis, smoking and alcohol history, and past
medical history. The latter encompassed a history of hypertension (HTN), dyslipidemia,
diabetes mellitus (DM), cardiovascular disease, gynecological disease, upper and lower GI
disease, respiratory disease, musculoskeletal diseases (thoracolumbar, cervical, or other
regions), and psychological history (PSY). The classification of upper and lower GI disorders
was based on the anatomical landmark known as the ligament of Treitz, with disorders
from the esophagus to the duodenum categorized as upper GI, whereas those from the
jejunum to the anus were categorized as lower GI [31]. Only conditions with confirmed
diagnoses in the hospital were included.

Details about LBP were collected from admission and discharge records, includ-
ing pain intensity, pain difference, pain distribution, and range of motion (ROM).
Pain intensity was examined using the Numeric Rating Scale (NRS) both at admis-
sion (NRS AD) and discharge (NRS DC). Pain difference was calculated as both an
absolute change (ANRS = NRS DC — NRS AD) and a relative change (ANRS[%] =
(NRS DC — NRS AD)/NRS AD x 100).

Systemic symptoms were identified from the admission and progress records as
patient-reported symptoms based on patient interviews conducted by Korean medicine
doctors with at least one year of clinical experience. This study focused on six systemic
symptoms listed in the hospital records: sleep disturbance, anorexia, dyspepsia, constipa-
tion, nocturia, and thirst. Given their subjective nature, relevant diagnostic criteria and
literature were referenced, if applicable, to enhance the objectivity and clinical relevance of
their interpretation [32-35]. Table 2 presents the detailed definitions.
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Table 2. Adapted inclusion criteria for systemic symptoms based on subjective complaints in

traditional Korean medicine.

Systemic Symptoms

Referenced Diagnostic Criteria

Adapted Inclusion Criteria

Sleep disturbance

DSM-5
- Difficulty initiating or maintaining sleep, or
early-morning awakening, occurring >3
nights per week for >3 months
- Symptoms not attributable to mental
disorder, substance use, or medical condition

- Frequency of DSM-5-defined sleep
disturbance symptoms >3 nights per
week during hospitalization
- Excludes cases attributable to mental
disorder, medical condition (ex. nocturia)
or substance use (caffeine intake)

- Patient’s dietary intake decreased to

Anorexia None <50% of baseline during hospitalization
Rome IV Criteria
- Presence of at least one of the following: - Occurrence of at least one Rome
postprandial fullness, early satiation, IV-defined symptom during
Dyspepsia epigastric pain, or epigastric burning hospitalization
- Symptom presentation for the last 3 months, - No evidence of structural disease or
with onset >6 months before diagnosis identifiable gastrointestinal disorder
- No evidence of structural disease or based on past history
identifiable gastrointestinal disorder
Rome IV Criteria
- Presence of at least two of the following;:
bqwel movements < 3 tmes per week, - Occurrence of at least two Rome
Constipation strammg, hard stools, sensatlor} of incomplete IVodefined svmptoms durin
p evacuation, anorectal obstruction, or manual ymptor &
hospitalization
maneuvers
- Symptom presentation for the last 3 months,
with onset >6 months before diagnosis
ICS
- At least one episode of awakening during
the night to void - Occurrence of voiding at least twice per
Article night during hospitalization or
Nocturia - Clinically significant, occurring at least twice - Frequency of sleep disturbance due to
per night nocturia >3 times per week during
- Regardless of voiding frequency, clinical hospitalization
significance could be determined by the
degree of sleep disruption
Thirst None - Patient-reported thirst or increased water

intake during hospitalization

Abbreviation: DSM-5, Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; ICS, International
Continence Society.

2.3. Statistical Analysis

All statistical analyses were primarily conducted using IBM SPSS Statistics for Win-
dows, Version 21 (IBM Corp., Armonk, NY, USA). Regression analyses were performed
using R Studio Version 4.2.0. Continuous variables were presented as means and standard
deviations, while categorical data were presented as frequencies and percentages. Binary
variables included sex, smoking history, alcohol consumption, presence of past medical
history, pain distribution, and presence of each systemic symptom. ROM was also classified
as a binary variable (normal and abnormal) based on the hospital medical record system,
with ‘normal’ defined as no limitation in any lumbar ROM.

The dependent variable was the pain score measured by the NRS, a continuous
variable ranging from 0 to 10, with higher scores indicating greater pain severity [36]. Four
subscales were analyzed: NRS AD, NRS DC, absolute pain change (ANRS), and relative
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pain change (ANRS [%]). Improvement was indicated by a lower NRS DC compared to
NRS AD. Accordingly, negative values in both absolute and relative changes reflected pain
relief, while positive values indicated worsening of pain.

Univariate analyses were conducted using the independent f-test or Mann—-Whitney
U test, depending on the normality of each independent variable. Normality was assessed
through the Kolmogorov-Smirnov or Shapiro-Wilk test, depending on the sample size.
Spearman or Pearson correlation coefficients were computed to examine the correlations
between continuous variables, as appropriate. Chi-square or Fisher’s exact tests were
employed to evaluate the associations between binary variables. A p-value < 0.05 with a
95% confidence interval indicated statistical significance.

Multiple linear regression analyses were conducted to identify the independent effects
of each variable on the LBP progression. Variables with statistical significance (p < 0.05) or
suggestive trends (p < 0.1) in univariate analyses were included in the model. Model as-
sumptions of linearity, normality of residuals, homoscedasticity, and multicollinearity were
assessed to ensure validity. Generalized additive models (GAMs) were applied to account
for potential non-linear relationships for continuous variables violating the linearity as-
sumption. Subsequently, bootstrapping was employed to estimate confidence intervals for
the regression coefficients for any remaining violations of normality and homoscedasticity.
Further sensitivity and subgroup analyses were conducted to assess the robustness of the
findings. Sensitivity analyses used two alternative models: (1) one including all variables
and (2) one incorporating only known predictors of LBP chronicity. The same procedures
were followed without bootstrapping, focusing on consistency in coefficient direction and
significance. Subgroup analyses were conducted based on patients” diagnoses.

3. Results
3.1. General Characteristics of Participants

A total of 655 patients were admitted to the clinic between 1 January 2021 and 30
April 2025. Among them, 343 patients met the study criteria for LBP, whereas 194 eligible
patients with ALBP were included in the statistical analysis (Figure 1). Within this cohort,
79 patients were male, and 115 patients were female, with a mean age of 47.06 &= 12.11 years.
The average complaint duration was 2.65 & 4.18 days, and the mean hospitalization length
was 6.57 & 3.84 days. Regarding diagnoses, the majority of patients were classified under
“sprain and strain of lumbar spine” (n = 181), followed by “other and unspecified sprains
and strains of lumbar and pelvic region” (n = 8) and “lumbar and other intervertebral disc
disorders with radiculopathy” (n = 5). The mean NRS AD was 6.09 & 1.46, and the mean
NRS DC was 4.77 + 2.01. The average absolute pain change (ANRS) was —-1.32 4= 1.75, and
the average relative change (ANRS [%]) was —21.61 &+ 27.93% (Table 3).

Table 3. General characteristics of included patients.

Total number of cohorts 194
Gender (Male/Female) 79/115
Age (Year) 47.06 + 12.11
Complaint duration (Day) 2.65 +4.18
Hospitalization period (Day) 6.57 + 3.84
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Table 3. Cont.

Sprain and strain of lumbar spine

181 (93.3%)

Sprain and strain of other and unspecified parts of lumbar spine

and pelvis 8 (4.1%)

Lumbar and other intervertebral disc disorders with radiculopathy 5 (2.6%)

Diagnosis Spinal stenosis, lumbar region 2 (1.0%)

Other spondylosis, lumbar region 1 (0.5%)

Low back pain, lumbar region 1 (0.5%)

Lumbago due to displacement of intervertebral disc 1 (0.5%)

Spondylolysis, lumbar region 1 (0.5%)
NRS AD 6.09 £+ 1.46
NRS DC 477 £2.01

ANRS —-132+1.75
ANRS (%) —21.61 £27.93

Abbreviation: NRS, Numeric rating scale; NRS AD, NRS at admission; NRS DC, NRS at discharge; ANRS, absolute
pain change = NRS DC — NRS AD; ANRS (%), relative pain change = ((NRS DC — NRS AD)/NRS AD) x 100.

Hospitalized patients
(n=655)

Y

Patients with low back pain
(n=343) Patients excluded (n=146)

* Non-mechanical LBP (n=0)

o] * Age>65yearsold (n=92)

* Redflag (n=5)

h 4 * Loss of conscious (n=9)

* Duration > 4 weeks (n=25)

Eligible patients + Hospitalization < 3 days (n=15)
(n=197)

Patients excluded (n=3)

* Lack of information for review of
system (n=3)

A 4

Patients included in analysis
(n=194)

Figure 1. Flow chart of patient selection. Abbreviation: LBP, Low back pain.

3.2. Association Between Demographic Characteristics and Pain Intensity

Given the violation of normality, the Mann—-Whitney U test and Spearman’s rank

correlation were applied to binary variables (gender, smoking, and alcohol) and contin-

uous variables (age), respectively. Among the four variables, only smoking and alcohol
consumption demonstrated a significant association with pain intensity at discharge and

pain reduction (p < 0.05 or p < 0.01). None of the variables showed significant associations

with initial pain intensity (Table 4A).
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Table 4. Univariate associations with low back pain intensity.

Variables NRS AD NRS DC ANRS ANRS (%)
Male (79) 6.03 + 1.41 4.71 £+ 2.02 —132+182  —21.08 +28.87
Gender Female (115) 6.14 + 1.49 4.82 +2.02 —1324+170  —21.96 + 27.39
p-value 0.801 0.693 0.819 0.759
Corgﬁ.la.ﬁo“ 0.013 0.050 0.035 0.041
Age coefficient
Demégr)aphic p-value 0.858 0.491 0.630 0.634
characteristics Yes (28) 5.96 + 1.53 3.93 +1.90 —204+213  —31.99 +32.05
Smoking No (166) 6.11 + 1.45 4.92 +2.00 —120+1.65  —19.86 + 26.89
p-value 0.546 0.017 * 0.051 t 0.047 *
Yes (57) 6.04 + 1.49 425 +2.17 —179+181  —30.00 + 27.78
Alcohol No (137) 6.12 + 1.45 4.99 +1.91 —1124+1.69  —18.11 +27.34
p-value 0.549 0.007 ** 0.018 * 0.009 **
Corg?.la.ﬂon . 0.506 ~0.145 ~0.012
NRS AD coefficient
p-value - 0.000 *** 0.044 * 0.863
Correlation
sgﬁfttlg? oefficiont -0.072 -0.266 —0.280 —0.302
p-value 0.320 0.000 *** 0.000 *** 0.000 ***
Correlation
(B) Hospitalization coefficient 0.022 ~0.181 —0215 —0.199
e length pvalue 0.761 0.011 * 0.003 ** 0.005 **
characteristics .
W“ﬁsﬁ;ead 6.24 + 1.46 4.80 +1.97 —1444+173  —2291 +26.36
Distribution of
LBP Localized (63) 5.79 + 1.43 471 +2.11 —1.08+176  —18.90 + 31.00
p-value 0.067 t 0.725 0.156 0.255
Normal (81) 5.72 + 1.39 4.48 +2.09 —123+162  —22.85+29.34
ROM Abnormal (113) 6.36 + 1.45 498 + 1.94 ~138+1.83  —20.71 +2697
p-value 0.007 ** 0.089 + 0.781 0.660
Yes (114) 6.20 + 1.42 5.01 + 2.09 ~119+1.68  —19.78 + 2691
disﬂfgg’nce No (80) 5.94 + 151 444 +1.86 —1504+1.83  —24.21 +29.30
p-value 0.262 0.049 * 0.215 0.215
Yes (47) 6.17 + 1.36 4.96 + 1.89 —121+147  —19.95+ 2257
Anorexia No (147) 6.07 + 1.49 4.71 £+ 2.05 —135+1.83  —22.13 +29.49
p-value 0.942 0.592 0.848 0.813
Yes (8) 6.88 + 1.46 6.13 +2.10 —0.75 + 1.83 —9.97 + 26.96
Constipation No (186) 6.06 + 1.45 4.72 +1.99 —134+174  —2211+27.93
Sys(gnic p-value 0.133 0.076 + 0.311 0213
symptoms Yes (68) 6.15 + 1.56 5.16 + 2.06 —099+152  —16.34 + 24.81
Dyspepsia No (126) 6.06 + 1.41 456 +1.97 —150+1.84  —24.45+29.18
p-value 0.771 0.091 0.052 + 0.054 +
Yes (65) 6.22 + 1.39 4.88 + 1.89 —134+188  —20.59 + 2691
Nocturia No (129) 6.03 + 1.49 4.72 +2.08 —131+168  —22.12+ 2852
p-value 0.581 0.644 0.822 0.733
Yes (76) 6.09 + 1.56 4.80 +2.03 —129+178  —21.24 +28.40
Thirst No (118) 6.09 =+ 1.40 4.75 4+ 2.01 —134+173  —21.84+27.74
p-value 0.680 0.887 0.744 0.820

Annotation: Data presented as mean =+ standard deviation. p-values were calculated by Mann-Whitney U test, except
for age, NRS AD, complaint duration and hospitalization period, which were analyzed by Spearman correlation
analysis. (t =p <0.1,*=p <0.05, * p <0.01, ** = p < 0.001). Abbreviation: NRS, Numeric rating scale; NRS AD, NRS
at admission; NRS DC, NRS at discharge; ANRS, absolute pain change = NRS DC — NRS AD; ANRS (%), relative
pain change = ((NRS DC — NRS AD)/NRS AD) x 100; LBP, Low back pain; ROM, Range of motion.
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3.3. Association Between Past Medical History and Pain Intensity

Given the violation of normality, the Mann-Whitney U test was conducted. Patients
with a history of thoracolumbar musculoskeletal disorders exhibited significantly higher
initial pain intensity (p < 0.05). Additionally, those with a history of lower GI disorders
showed a suggestive trend toward lower initial pain (p < 0.1). However, no past medical
history was significantly related to pain at discharge or overall pain change (Table S1)

3.4. Association Between Low Back Pain Characteristics and Pain Intensity

Given the violation of normality, the Mann-Whitney U test and Spearman’s rank
correlation were applied according to variable types. Initial pain intensity (NRS AD) was
positively correlated with pain at discharge (p < 0.001) and inversely correlated with ab-
solute pain change (p < 0.05) but was not associated with relative pain change. Symptom
duration and hospitalization length showed a negative correlation with pain at discharge
and both absolute and relative pain change (symptom duration, p < 0.001; hospitalization
length, p < 0.05 or p < 0.01). Pain distribution did not significantly influence pain at dis-
charge or pain change, although cases of widespread pain demonstrated a suggestive trend
toward higher initial pain (p < 0.1). Finally, abnormal ROM was significantly associated
only with initial pain and showed a marginal trend toward the association with higher
pain at discharge (p < 0.1) (Table 4B).

3.5. Association Between Systemic Symptoms and Pain Intensity

Given the violation of normality, the Mann-Whitney U test was conducted. Sleep
disturbance was significantly associated with higher pain at discharge (p < 0.05) but showed
no significant difference in initial pain or pain change. Constipation showed a trend toward
higher pain at discharge (p = 0.076), while dyspepsia exhibited trends toward smaller
absolute and relative pain changes (p = 0.052 and 0.054). However, neither significantly
influenced initial pain. Other systemic symptoms showed no significant association with
pain intensity or pain change (Table 4C).

3.6. Association Between Systemic Symptoms and Pain Characteristics

Chi-square tests were conducted to examine the associations between systemic symp-
toms and LBP characteristics. Constipation and dyspepsia showed a suggestive association
with widespread pain distribution (p < 0.1). No other significant associations were identi-
fied (Table S2).

3.7. Multiple Regression Analysis

The independent variables of the basic regression model included hospitalization
length, symptom duration, initial pain intensity (NRS AD), sleep disturbance, dyspepsia,
constipation, history of lower GI disorders, history of thoracolumbar musculoskeletal dis-
orders, pain distribution, smoking status, alcohol consumption, and ROM. The dependent
variables were pain at discharge (NRS DC), absolute pain change (ANRS), and relative pain
change (ANRS [%]). Table 5 presents the results of multiple regression.
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Table 5. The relationship between low back pain characteristics and pain intensity.

Variables NRS DC ANRS ANRS (%)
Pa%zrrnn?gic Estimate p-Value 95% CI Estimate  p-Value 95% CI Estimate  p-Value 95% CI
NRS AD 0.71 0.000 ** (0.56,0.90) } - - - - - -
di Sleep 0.29 0.223 (—0.18, 0.77) 0.24 0315 (—0.20, 0.76) 2.82 0.465 (—5.18,10.27)
isturbance
Dyspepsia 0.55 0.026 * (0.05,1.02) } 0.54 0.033*  (0.06,1.00) } 8.15 0.045 * (0.27,16.38) 1
Constipation 0.41 0.483 (—0.95, 1.69) 0.21 0.726 (~1.29,1.53) 7.54 0.436 (—13.35,26.91)
Lower GI —0.23 0.539 (—0.92, 0.43) —0.05 0.904 (=0.75,0.57) -3.07 0.609 (—14.49,7.53)
MSTL —0.28 0.355 (—0.95, 0.35) —0.40 0.195 (=1.07,0.28) —4.86 0.321 (—15.59, 5.33)
Distribution of ¢ g3 0.908 (—0.47, 0.56) 008 0748  (—060,041)  —054  0.899 (—7.91,8.98)
Smoking —0.60 0.10 (—1.43,0.11) —0.64 0091t  (—1.54,0.13) —522 0.384 (—19.74, 6.67)
Alcohol —0.58 0.037 * (-=1.06, —0.03)f  —0.50 0077t  (=1.01,0.05  —11.57  0011*  (—19.33, —2.97) }
ROM 0.18 0.447 (—0.31, 0.64) 0.03 0.905 (—0.46, 0.49) 4.65 0.229 (—3.67,12.44)
Smooth terms edf F-value p-value edf F-value p-value edf F-value p-value
Hoslfitahzati"“ 3.80 3.82 0.004 ** 3.96 3.56 0.005 ** 3.72 2.85 0.022 **
ength
dempt.om 3.35 424 0.003 ** 345 3.75 0.006 ** 3.00 498 0.001 **
uration
Model fit n =19 n=19 n=19
;’mg R? (adjusted) = 0.417 R? (adjusted) = 0.176 R? (adjusted) = 0.168
summary Deviance explained = 46.9% Deviance explained = 24.6% Deviance explained = 23.6%

Annotation: Results from multiple regression using a Generalized Additive Model (GAM). NRS AD was excluded
from ANRS and ANRS (%) models to avoid mathematical coupling, as it is a component of both outcome
definitions. Non-linearity was observed in Hospitalization length and Symptom duration, for which smooth
terms with k = 7 were applied. Due to violations of residual normality and homoscedasticity, all models were
bootstrapped. p-values were obtained from GAM outputs (t =p < 0.1, *=p < 0.05; * =p < 0.01; ** =p < 0.001).
The 95% confidence intervals were estimated via non-parametric bootstrapping and considered statistically
significant if excluding zero (f = 95% CI excludes zero). Abbreviation: NRS, Numeric rating scale; NRS AD,
NRS at admission, NRS DC, NRS at discharge; ANRS, absolute pain change = NRS DC — NRS AD; ANRS (%),
relative pain change = ((NRS DC — NRS AD)/NRS AD) x 100; CI, Confidence Interval; Lower GI, Past history of
Lower Gastrointestinal disease; MSTL, Past history of Musculoskeletal disease—thoracic or lumbar spinal region;
LBP, Lower back pain; ROM, Range of motion.

3.7.1. Pain at Discharge

Violations of the linearity, residual normality, and homoscedasticity assumptions were
identified through the residuals vs. fitted plot (Figure S1a), the Shapiro-Wilk normality test
(p = 0.003), and the Breusch-Pagan test (p = 0.026). However, all variance inflation factors
(VIFs) were <2, indicating no multicollinearity. Partial residual plots of continuous variables
revealed non-linearity in hospitalization and symptom duration, for which GAMs were
subsequently applied for correction (Figure S2a). Upon re-evaluation, residual diagnostics
continued to show normality and heteroscedasticity violations, as indicated by the Shapiro—
Wilk test (p = 0.004) and the residuals vs. fitted plot. Accordingly, bootstrapping was
employed to obtain robust confidence intervals.

The model included 194 patients, with an adjusted R? of 0.417 and deviance explained
at 46.9%. Initial pain intensity (8 = 0.71, 95% CI: 0.56-0.90, p < 0.001) and dyspepsia
(B =0.55, 95% CI: 0.05-1.02, p < 0.05) were significantly associated with higher pain at
discharge. In contrast, alcohol consumption was significantly associated with lower pain at
discharge (B = —0.58, 95% CI: —1.06——0.03, p < 0.05). Furthermore, hospitalization length
(EDF = 3.80) and symptom duration (EDF = 3.35) exhibited significant non-linear effects
(Figure 2a). No other variables showed significant associations.
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Figure 2. Graphs of estimated smooth effect of hospitalization (left) and duration (right) using GAM.
(a) NRS DC, (b) ANRS, (c) ANRS (%). The solid line indicates the estimated smooth function, and the
dashed lines represent the 95% confidence interval. The x-axis represents the number of days since
hospitalization or symptom onset. The y-axis depicts the estimated smooth function, representing the
non-linear effect of the predictor on the outcome while adjusting for other covariates. Deviations from
zero indicate the direction and strength of this effect. The curve suggests a non-linear association
between the two variables. Abbreviation: GAM, Generalized Additive Model; NRS, Numeric rating
scale; NRS DC, NRS at discharge; ANRS, absolute pain change = NRS DC — NRS AD; ANRS (%),
relative pain change = (NRS DC — NRS AD)/NRS AD) x 100.

3.7.2. Absolute Pain Change

NRS AD was excluded from the model as an independent variable since the absolute
change was defined as NRS DC — NRS AD, which would induce mathematical coupling.
Violations of the linearity and residual normality assumptions were identified through
the residuals vs. fitted plot (Figure S1b) and the Shapiro-Wilk normality test (p = 0.000).
The Breusch-Pagan test supported homoscedasticity (p = 0.102); however, the residuals
versus fitted values plot suggested a potential violation. VIFs were all <2, indicating no
evidence of multicollinearity. Non-linearity in hospitalization and symptom duration was
identified via partial residual plots, and GAMs were applied for correction (Figure S2b).
Bootstrapping was employed to derive robust confidence intervals since the Shapiro—
Wilk test (p = 0.003) and the residuals vs. fitted plot indicated persistent normality and
heteroscedasticity violation.
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The model included 194 patients, with an adjusted R? of 0.176 and deviance ex-
plained at 24.6%. Dyspepsia was significantly associated with smaller absolute pain change
(B =10.54, 95% CI: 0.06-1.00, p < 0.05). In contrast, alcohol consumption (8 = —0.50, 95%
CIL: —1.01-0.05, p < 0.1) and smoking (8 = —0.64, 95% CI: —1.54-0.13, p < 0.1) showed
suggestive associations with greater pain change, although their bootstrapped confidence
intervals included zero, indicating uncertainty in these estimates. Additionally, hospi-
talization length (EDF = 3.96) and symptom duration (EDF = 3.45) exhibited significant
non-linear effects significant non-linear effects (Figure 2b). No other variables showed
significant associations.

3.7.3. Relative Pain Change

Given that relative change was defined as (NRS DC — NRS AD)/NRS AD, NRS
AD was excluded from the model as an independent variable to avoid endogeneity and
potential bias in the regression estimates. Violations of the linearity and residual normality
assumptions were identified by the residuals vs. fitted plot (Figure S1c) and the Shapiro—
Wilk normality test (p = 0.003). Although the Breusch-Pagan test showed no significant
heteroscedasticity (p = 0.2825), the residual plot suggested a potential mild dichotomous
distribution. VIFs for all variables were <2, indicating no multicollinearity concerns. Partial
residual plots revealed non-linearity of hospitalization and symptom duration, which was
addressed using GAMs (Figure S2c). Bootstrapping was employed to adjust confidence
intervals since the Shapiro-Wilk test indicated a persistent violation of normality (p = 0.008).

The model included 194 patients, with an adjusted R? of 0.168 and deviance explained
at 23.6%. Dyspepsia showed a significant association with smaller relative pain change (
= 8.15, 95% CI: 0.27-16.38, p < 0.05). In contrast, alcohol consumption was significantly
associated with a greater pain change (8 = —11.57, 95% CI: —19.33—-—2.97, p < 0.05). Further-
more, hospitalization length (EDF = 3.72) and symptom duration (EDF = 3.00) exhibited
significant non-linear effects (Figure 2c). No other variables showed significant associations.

3.7.4. Sensitive and Subgroup Analysis

Table S3 presents the results of the sensitivity and subgroup analysis of multiple
regression. In the full model including all covariates, the regression coefficient for dys-
pepsia remained consistent in both direction and magnitude across all pain outcomes
(NRS DC: B=0.66, p < 0.05; ANRS: B = 0.67, p < 0.05; ANRS [%]: B =10.21, p < 0.05).
Alcohol consumption also showed a consistent association with pain at discharge and
relative pain change (NRS DC: = —0.66, p < 0.05; ANRS [%]: B = —13.13, p < 0.01), while
absolute pain change demonstrated only a suggestive association (ANRS: = —0.57, p <
0.1). Initial pain intensity retained a significant association with pain at discharge (NRS DC:
B =0.71, p < 0.001). Additionally, suggestive associations were observed for smoking (NRS
DC: B =-0.72,p <0.1; ANRS: g = —0.75, p < 0.1), age (NRS DC: g = —0.02, p < 0.1, ANRS
[%]: B =—0.45,p <0.1), and ROM (ANRS [%]: = 6.62, p <0.1).

The regression coefficient for dyspepsia (NRS DC: g = 0.69, p < 0.01; ANRS: 8 = 0.69,
p < 0.01; ANRS [%]: B =10.43, p < 0.05) and alcohol consumption (NRS DC: g = —0.70,
p <0.05; ANRS: B = —0.63, p < 0.05; ANRS [%]: p = —13.64, p < 0.01) remained consistent
in both direction and magnitude across all pain outcomes in the model adding known
predictors of LBP chronicity (age, gender, psychological history, DM, and HTN). Initial
pain intensity remained significant for pain at discharge (NRS DC: g = 0.71, p < 0.001).
Additionally, smoking showed significant or suggestive associations (NRS DC: g = —0.75,
p <0.05; ANRS: = —0.77, p < 0.1).

Subgroup analysis was performed with the basic model, including 181 patients diag-
nosed with lumbar sprain or strain. The regression coefficient for dyspepsia was consis-
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tently maintained across all pain outcomes, although the association reached only sugges-
tive significance (NRS DC: B = 0.49, p < 0.1; ANRS: f=0.48, p < 0.1; ANRS [%]: =723,
p <0.1). Initial pain intensity remained strongly associated with pain at discharge (NRS
DC: 8 =0.71, p < 0.001), whereas alcohol consumption showed a significant or suggestive
association with pain at discharge and relative pain change (NRS DC: f = —0.49, p < 0.1;
ANRS [%]: B = —10.70, p < 0.05).

3.7.5. Association Between Binary Variables Included in Regression

Although the absence of multicollinearity was observed in the regression analysis, a
Chi-squared test was additionally conducted to examine the independence between cate-
gorical variables. Alcohol consumption and smoking demonstrated a strong association
(p < 0.001). Furthermore, significant associations were observed between dyspepsia and
constipation, dyspepsia and widespread pain, past history of lower GI disorders and thora-
columbar musculoskeletal disorders, and past history of thoracolumbar musculoskeletal
disorders and widespread pain (p < 0.05) (Table 54).

4. Discussion

This retrospective study analyzed 194 patients hospitalized for ALBP to investigate
how systemic symptoms influence the clinical course of ALBP. Progression to CLBP causes
functional impairment and psychosocial issues such as sleep disturbance, anxiety, and de-
pression while imposing a long-term socioeconomic burden through reduced productivity
and increased healthcare costs [5-9]. Accordingly, numerous studies explored prognos-
tic factors for the early prevention of LBP chronicization, emphasizing psychosocial and
demographic variables, as well as the short-term recovery of ALBP [13,14]. However, to
the best of our knowledge, no studies have examined systemic symptoms as prognostic
factors for LBP through a holistic perspective. Recognizing that short-term recovery of
ALBP may predict its chronicization, this study assessed the impact of systemic symptoms
on the clinical course of ALBP, ultimately identifying long-term prognostic factors and
highlighting the value of a holistic approach.

Among the systemic symptoms, dyspepsia may hinder recovery from ALBP as an
independent risk factor. In univariate analysis, dyspepsia showed a suggestive association
with higher pain at discharge (p = 0.091) and lower absolute (p = 0.052) and relative
(p = 0.054) change in pain. However, dyspepsia was significantly associated with greater
pain at discharge (8 = 0.55, p = 0.026, 95% CI [0.05, 1.02]) and lower pain improvement
both in absolute (§ = 0.54, p = 0.033, 95% CI [0.06, 1.00]) and relative terms (f = 8.15, p =
0.045, 95% CI [0.27, 16.38]) in regression analysis. The observed discrepancy likely reflects
the limitations of univariate analysis in accounting for confounding and interaction effects,
whereas regression models adjust for these influences, providing a more precise estimate
of the independent effect.

Dyspepsia also demonstrated a robust association in the sensitivity analyses, demon-
strating consistent effects regardless of variable selection or analytic conditions. Dyspepsia
consistently showed significant associations across all pain outcomes in the full model and
the model with known chronicity factors, highlighting its robustness and novelty as an
independent factor beyond previously identified predictors. Furthermore, dyspepsia exhib-
ited suggestive associations across pain outcomes in subgroup analysis. Nevertheless, the
directions of the coefficient remained consistent with that of the base model. Additionally,
the regression coefficients for absolute pain change associated with dyspepsia were esti-
mated at 0.48-0.69, indicating a corresponding reduction in the extent of LBP improvement.
Given the average admission pain score of 6.09 & 1.46 and the reported Minimal Clinically
Important Difference (MCID) of —2 for moderate LBP (NRS 5-7), dyspepsia may meaning-

40



J. Clin. Med. 2025, 14, 6969

fully hinder the degree of pain reduction required to meet the MCID threshold [37]. Hence,
the adjusted R?, representing the explanatory power of the base regression model, ranged
from 16.8% to 41.7%. Consequently, these results suggest a reasonable level of reliability
since R? values >15% are generally considered meaningful in clinical research [38]. Taken
together, these statistical and clinical interpretations suggest that dyspepsia may serve as a
significant independent factor impeding the recovery of ALBP and potentially contributing
to its chronicity.

No studies have yet reported an influence of dyspepsia on ALBP prognosis. Moreover,
a definitive pathophysiological mechanism has yet to be established. Nevertheless, several
plausible mechanisms can be proposed based on anatomical and physiological consider-
ations. First, hyperactivation of the abdominal muscles, including the rectus abdominis,
external oblique, and internal oblique, is frequently observed in LBP patients [39]. This
increases intra-abdominal pressure (IAP) as a compensatory mechanism, enhancing spinal
stability and reducing the mechanical load on the vertebrae [40,41]. The elevated IAP may
concurrently reduce gastrointestinal blood flow, thereby contributing to dyspeptic symp-
toms [42]. Second, dyspepsia may impact LBP through viscerosomatic reflexes. The upper
GI tract is primarily innervated by the T5-T9 spinal segments. Visceral stimuli from GI
symptoms are conveyed via visceral afferent fibers to the corresponding spinal dorsal horn
segments, where they may affect somatic nerves through viscerosomatic convergence [43].
Such convergence can trigger reflexive muscle tension in dorsal rami-innervated muscles
at the same spinal segments [44]. These muscles, including the erector spinae, multifidus,
and intertransversarii, play a critical role in segmental spinal stability and fine motor
control [44]. As these muscles are anatomically integrated with the thoracolumbar fascia,
sustained reflexive tension may induce fascial stress and deformation. Given previous
evidence that thoracolumbar fascia deformation may contribute to the onset of ALBP, vis-
ceral stimulation associated with dyspepsia could exacerbate pain or hinder recovery [45].
Lastly, dyspepsia may induce central sensitization, leading to altered pain perception. In
visceral pain disorders such as irritable bowel syndrome or functional dyspepsia, corti-
cal reorganization has been reported in the anterior cingulate cortex (ACC) and medial
prefrontal cortex [46]. These alternations affect sensory perception, pain modulation, and
emotional as well as cognitive processing [46]. The ACC, in particular, is activated by
acute visceral pain through glutamatergic signaling, contributing to the formation of pain
memory and negative affective responses [47]. These neural changes induced by visceral
pain can increase overall pain sensitivity, potentially amplifying the perception of pain
arising from other regions [48]. Consequently, LBP patients with dyspepsia may experience
more intense and persistent pain.

Constipation is another systemic symptom warranting attention. While univariate
analysis indicated a suggestive association with higher pain at discharge (p = 0.076), no
significant effects were observed in absolute or relative pain change across analyses. How-
ever, mean comparisons suggested a substantial negative effect of constipation on LBP
recovery. Patients with constipation showed a 0.6-point smaller absolute reduction and a
12% lower relative improvement in pain compared to controls. These differences may be
clinically meaningful because dyspepsia, a systemic symptom previously discussed with a
suggestive association in univariate analysis, showed only a 0.5-point and 8% difference.
The lack of statistical significance may reflect the limited power due to the small number of
patients with constipation (8 of 194, 4.1%). Moreover, several studies reported a significant
association between constipation and increased LBP intensity [18,49], attributing it to the
increased mechanical load from the elevated intra-abdominal pressure during defecation
and altered pain modulation due to gut microbiome dysbiosis [18,49]. Taken together, the
present findings do not entirely exclude a potential association between constipation and
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ALBP prognosis. Thus, further studies with larger sample sizes are recommended to clarify
the clinical impact of constipation on ALBP prognosis.

Regarding sleep disturbance, a significant association with higher pain at discharge
was identified only in univariate analysis (p = 0.049), while no significant findings emerged
for absolute or relative pain change in any analyses. This finding does not fully align with
prior studies indicating a bidirectional correlation between sleep disturbance and LBP,
highlighting that poor sleep quality elevates next-day pain, whereas higher pain intensifies
sleep disturbance, creating a vicious cycle [19]. This discrepancy may be partly attributable
to the measurement of sleep disturbance. Although identified from clinical records referenc-
ing diagnostic criteria, sleep disturbances were based on subjective complaints rather than
standardized tools, such as sleep diaries and the Pittsburgh Sleep Quality Index, potentially
limiting diagnostic accuracy and influencing the results. Nevertheless, given that sleep dis-
turbance exhibited consistently positive, but not significant, regression coefficients across
all pain outcomes, it may interact with other clinical factors in a more complex manner.
However, this finding alone cannot conclusively establish the effect due to conflicting
evidence on the impact of sleep disturbances on LBP [13,19]. Therefore, further research
employing rigorous and standardized sleep assessment tools is needed.

Among demographic characteristics, both smoking and alcohol consumption were
significantly associated with lower pain at discharge and greater pain change in univariate
analysis. However, only alcohol remained significant in multivariate regression, suggesting
greater explanatory relevance. Given the strong association between the two (chi-square,
p = 0.000), the effect of smoking may reflect the influence of alcohol consumption due to
shared variance, with its independent contribution attenuated in the regression model
despite the absence of multicollinearity. The observed effect of alcohol aligns with prior
findings showing that moderate consumption is associated with a reduced risk of pain
chronicity, lower pain intensity and extent, and enhanced physical function, especially in
non-localized pain conditions [50,51]. However, the apparent analgesic effect of alcohol
may reflect elevated pain thresholds rather than actual improvement in mechanical pain.
Indeed, consuming 3-4 drinks at least once per month is associated with significantly
higher pain thresholds compared to non-drinkers [52]. Therefore, the potential benefits of
alcohol consumption for ALBP should be interpreted cautiously.

Regarding other variables, age showed only a suggestive trend in regression sensitivity
analysis, with coefficients of —0.02 points and —0.45% for absolute and relative pain
change, respectively, although both are clinically negligible. The impact of age on LBP
recovery remains controversial, with limited clinical relevance observed in middle-aged
populations but significant effects reported in those aged >65 years [53,54]. Hence, our
results may reflect the age restriction to individuals aged <65 years. This restriction likely
enhanced the reliability of our findings by minimizing the confounding effects of age-
related degenerative changes and comorbidities observed in older adults [23,24]. However,
this approach inevitably limits the external validity of our findings to relatively younger
and healthier populations. Although specific evidence for ALBP is limited, advancing age
is well known to be associated with higher prevalence of LBP and greater disability [55].
Consequently, generalizability of our findings may be limited, and caution is warranted
when extrapolating the results to older adults in clinical settings, as advanced age may
negatively impact LBP recovery.

Furthermore, past history, such as the history of DM and PSY, often linked to poor
LBP recovery, showed no consistent associations in this study, nor did HTN, which had
been reported to predict better prognosis [13]. This discrepancy may be partly explained
by the study design focusing on the short-term prognosis of ALBP, whereas prior research
examined long-term pain outcomes over months to years, which may better capture the
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impact of medical history. Indeed, type 2 diabetes is associated with low-grade systemic
inflammation, a factor that contributes to the development of CLBP and may necessitate
prolonged periods for symptom manifestation [56,57]. Furthermore, depression and CLBP
share common neurotransmitters, notably serotonin, which modulate both the descending
pain inhibitory pathway and emotion regulation [58]. The clinical effects of these changes
often take extended periods to emerge due to neuroplasticity [59]. Therefore, the afore-
mentioned past history may exert a progressively greater influence on LBP recovery, with
PSY in particular representing a key factor [58]. These findings underscore the necessity of
long-term follow-up in future studies to fully elucidate these associations.

Hospitalization length and symptom duration demonstrated strong significance across
all pain outcomes in univariate analyses and exhibited non-linear relationships in regres-
sion models. Both variables showed a rapid pain improvement trend up to 5-7 days,
followed by a gradual recovery until 15-20 days. However, unlike symptom duration,
hospitalization length showed a potential pain rebound beyond 20 days, suggesting impor-
tant clinical implications. While short-term bed rest of 2-3 days is generally considered
most effective for ALBP [60], the continued improvement observed up to 20 days in this
study may reflect a synergistic effect of bed rest and active therapeutic intervention during
admission. Nevertheless, the negative consequences of reduced physical activity may
outweigh the benefits beyond a certain point, warranting caution in considering prolonged
hospitalization. Hence, results beyond 16 days for both variables should be interpreted
with caution since sparse observations in this interval led to wider confidence intervals,
potentially compromising the precision of the estimates.

The present findings suggest several clinical implications. Systemic symptoms in
ALBP patients, particularly dyspepsia, may serve as early indicators of slower recov-
ery, underscoring the importance of careful assessment at the initial clinical evaluation.
Identifying such patients can help clinicians to prioritize early intervention and design
multidimensional management strategies aimed at preventing prolonged disability. In this
context, management focusing solely on pain control may result in delayed improvement
for patients presenting with dyspeptic symptoms. Therefore, combining physiotherapy
or acupuncture with medication for dyspepsia may offer a viable therapeutic approach,
addressing both systemic and musculoskeletal components. More broadly, incorporating
symptom profiling into routine assessment may enhance prognostic accuracy and facilitate
tailored treatment planning. For example, considering the combined patterns of GI symp-
toms, PSY, and DM alongside pain intensity could enable more precise risk stratification,
providing a practical foundation for more proactive and comprehensive approaches to
ALBP care.

Hence, this study has some limitations. First, the results present only correlational
analyses between systemic symptoms and LBP without establishing causality. Despite
outlining possible mechanisms, they remain hypothetical and require further investigation
to confirm causality. Second, systemic symptoms were identified based on patients” sub-
jective reports in medical records rather than standardized assessment tools or objective
diagnostic criteria. The reliance on subjective reports may have introduced measurement
bias, potentially affecting patient selection and over- or underestimating associations with
LBP. Future studies should employ validated tools, such as the Nepean Dyspepsia Index
for dyspepsia or the Pittsburgh Sleep Quality Index for sleep disturbances, to enhance the
reliability and specificity of systemic symptom assessment. Third, the generalizability of
our findings may be limited. The present study focused solely on ALBP, with a mean total
course of approximately 9 days (sum of symptom duration and hospitalization), thereby
excluding CLBP populations. Despite the evidence that short-term recovery patterns can
predict LBP chronicity, it remains unclear whether these associations extend to longer-term
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courses in CLBP patients, limiting the applicability of our findings. In addition, the exclu-
sion of non-mechanical LBP patients, who often present with more severe or persistent
pain and poorer overall health, may have led to an underestimation of symptom impact.
Moreover, 93% of the included patients were diagnosed with lumbar sprain or strain,
further limiting the generalizability of our findings to other mechanical LBP types, such
as acute disc herniation. Finally, the size and gender distribution of the sample may have
influenced the observed associations. With a sample size of 194 and no a priori calculation,
the statistical power to detect small-to-moderate effects may have been limited given the
number of covariates, particularly in subgroup analysis. The male-to-female ratio was also
imbalanced at approximately 40:60. The smaller number of participants in one gender
may have increased estimate variability and lowered the statistical power to detect gender-
related differences or interactions. Although GAM and bootstrap methods were applied to
enhance reliability, certain associations may have remained undetected, warranting caution
in interpreting the results. Taken together, these limitations suggest that future research
should include older adults, patients with CLBP and/or non-mechanical LBP, and a more
balanced sex distribution. Studies should also employ standardized symptom assessments
and longer follow-up periods, ideally in large-scale prospective longitudinal trials with
diverse populations.

5. Conclusions

This retrospective cross-sectional study is the first to identify systemic symptoms,
especially dyspepsia, as potential short-term prognostic factors impeding ALBP recovery.
Given the influence of early recovery patterns on long-term outcomes, these findings may
serve as meaningful markers for early identification of patients at risk of LBP chronicity.
Furthermore, multivariable regression analysis was employed to assess the independent
effects of various factors beyond systemic symptoms, acknowledging the multifactorial
nature of LBP prognosis in clinical settings. This comprehensive analysis underscores the
clinical relevance of a holistic approach to LBP by demonstrating the significant association
between pain and dyspepsia. Despite the limitations of our study design, the obtained
results suggest a novel approach for preventing chronicity and guiding proactive treatment
strategies in LBP. Moreover, this study highlights the potential effectiveness of multidimen-
sional and integrated strategies in reducing pain and enhancing patients” quality of life in
clinical practice.
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The following abbreviations are used in this manuscript:

LBP Low Back Pain
ALBP Acute Low Back Pain
CLBP Chronic Low Back Pain

GI Gastrointestinal

TKM Traditional Korean Medicine
IRB Institutional Review Board
HTN Hypertension

DM Diabetes Mellitus

PSY Psychological history

ROM Range of Motion

NRS Numeric Rating Scale

NRS AD  Numeric Rating Scale at Admission
NRSDC  Numeric Rating Scale at Discharge
GAM Generalized Additive Model

VIF Variance Inflation Factors
IAP Intra-abdominal Pressure
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Abstract: Background: Wrist immobilization is a common clinical intervention for wrist
injuries; however, its repercussions on gait parameters and plantar support have not been
extensively investigated. Objectives: The purpose of the study was to determine whether
wrist immobilization causes alterations in foot pressure and center of gravity, considering
hand dominance and visual conditions (eyes open or closed). Methods: The research
experiment was conducted using the PodoPrint S4 platform. Basic descriptive statistics
were calculated to summarize the variables. Additionally, in the mixed linear model (¢-tests
use Satterthwaite’s method) an analysis of variance for repeated measures (ANOVA-RM)
was conducted for the determination of the objectives of the study. Results: This study
included a total of 44 participants (29 females and 15 males), with an average age of
36.5 years (SD = 17.5). Immobilization, independent of eye condition, resulted in significant
alterations in antero-posterior oscillation and in a larger plantar support area. In addition,
the results suggest that the eye state significantly influences plantar support, independent of
limb immobilization or dominance. Conclusions: Our findings reveal significant alterations
in antero-posterior oscillation and plantar support due to immobilization, suggesting a
dynamic interplay between wrist function and lower limb biomechanics.

Keywords: wrist immobilization; foot pressure; gravity; foot support

1. Introduction

Wrist injuries, encompassing distal radius fracture (DRF), triangular fibrocartilage
complex injury, instability, scaphoid fracture, and various orthopedic conditions, are com-
monplace in clinical practice [1,2]. Joint restriction constrains the ability to flexibly co-
ordinate the joints and might lead to reduced balance stability when people perform
different tasks or activities [3]. To promote wrist stability and facilitate the healing pro-
cess, healthcare providers often employ wrist immobilization devices, such as casts or
splints [4-6]. The potential secondary effects of this intervention on other aspects of an
individual’s biomechanics and functional mobility have received limited attention in the
scientific literature.

One of the most immediate reactions to upper limb immobilization is an altered gait
pattern [7] to compensate for the loss of upper limb function and maintain equilibrium [8].
When the wrist is immobilized, there is a shift in the body’s center of mass. To counteract
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this shift and prevent falls, individuals may adjust their body posture and engage their
core and lower limbs more actively. This adaptive response helps in stabilizing the body’s
center of mass during walking [9].

Ford MP et al. [10] confirmed that constraining one arm resulted in an adaptation in
trunk and inter-limb coordination when walking at higher velocities in healthy adults, but
no specific upper limb extremity movement disorders participants have been included,
and studies did not evaluate possible changes in plantar pressure distribution when there
is immobilization and consequently no use of the upper limb. This potential alteration in
statics could cause postural changes during daily activities that do not involve walking or
any form of displacement. Arm swing is a natural component of walking that aids in bal-
ance and stability [11]. When upper limb function is compromised due to immobilization,
there may be a compensatory reduction or modification in arm swing. Steven H. Collins
et al. [11] conducted a series of simulations and human subject experiments with the goal
of elucidating the role of arm swinging and its underlying mechanisms in human gait.

Other investigations [11-14] have concluded that normal arm swing indeed leads to a
reduced vertical angular momentum when compared to walking without arm swing. These
studies emphasized the imperative to identify alterations in plantar support following
wrist or hand immobilization and how these changes may impact not only the movement
of the upper limbs but also plantar support. This, in turn, can affect gait cadence and
balance, potentially causing challenges or modifications in movement patterns during
everyday activities.

Despite the presence of various factors that may affect plantar support following wrist
or hand injuries requiring immobilization, such as fear of movement, pain, or catastrophiz-
ing, the specific influence of immobilization itself on plantar support remains inconclusive,
leaving the potential impact on overall functional recovery uncertain.

The first aim of the present study was to analyze the intra-subject variability in antero-
posterior oscillation (APO) and plantar pressure parameters in healthy subjects during the
bipedal standing test under wrist-hand dominant and non-dominant immobilization, with
both open-eye (OE) and closed-eye (CE) conditions. Based on this aim, we hypothesize that
(1) wrist immobilization, regardless of hand dominance, will cause significant alterations
in antero-posterior oscillation and plantar pressure distribution when compared to the
non-immobilized condition, (2) the effects of wrist immobilization on these parameters
will vary depending on hand dominance, and (3) visual conditions (eyes open vs. closed)
will significantly influence plantar pressure parameters and postural stability, regardless of
wrist immobilization or hand dominance.

2. Materials and Methods
2.1. Study Design and Participants

The study was performed in the Faculty of Health Science of the University of Malaga.
The study was approved by the local ethics committee with the number CEUMA: 97-
2022-H and was carried out according to the Helsinki Declaration on ethical principles
for research involving human subjects [15]. A convenience sample of 44 participants was
selected during November 2022 and December 2023. Informed consent was obtained from
all participants before their inclusion in the study.

The inclusion criteria were age > 18 years. The exclusion criteria included cognitive
or neurological impairments that could interfere with the instructions, any previously diag-
nosed musculoskeletal disorders, recent acute injuries (<1 year) in any limb, immobilization
within the previous 6 months, and balance problems.
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2.2. Procedure

Participants were recruited through an open call via social media posts to ensure
a diverse and representative sample within the study’s eligibility criteria. Volunteers
who expressed interest were invited to participate, provided they met the predefined
inclusion criteria outlined in the study protocol. Additionally, all participants received
detailed information about the study’s objectives and procedures before providing their
informed consent.

Firstly, a questionnaire (designed by the authors) was provided to the participants to
obtain the demographic variables, such as age, sex, occupation, physical activity, and hand
dominance. The platform pressure data were collected by a researcher who was familiar
with the instrument and software, and all measurements were taken by the same evaluator
to avoid discrepancies.

The baropodometric measurements were carried out using a baropodometric platform
called PodoPrint® S4, a reliable tool for evaluating the distribution of plantar pressures in
the dynamic study of the barefoot gait of healthy individuals. The ICCs showed moderate
to good repeatability (greater than 0.81 and less than 0.93) [16]. The dimensions of this
platform are 57 cm x 57 cm x 9 mm, and it has 1600 sensors. The data were sent digitally
to a computer and then processed using software that shows the parameters of plantar
pressure, center of pressure, and postural sway. All measurements were taken twice to
make data more precise and eliminate possible bias. Assessment was performed in a
soundproof room with absolute silence and with no visual distractions. Each participant
had to take off any ornaments on their wrists or objects that they had in their pockets,
and they had to be barefoot (with no socks). A foot positioning template was used to
position the feet at an angle of 30°, with a separation of 2 cm between heels. For every
measurement, the participant had to be standing, with resting arms along the body and
looking straight ahead at a color signal that was previously placed on the wall. In this
position, the following data were obtained for each subject: total foot support surface,

2; average foot pressure in static support, measured in gr/cm?; body sway

measured in cm
length and body sway area, both in static support; and center of pressures on the X-axis
(COP X) and Y-axis (COP Y), which represent the position of the center of foot pressure
compared to the theoretical one.

At first, a quiet stance test was performed for each subject with open eyes (OEs),
followed by a second measurement with the same procedure but with closed eyes (CEs).
Secondly, a posture—stabilometric test was also performed with OEs and CEs. This proce-
dure was repeated in the same order, immobilizing the wrist of the dominant arm and then
immobilizing the other wrist. Dominance was determined by asking the patient which
hand they use for writing. We immobilized the wrist with a thermoplastic splint that put
the wrist in a neutral position [17,18]. Also, the splint did not cover any fingers or elbow.
If the participant coughed, sneezed, turned his/her head, talked, or performed a sudden
movement, the measurements were repeated to avoid possible bias.

2.3. Data Analysis

The data were processed with R version 4.3.2 for statistical study [19]. The validity
conditions (sphericity and normality) were checked. Mauchly tests for sphericity and
Greenhouse-Geisser and Huynh-Feldt corrections for departure from sphericity. The
Shapiro-Wilk test for normality was used. A mixed linear model (t-tests use Satterthwaite’s
method) and an analysis of variance for repeated measures (ANOVA-RM) were conducted
for the determination of the objectives of the study. Post hoc comparisons with Holm
methods were used. For all statistical analyses, the significance level was set at 5%.

50



J. Clin. Med. 2025, 14, 2829

3. Results

This study included a total of 44 participants, composed of 29 females and 15 males,
with an average age of 36.5 years (SD = 17.5). An initial exploration of the data revealed
that the antero-posterior oscillation (APO) varies significantly with the state of the eyes
(open vs. closed), as illustrated in Figure 1.
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Figure 1. Antero-posterior oscillation associated with state of eyes (open vs. closed).

Notably, immobilization alone, independent of eye condition, resulted in significant
alterations in APO (p < 0.001), as detailed in Table 1.

Table 1. Summary of the statistical significance of APO alterations due to immobilization alone.

Value
Predictors Estimates CI p
(Intercept) 61.39 55.11-67.68 <0.001
Eyes [OE] —9.51 —12.42——6.60 <0.001
Dominant —8.48 —12.05-—-4.92 <0.001
Not dominant —-11.17 —14.74--7.61 <0.001
Random effects
o? 134.31
T00 DNI 327.79
ICC 0.71
Npni 41
Observations 246
Marginal
R2/Conditional R2 0.090/0.735

Further analysis using an interaction model to assess the effects of eye condition
(open vs. closed) separately revealed that immobilization impacts APO irrespective of
eye condition (p < 0.001), without significant differences between immobilization of the
dominant or non-dominant limb (Figure 2a).
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Figure 2. (a) Immobilization impacts APO irrespective of eye condition. (b). Differences between
dominant and non-dominant sides.

Table 2 presents the effects of wrist and hand immobilization on the total plantar
support area. The findings indicate a larger plantar support area during immobilization
compared to non-immobilization, regardless of the dominance of the immobilized limb
(p < 0.001), with discernible differences between the dominant and non-dominant sides
(Figure 2b).

Table 2. Data on the impact of wrist and hand immobilization on total plantar support area.

Value
Predictors Estimates CI p
(Intercept) 63.15 56.55-69.76 <0.001
Eyes [OE] —13.03 —18.05-—8.01 <0.001
Dominant —10.30 —15.32-—-5.28 <0.001
Not dominant —14.64 —19.66——9.62 <0.001
Eyes [OE] x 3.64 ~3.46-10.74 0.314
Dominant
Eyes [OE]x Not 6.93 ~0.17-14.03 0.056
dominant
Random effects
o? 133.19
T00 DNI 327.97
ICC 0.71
Npni 41
Observations 246
Marginal
R?/Conditional 2~ 0-093/0.738

53



J. Clin. Med. 2025, 14, 2829

Additionally, when disregarding immobilization and limb dominance, the impact of
eye state (open vs. closed) on plantar support was evaluated. The results suggest that the
eye state significantly influences plantar support, independent of limb immobilization or
dominance (Table 3).

Table 3. Exploring the effect of eye state on plantar support, disregarding immobilization and limb.

Value
Predictors Estimates CI p
(Intercept) 27.60 20.37-34.82 <0.001
Eyes [OE] —4.56 —8.88-—0.23 0.039
Dominant —1.66 —6.95-3.63 0.537
Not dominant —4.45 —9.74-0.84 0.099
Random effects
0?2 296.04
To0 DNI 354.05
ICC 0.54
Npni 41
Observations 246
Marginal
R?/Conditional R? 0.013/0.551

4. Discussion

Despite the importance of proprioception in long-term functional outcomes after
wrist-hand immobilization [20], no previous studies have examined the effect that wrist or
hand immobilization may have on plantar support and, consequently, on the disruptions
in the development of daily activities. Our study aimed to investigate the impact of wrist
immobilization on postural control, specifically examining antero-posterior oscillation and
plantar pressure distribution, while also considering the roles of hand dominance and visual
conditions. In line with our hypotheses, the results revealed that wrist immobilization,
regardless of hand dominance, led to significant changes in both postural sway and plantar
pressure parameters when compared to the non-immobilized condition. These findings
suggest that even distal upper limb constraints can influence body balance.

There are several plantar pressure measurement systems, such as Footscan® [21],
TekScan® [22], Emed® [23], Pedar® [24], WalkinSense® [25], and Medicapteurs S-Plate® [26],
among others. There have been some foot-related research studies that have used the
PodoPrint® platform [27,28]. Reliability and repeatability of the PodoPrint® system have
been demonstrated, and normal values of plantar foot pressure have also been identified in
a healthy population [16].

We already knew that the immobilization of the wrist or hand had consequences on
the shoulder [29], and increased time of immobilization of the wrist was associated with an
increase in shoulder pain in patients after wrist fracture. However, we were unaware of
the potential effects that immobilizing the wrist or hand could have on plantar support,
gait development, balance, and consequently, on the sensation of movement and agility
during locomotion. The results of this study could have clinical implications in patients
with conditions involving wrist immobilization, highlighting the importance of a global
rehabilitation approach. Specifically, the findings elucidated on the relationship between
wrist immobilization and various postural parameters revealed not only the dynamic
interplay between upper limb function and lower limb biomechanics but also the influence
of wrist-hand immobilization on these parameters [30]. Our results indicate that wrist
immobilization alone induces changes in antero-posterior oscillation (APO), regardless of
whether the immobilized hand is dominant or non-dominant and independent of visual
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conditions (eyes open or closed). However, when the eyes are closed, the length of APO
increases, likely due to the involvement of the vestibular system [31].

Previous studies concluded that plantar pressure parameters can be modulated in
response to different visual inputs [31,32]. Effects of visual stimuli on plantar pressure
parameters were also reported in open-eye (OE) condition by Fullin et al. [33]. Similarly,
P. De Blasiis et al. [34] investigated the impact of visual stimuli on postural stability and
plantar pressure parameters in a healthy population, analyzing changes under both OE
and closed-eye (CE) conditions. Their results confirm that the coefficient of variation was
lower than 20% in CEs and OEs across all parameters, except for the right arch index,
which suggests a greater dynamic role of the dominant foot with respect to the postural
adaptations occurring with closed eyes. Also, Hébert-Losier, K et al. [33,35] concluded that
plantar pressure parameters do not seem to be affected by the different visual conditions.
These studies partially differ from our results, as we observed differences in participants
depending on whether their eyes were open or closed. This discrepancy may be attributed
to wrist immobilization, a variable not considered in previous studies. Our findings
suggest that eye condition (open vs. closed) significantly impacts the distribution of plantar
load, regardless of limb immobilization or dominance. Nevertheless, it is important to
emphasize that irrespective of the eye condition or dominance, it is the immobilization itself
that induces effects on both antero-posterior oscillation and the area of plantar support.

Upper extremity limitations impact gait, balance, and overall functionality [36,37].
This redistribution of plantar pressure may be indicative of an attempt to redistribute
body weight in response to compromised upper limb function. Our study also revealed
significant changes in plantar pressure distribution in individuals due to wrist immobi-
lization. It is conceivable that individuals with wrist immobilization, either consciously
or subconsciously, engage their lower limbs to a greater extent to compensate for reduced
upper limb functionality during walking, as interlimb neural coupling influences muscle
recruitment [7]. It is not the first time that some investigators reported the correlation be-
tween the hand and the foot; for example, Slobounov, S et al. reported referred differences
between the parameters of hand strength and plantar pressure distribution [38,39]. Other
studies that have focused on postural control have shown the right hemisphere’s pivotal
role on balance control and body posture in healthy subjects [40,41]. In the same line,
Rosario Emanuele Bonaventura et al. [42] investigated the effect of prismatic adaptation
(PA) on handgrip strength and plantar pressure. They concluded that the PA effects on
body posture are probably related to modulation of body representation.

Focus on body representation, and in concordance with our results, there are many
results that converge on the conclusion that maintaining an upright posture requires the
nervous system to integrate information from the somatosensory, visual, and vestibular
systems. Therefore, any external factor that may influence this perception (such as wrist im-
mobilization in our study) could impact the motor and sensory systems, leading to a series
of mechanical and proprioceptive adjustments that are crucial for effective rehabilitation.
These objective findings, which highlight the correlation between wrist immobilization
and plantar support, could be the way for new research focused on clinical applications for
upper limb injury rehabilitation.

However, our results are based on a healthy population; consequently, the impact
of factors, such as kinesiophobia or post-injury wrist pain, on plantar support remains
unknown. Moreover, a potential limitation of this study is the possibility of evaluator
bias, as the evaluator was aware of the conditions being tested. Although efforts were
made to ensure objective assessments, the lack of blinding may have introduced an un-
intended source of bias. Future research should address this limitation by implementing
a double-blind design to enhance the reliability of the findings. Future research should
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integrate clinical assessments to strengthen the interpretation and clinical relevance of our
findings. Additionally, further studies should explore the impact of various factors influ-
encing plantar support following wrist immobilization, identifying both predictive and
confounding variables, as well as potential changes occurring throughout the progression
of the pathology.

5. Conclusions

Wrist-hand immobilization alone, independent of eye status (open or closed), re-
sulted in significant alterations in antero-posterior oscillation and plantar pressure, with
discernible differences between the dominant and non-dominant sides. The eye state sig-
nificantly influenced plantar support, independent of limb immobilization or dominance.
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Abstract: Background: It is important to consider the cervical spine as a potential con-
tributor to shoulder pain, indicating the paramount importance of screening the cervical
spine in patients with shoulder pain. Objectives: To study the immediate effects of cervi-
cal spine screening (CSS) on the shoulder active range of motion, isometric strength and
self-reported function in patients with neck-related shoulder pain. Methods: A secondary
analysis was conducted on data from a previous study. A cervical contribution was con-
sidered if a >30% shoulder symptom modification of pain intensity (Numeric Pain Rating
Scales) was recorded during the most painful shoulder movement after CSS. Pre—post
measurements of the shoulder active range of motion (inclinometer) and shoulder iso-
metric strength (dynamometer) were recorded in a single session. Self-reported shoulder
function (Shoulder Pain and Disability Index) was assessed at a 1-week follow-up. Results:
Among 60 participants, statistically significant changes were found for those with a cervical
contribution (1 = 30) for shoulder flexion and the abduction range of motion (p < 0.001),
with a medium size effect (r = 0.55), and in internal rotation (p = 0.02) and external ro-
tation at 0° abduction (p = 0.008), with a small size effect (r = 0.3 and 0.34, respectively).
The self-reported shoulder function in those without a cervical contribution significantly
declined from the pre to post measurements (p = 0.002), with a small size effect (r = 0.4).
No statistically significant changes were found for the isometric strength in either group.
Conclusions: In patients with shoulder pain classified as having a cervical contribution,
CSS produces intrasession improvements in the active shoulder range of motion but not in
the shoulder isometric strength or self-reported shoulder function.

Keywords: shoulder pain; cervical spine; neck; range of motion; strength; function
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1. Introduction

Shoulder pain constitutes the third most prevalent musculoskeletal pain condition [1]
and is the leading cause of atraumatic upper limb complaints [2]. The shoulder pain
incidence has been reported to be 14.7-29.3 in every 1000 patients in primary care [3,4]. The
prevalence ranged from 41.2 to 48.4 in every 1000 people between the years 1998 and 2007,
being higher in women than in men [4]. Up to 66.7% of people may develop shoulder pain
at least once in their lifetime [5] and the symptoms often persist even beyond 18 months in
50% of those affected [6].

Although still scarce, the scientific research considering a cervical contribution in
shoulder pain presentations is experiencing growing momentum [7-10]. Regional interde-
pendence may explain the cervical contribution, as impairments in a body region distinct
from the painful one may be related with a patient’s chief complaint [11,12]. Regarding
the interaction between the neck and shoulder region, referred shoulder pain patterns
have been observed from the cervical zygapophyseal joints [13-16], cervical intervertebral
discs [17] and neck muscles [18].

Being guided by the anatomical region presenting with symptoms may therefore
be misleading, as conditions of both the neck and shoulder region may overlap [19-22].
Moreover, shoulder orthopedic test results may turn into false positives in the presence of
undiagnosed spinal disorders [23]. If pain of spinal origin is incorrectly interpreted, poor
decision-making and inadequate patient management can result [24]. Similarly, directing
treatment only over the shoulder in a patient with a cervical contribution might compromise
the treatment effectiveness [8].

In that manner, from a clinical reasoning perspective, certain clinical findings may
prompt a cervical spine evaluation to assess its potential contribution to shoulder pain.
These include the presence of cervical pain prior the onset of shoulder symptoms [7],
the coexistence of shoulder pain and cervical pain [16], a restricted cervical range of
motion [25,26], symptom modification with cervical movements [25], the diagnosis of
rotator-cuff-related shoulder pain [27], minimal or no reduction in shoulder range of
motion [25,28], and a history of prior cervical surgery [29,30].

The effects of cervical treatment on shoulder symptoms have been examined, with
the results showing that joint mobilization strategies such as postero-anterior or antero-
posterior mobilizations, lateral glides and manipulations may enhance shoulder pain and
disability [31-37], with different forms of manual therapy showing comparable effects [31].
Similarly, other cervical approaches, such as repeated movements [9,24,38,39] and spinal
mobilization with arm movement [40], seem to be effective in managing shoulder symp-
toms. Despite the growing recognition of the potential role of the cervical spine in shoulder
pain, and a recent Delphi study attempting to establish a consensus on spine screening
in patients with shoulder pain—incorporating strategies such as assessing the changes in
shoulder symptoms with neck movements or active cervical movements—[41], there is
currently no standardized examination procedure to identify this clinical pattern [8].

The application of symptom modification strategies as both a diagnostic and
a treatment-guiding approach has the potential to enhance clinical practice. By identi-
fying specific structures or areas where treatment leads to symptom improvement, physical
interventions can be more effectively directed [10]. Thus, the aim of this study was to inves-
tigate the immediate effects of cervical spine screening (CSS) based on movement strategies
on the active shoulder range of motion, isometric shoulder strength, and self-reported
shoulder function in patients with shoulder pain.
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2. Methods
2.1. Study Design

This study constitutes a secondary analysis of a previous prospective observational
study [7] approved by the Research Ethics Committee of Hospital Universitario Principe
de Asturias, Spain (OE 25/2019) on 4 December 2019, conducted in compliance with the
Declaration of Helsinki. The reporting adheres to the STROBE guidelines. Participants
provided informed written consent prior to data collection.

2.2. Participants

Participants were recruited from two separate hospitals in Madrid and were consecu-
tive eligible individuals seeking orthopedic/traumatology consultation for their shoulder
pain. A total of 6 participants were recruited from Hospital Universitario Principe de
Asturias and 54 from Clinica Cemtro, Madrid, Spain. From February 2020 to June 2022,
participants were assessed by the same physiotherapist, who had six years of expertise in
the assessment and conservative treatment of patients with shoulder pain.

Participants were required to be over 18 years old, suffering from shoulder pain during
movement and scoring >3/10 on the Numeric Pain Rating Scale (NPRS) for their shoulder
pain intensity.

They were excluded if they:

e  had prior shoulder surgery, pain at rest that improved with movement, history of
trauma, shoulder fractures, systemic diseases, radiculopathy, peripheral neuropathy,
or radicular pain (including a score of >11 on the S-LANSS scale);

e  had received local analgesic or anti-inflammatory injections in the previous six months
or taken those medications on the examination day.

2.3. Variables

Baseline demographic and descriptive information was recorded, including age, sex,
and the Spanish version of the Central Sensitization Inventory (CSI) [42], along with clinical
characteristics such as prior and concomitant neck pain, symptoms extending to the upper
limb, duration of symptoms, and whether their pain was unilateral or bilateral. The physical
therapist also recorded several dependent variables during the clinical examination of the
participants, as detailed below. The primary outcomes were the pain intensity, active
shoulder range of motion and isometric shoulder strength. Self-reported shoulder function
was considered a secondary outcome.

The shoulder pain intensity was assessed during the most painful shoulder movement,
which was rated using a Numeric Pain Rating Scale (NPRS), an 11-point numerical scale with
scores from 0 (no pain) to 10 (worst imaginable pain). The NPRS has adequate test-retest
reliability (ICC = 0.63-0.92) and internal consistency (alpha coefficient = 0.84-0.98) [43,44].
A diagnosis of cervical contribution was considered if a >30% modification of the shoulder
pain intensity was recorded after CSS; as in previous studies, a >30% threshold was employed
to determine a significant change in shoulder symptoms [45,46].

The shoulder active range of motion was assessed during the most painful shoulder
movement using a smartphone inclinometer (www.plaincode.com, Plaincode Software
Solutions, Gunzenhausen, Germany), where the use in shoulder flexion and abduction in
a sitting position, external rotation at 0° abduction, external rotation at 90° abduction and
internal rotation at 90° abduction in a supine position (Figure 1) has been validated, with re-
sults showing excellent inter-examiner reliability in symptomatic subjects (ICC > 0.80) [47].
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Figure 1. Shoulder external rotation in 90° abduction, external rotation in 0° abduction, and abduction
measured with a smartphone inclinometer.

The isometric shoulder strength (Figure 2) was assessed using a hand-held dynamome-
ter (MicroFET 2 MT Digital Handheld Dynamometer; Hoggan Health Industries, West
Draper, UT, USA), which has been shown to have good to excellent intra-rater reliability for
all shoulder strength tests (ICC = 0.87-0.99) [48,49]. As described by Roy et al., 2009 [50],
the dynamometer was held over the anterior aspect of the humerus on the medial side for
flexion and abduction, with the arm held at 90° and the participant in a seated position.
For extension, the shoulder was at 0° of flexion-extension, and the dynamometer was
placed over the posterior aspect of the humerus over the medial side. For external rotation,
the dynamometer was held over the dorsal aspect of the forehand (or palmar aspect for
internal rotation), close to the ulnar styloid process. Participants were asked to gradually
increase their isometric force for 3 s, maintaining the contraction for a further 3 s and then
relaxing. Two consecutive measurements with a 30 s rest period were carried out, with the
mean force determined for each direction.

The self-reported shoulder function was assessed using the Shoulder Pain and Dis-
ability Index (SPADI), which is a questionnaire originally developed to measure shoulder
pain and disability via 13 items [51]. It has been described as a questionnaire capable of
adequately discriminating between patients with improving or worsening conditions [52].
The questionnaire was sent to the participants by email in Google Forms format prior to the
CSS and after 1 week. A short-term follow-up was conducted for the self-reported shoulder
function, given that substantial intrasession changes in this measure were not expected.
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Figure 2. Shoulder flexion and internal rotation isometric strength measured with a dynamometer.

2.4. Procedure

The CCS consisted of different shoulder symptom modification strategies that were
used with an evaluation approach to observe potential intrasession changes. After each
intervention, the participant was asked to repeat the most painful movement and to report
the pain intensity using the NPRS [43]. Immediately after completion of the CSS, the
shoulder active range of motion and isometric strength were reassessed. The CSS was
used to determine the presence of a cervical contribution, which was considered if a >30%
modification of the shoulder pain intensity was recorded during the painful movement
after the CSS. Based on this assessment, the included participants were then divided into
the cervical contribution versus non-cervical contribution groups.

The CSS included the techniques presented in Table 1 (further detail is provided
in Appendix A). All the strategies were applied to all the participants in the proposed
order. If any strategy resulted in 100% symptom modification, the CSS was discontinued
at that point.

Table 1. Proposed cervical spine screening.

Intervention Included Variants

Postural change while performing
painful movement

Cervical retraction, retraction plus

Repeated end-range movements . X
extension and flexion

Spinal accessory mobilization with painful ~ Cervical global traction and lateral glide of
shoulder movement C4 spinous process

Posterior—-anterior and anterior—posterior

Passive accessory mobilization mobilizations and lateral glides

Neck flexor and extensor
muscle activation
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2.5. Data Analysis

Statistical analyses were performed using SPSS version 27.0 (IBM Corp, Armonk,
NY, USA). Continuous variables were presented as the mean =+ standard deviation or the
median with interquartile range, depending on their distribution, which was evaluated
using the Kolmogorov-Smirnov (K-S) test. Categorical variables were summarized as the
absolute and relative frequencies. Inferential analyses were conducted with a 95% confi-
dence interval, considering a p-value < 0.05 as the threshold for statistical significance. The
association between the pre- and post-screening values was analyzed using the Wilcoxon
test for paired samples, due to the non-parametric distribution of these variables. The effect
size was measured with the correlation coefficient r, calculated as r = Z//n. According
to Cohen, 1988 [53], an r value of 0.1 to 0.3 indicates a small effect size, 0.3 to 0.5 indicates
a moderate effect size, and >0.5 indicates a large effect size.

As this was an exploratory secondary analysis, the sample size was not established
a priori and the power estimations were limited by the non-parametric nature of the data.

3. Results

A total of 60 participants were assessed from 2020 to 2022 (mean age: 40.78 + 13.45 years),
26 women and 34 men. The baseline clinical characteristics of the sample are shown
in Table 2.

Table 2. Baseline sample clinical characteristics. Absolute frequency—mn (%).

Variables Descriptive Data

Clinical characteristics. Absolute frequency— (%)

Painful shoulder (left) 28 (46.7)
Upper limb referred pain 27 (45)
Unilateral pain 49 (81.7)
Previous neck pain 22 (36.7)
Concomitant neck pain 23 (38.3)
Symptoms duration
<3 months 16 (26.7)
3-6 months 9 (15)
>6 months 35 (58.3)
Clinimetrics
Central sensitization (CSI), >40 points 12 (20)
Shoulder function (SPADI)—median [IQR] 38.57 [28]
Pain intensity (NPRS)—median [IQR] 6 [2]

Abbreviatures: SD—standard deviation, IQR—interquartile range, CSI—Central Sensitization Inventory,
SPADI—Shoulder Pain and Disability Index, NPRS—Numeric Pain Rating Scale.

After the CSS, 30 out of the 60 participants experienced a >30% shoulder pain intensity
modification, thus classifying 50% of the sample as having a cervical contribution.

3.1. Shoulder Range of Motion

When considering the whole sample and just those with a confirmed cervical contribu-
tion, the results revealed statistically significant changes after the CSS for all the shoulder
range of motion variables except external rotation at 90° abduction (Table 3). The effect
sizes were larger for those with a cervical contribution, especially for flexion and abduction
(p <0.001; r = 0.55).
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Table 3. Pre—post changes in the shoulder active range of motion in the whole sample, those with
a cervical contribution and those without a cervical contribution.

Vo Vi . "
Median (IQR) Median (IQR) p EffectSize

Whole sample (1 = 60) 150.5 (37.25) 156.5 (34.25) <0.001 0.46
Flexion Cervical contribution (n = 30) 153.50 (30.50) 165 (27.75) <0.001 0.55
Non-cervical contribution (1 = 30) 150 (42.75) 151 (46.25) 0.007 0.35
Whole sample (1 = 60) 155 (30) 160 (40.75) <0.001 0.37
Abduction Cervical contribution (n = 30) 155 (35.25) 170 (36.25) <0.001 0.55
Non-cervical contribution (1 = 30) 155 (35) 155 (39.25) 0.833 0.03

B 62.43 (21.95) 65.48 (20.29)
Whole sample (1 = 60) M (SD) M (SD) 0.010 0.23

External rotation at . . . _ 63.90 (1876) 69.43 (1515)
0° abduction Cervical contribution (n = 30) M (SD) M (SD) 0.008 0.34

) . _— _ 61.06 (24.98) 61.53 (23.99)
Non-cervical contribution (1 = 30) M (SD) M (SD) 0.461 0.10
Whole sample (1 = 60) 84 (24.25) 85 (20.75) 0.363 0.08

External rotation at - —

90° abduction Cervical contribution (1 = 30) 83 (24.25) 86 (19.25) 0.201 0.17
Non-cervical contribution (1 = 30) 84.5 (27.75) 83 (27.25) 0.843 0.03

B 63.9 (18.73) 66.95 (16.23)
Whole sample (1 = 60) M (SD) M (SD) 0.014 0.22

Internal rotation . . . _ 64.97 (17.86) 70.47 (13.63)
2t 90° Cervical contribution (1 = 30) M (SD) M (SD) 0.020 0.30

) . o _ 62.83 (19.81) 63.43 (18.01)
Non-cervical contribution (1 = 30) M (SD) M (SD) 0.529 0.08

IQR—interquartile range; M—median; SD—standard deviation; VO—baseline mean values; V1—post-screening
mean values; * r correlation coefficient [53].

Those without a cervical contribution did not show an improvement in the shoulder
range of motion except for flexion, which was statistically significant (p = 0.007, r = 0.35).
The effect sizes were small, except for flexion, which was moderate.

3.2. Shoulder Isometric Strength

The inferential analysis showed no statistically significant changes in the shoulder isomet-
ric strength immediately after the CSS in the whole sample or when people with or without
a cervical contribution were considered separately. The effect sizes were small (Table 4).

Table 4. Pre—post changes in the shoulder isometric strength during the most painful movement in
the whole sample, those with a cervical contribution and those without a cervical contribution.

Vo Vi1 .
Median (IQR) Median 1QR) P EffectSize (0*
Whole sample (1 = 60) 90 (77.87) 89 (61.75) 0.40 0.08
Cervical contribution (1 = 30) 78.20 (44.93) 80.25 (46.25) 0.094 0.22
Non-cervical contribution (n = 30) 112 (67.75) 105 (66) 0.51 0.08

IQR—interquartile range; VO—baseline mean values; V1—post-screening mean values; * r correlation coefficient [53].

3.3. Shoulder Function (SPADI)

The self-reported shoulder function showed no statistically significant improvement
when considering the whole sample or those with or without a cervical contribution. How-
ever, those without a cervical contribution did show a statistically significant worsening of
the SPADI score after 1 week (Table 5).
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Table 5. Pre—post changes in the self-reported shoulder function in the whole sample, those with
a cervical contribution and those without a cervical contribution.

Median IQR)  Median(1QR) P Effect Size (9 *
Whole sample (1 = 60) 38.57 (27.95) 39 (33.77) 0.868 0.02
Cervical contribution (1 = 30) 37.7 (29.97) 29.63 (33.01) 0.088 0.22
Non-cervical contribution (n = 30) 39.35 (31.21) 43.5 (33.57) 0.002 0.40

IQR—interquartile range; SPADI—shoulder pain and disability index; VO—baseline mean values; V1—post-
screening mean values; * r correlation coefficient [53].

4. Discussion

To the best of our knowledge, this research is the first study analyzing the intrasession
effects of CSS on shoulder physical variables in patients classified as having a cervical
contribution to their shoulder pain. The results show how CSS based on movement
strategies may enhance shoulder mobility but not shoulder strength or short-term self-
reported shoulder function. This could be analyzed in relation to the results of the study by
Cook et al., 2014 [54], the only study that, to the best knowledge of the authors” knowledge,
has shown the lack of value of cervical treatment in shoulder pathology, but without
distinguishing between those with or without a cervical contribution to their shoulder
pain condition.

4.1. Shoulder Range of Motion

Regarding the results of the active shoulder range of motion, it was observed that
flexion, abduction, internal rotation, and external rotation at 0° of abduction obtained sta-
tistically significant changes when studying the whole sample and those with a confirmed
cervical contribution. None of the similar studies analyzing cervical involvement in shoul-
der pain [9,10,24,38,39] have assessed the changes in the shoulder range of motion. Only
Pheasant, 2016 [39], measured the baseline shoulder mobility in their case reports, but
this was performed with a visual estimation and the post-intervention changes were not
specifically described. However, improvements have been reported in the ROM, external
rotation strength and abduction painful arc after cervical lateral glides [34,35], with this
being a technique included in the current CSS.

It has been described that sustained or repeated cervical movements may modify
shoulder symptoms, and if this is found to be a significant finding in the examination,
cervical involvement can be considered a valid diagnosis [24,55]. In fact, given the difficulty
of establishing a diagnosis based on the source or nociceptive structure responsible of the
symptoms, this approach should be reserved for academic discussion, while in clinical
practice, principles of reasoning based on the symptomatic response to mechanical stimuli
during evaluation and treatment should be applied [55]. Nonetheless, the few studies
considering the potential cervical spine involvement in shoulder pain have been based on
examination and treatment under the premise of the McKenzie Mechanical Diagnosis and
Therapy system [9,24,28,38,39], thus including only one part (repeated movements) of the
CSS procedure that has been utilized in the current study.

4.2. Shoulder Isometric Strength

The shoulder isometric strength did not change following the CSS. There have been
some reports of improvement in the shoulder strength and muscle activation after the
implementation of treatment of the cervical spine, specifically with C5-C6 passive mobi-
lization and C5-C6-C7 manipulation [32,33]. However, understandably, improvements
in strength usually require a period of active exercise in order to induce neuromuscular
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adaptations to training, resulting in improved motor output. To assess the immediate
changes, it may have been more relevant to assess the motor control, which is more likely
to change immediately with an intervention [56].

The lack of change in the shoulder strength may be due to the assessment method.
As manual therapy likely affects the pain-limited strength rather than the maximum
contraction force, evaluating the pain-free contraction force, defined as the force generated
up to the onset of pain, might have revealed different results.

4.3. Shoulder Function

The score on the SPADI questionnaire showed a statistically significant change for
those without a cervical contribution to their shoulder pain, but the change [medians
pre—post: 39.35 (31.21)-43.5 (33.57)] was below the minimal clinically important difference
of this index, which is eight points [57]. In addition, the direction of change implied
a worsening of the scores on the SPADI. However, measuring self-reported shoulder func-
tion within a single session may have limited value.

The absence of significant changes in the isometric strength or self-reported function
raises questions about the clinical impact of CSS beyond mobility improvements. In this
manner, the primary benefit of CSS may be restricted to an enhanced range of motion
rather than broader functional improvements. Further research is needed to determine
whether the intrasession changes derived from cervical screening may last in the long
term. Similarly, longer-term interventions, rather than evaluations, might reveal additional
benefits of addressing the cervical spine in shoulder physical variables in neck-related
shoulder pain patients.

4.4. Strengths, Limitations and Future Research

This research used comprehensive CSS to classify whether or not people presenting
with shoulder pain have a cervical contribution to their pain; previous studies have gener-
ally utilized repeated movements as the sole assessment strategy [9,24,38,39]. Considering
the possibility of a cervical contribution in the symptomatic presentation of nontraumatic
shoulder pain patients could enhance the overall management of this condition, since
an approach based on the pathoanatomical model appears to be limited [56,58-62].

This is the first study to report the intrasession changes associated with a screening
approach, rather than implementing treatment. However, the observed modifications in
the physical variables could be influenced by unmeasured patient-specific factors, such
as expectations, or placebo effects derived from the applied intervention. Future research
should evaluate the role of these variables to determine whether the improvements re-
flect true physiological responses or expectancy-driven effects. Despite these limitations,
the use of symptom modification strategies as a diagnostic, treatment, and reassessment
method might be an option that aligns with clinical practice to guide treatment toward
areas or structures that produce improvements [10]. Indeed, it has been reported that
the intrasession changes in the pain intensity and range of motion may predict the future
intersession changes in patients with neck disorders, and the same could happen with cen-
tralization phenomenon, i.e., distal symptoms diminish their expansion or disappear [63].
Likewise, it has been shown that intrasession changes higher than 36% are strongly associ-
ated with >50% changes in the Neck Disability Index after 96 h in patients with mechanical
neck pain [64].

Nonetheless, this study has several noteworthy limitations. One significant concern
is the representativeness of the sample, which may not adequately capture the diversity
of a larger population as there was no sample size calculation. Additionally, the initial
observational study that provided the dataset was not specifically designed to address
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the objectives of this research, leading to some inherent constraints in the data collection
process. The reliance on secondary data also introduces challenges, such as the limited
control over key variables and the possibility of missing or outdated information, so as not
being able to control for confounding factors. These elements may impact the validity of
the study’s conclusions, necessitating a cautious interpretation of the results. On the other
hand, the short-term follow-up prevents us from drawing clear conclusions about whether
the effects of cervical spine screening persist in the long term. Finally, it is necessary to
mention that an unblinded assessor was not possible, as well as the assessor and treating
therapist being the same person, which could lead to observer bias. To overcome these
limitations, future research should focus on developing more robust and targeted study
designs that address these challenges and enhance the reliability of the findings.

Future research observing the shoulder symptom changes when directing specific
treatment to patients responding positively to CSS is needed. Similarly, studies with larger
sample sizes with prospective designs and longer-term follow-ups are needed.

5. Conclusions

In people with shoulder pain with a cervical contribution, CSS produces intrasession
improvements in the active shoulder range of motion but not in the shoulder isometric
strength nor self-reported shoulder function. Future research with larger samples and
longer follow-ups is required.
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Abbreviation
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Appendix A
Appendix A.1. Cervical Spine Screening

After each strategy, patients were asked to repeat their most painful movement to
reassess the pain intensity. After the completion of the whole CSS, the remaining dependent
variables were also reevaluated.

1.  Postural adjustment during painful movement: forward head posture and tho-
racic/lumbar slump were corrected. By maintaining this neutral cervical spine posi-
tion, the participant performed the painful or restricted movement.

2. Repeated end-range movements: cervical retraction, retraction plus extension and
flexion were performed 10 times, followed by reassessment of the painful or restricted
movement. If the participant was unable to reach the end range, passive overpressure
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was applied by the examiner. Repeated end-range movements were conducted
in all directions in the specified sequence unless a technique resulted in complete
symptom resolution.

3.  Spinal mobilization with shoulder movement:

a.  Cervical global traction: with the participant seated, the examiner positioned
behind them applied gentle upward traction at the occiput using a bimanual
grip. The participant then performed the painful or restricted movement while
maintaining this mobilization.

b.  C4 lateral glide: with the participant seated, the examiner applied lateral pres-
sure to the C4 spinous process in the direction opposite to the painful shoulder.
This mobilization was maintained while the participant performed the painful
or restricted movement.

4.  Passive accessory mobilizations: techniques included posterior-anterior, anteroposte-
rior, and lateral glides. The cervical segment selected for mobilization was the one
that elicited symptom reproduction after three posterior—-anterior mobilizations. If no
symptoms were provoked, the segment associated with the greatest local discomfort
was chosen [54]. Each mobilization was performed for 1 min.

5. Neck flexor (a) and extensor muscle (b) exercises while performing sets of contractions.

a.  Double chin movement (cranio-cervical flexion) was taught to the participant
in a supine position. After this, he/she was placed standing with his/her back
and head against a wall. A tennis ball was put between his/her head and the
wall as feedback to better understand the exercise, and the subject was asked
to perform the double chin movement while avoiding the ball falling. This was
repeated 10 times.

b. In a seated position, the subject was asked to place a band in his/her occiput
and holding it forwards with his hands. Then, he/she was asked to perform
a cervical retraction against the resistance of the band. This was repeated
10 times.

c.  Asthe CSS was an accumulation of strategies that could improve or worsen
the subject’s baseline status, the possibility of stopping the CSS if the subject
experienced an increase of >2 points in the NPRS score was contemplated.
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Abstract: Background/Objectives: Total hip arthroplasty (THA) is an effective surgi-
cal intervention for restoring hip function and alleviating pain caused by osteoarthritis,
femoral head avascular necrosis, or fractures. Despite its benefits, postoperative recov-
ery is influenced by various factors, among which sarcopenia plays a critical role. This
study aimed to analyze the characteristics of sarcopenia in THA patients admitted to a
convalescent rehabilitation hospital and examine its relationship with functional variables
such as balance and gait independence. Methods: This cross-sectional study included 84
THA patients, categorized into sarcopenia and non-sarcopenia groups using the Asian
Working Group for Sarcopenia 2019 criteria. Data were collected on demographic char-
acteristics (e.g., age, gender, height, weight, range of motion (ROM), manual muscle test
(MMT)) and functional variables, including balance (Berg Balance Scale, BBS) and gait
independence (Functional Ambulation Category, FAC). Results: The prevalence of sar-
copenia among THA patients was 44.05%. Significant differences were observed between
the sarcopenia and non-sarcopenia groups in sex, age, height, weight, ROM, MMT, BBS,
and FAC (p < 0.05). Logistic regression analysis showed that advanced age increased the
likelihood of sarcopenia (OR: 1.072, p < 0.05), whereas higher body weight reduced it (OR:
0.784, p < 0.05). However, sarcopenia was not significantly associated with balance (BBS:
p = 0.710) or gait independence (FAC: p = 0.990). Instead, a significant positive correlation
was found between FAC and BBS (OR: 0.413, p < 0.001), as well as BBS and FAC (OR: 0.467,
p < 0.001), indicating that better balance was associated with greater gait independence
and vice versa. Additionally, patients who underwent THA due to fractures had a lower
FAC compared to those with osteoarthritis (OR: —0.276, p = 0.018). Conclusions: Sarcope-
nia is prevalent among THA patients, and functional variables such as balance and gait
independence are closely associated. Additionally, age and body weight were identified
as key factors related to sarcopenia. These findings emphasize the importance of early
detection and management of sarcopenia in rehabilitation hospital settings and highlight
the significance of functional variables in recovery.

Keywords: total hip arthroplasty; sarcopenia; balance; gait

1. Introduction

Total hip arthroplasty (THA) is an effective surgical procedure performed to restore
hip function and alleviate pain. It serves as a treatment method for replacing damaged hip
joints caused by various conditions, such as osteoarthritis, avascular necrosis of the femoral
head, and fractures [1,2]. This procedure significantly improves patients’ physical function
and quality of life, and its prevalence is expected to continue increasing in the future [3].
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However, successful postoperative recovery and long-term functional maintenance depend
on multiple factors, among which sarcopenia has been identified as a major limiting factor.

Sarcopenia is characterized by a decline in muscle mass, muscle strength, and physical
performance and is commonly observed in older adults and various patient populations [4-7].
Among the key factors of sarcopenia, muscle mass plays a crucial role. In older adults,
reduced muscle mass is closely associated with decreased muscle strength, which in turn
contributes to impaired balance and slower gait speed [8-10]. This condition can lead to
multiple complications, including reduced physical function, an increased risk of falls, and
a decline in the ability to perform independent daily activities, all of which may also affect
patients undergoing THA [11-13]. Recent studies have reported that sarcopenia negatively
impacts functional recovery and prognosis across various patient groups, underscoring the
importance of strategies to prevent and manage this condition [14-16]. Therefore, exercise
and nutritional interventions should be considered as key strategies for mitigating the
effects of sarcopenia and promoting recovery [17].

The prevalence of sarcopenia in THA patients varies depending on diagnostic cri-
teria and surgical indications, with some studies reporting rates ranging from 23.2% to
37.6% [18,19]. In patients undergoing THA, sarcopenia is closely linked not only to reduc-
tions in muscle mass and strength but also to key functional variables, such as balance and
gait [20,21]. These functional variables are critical indicators for determining a patient’s
ability to maintain independent living and achieve successful rehabilitation. Identifying
sarcopenia and its associated characteristics in patients admitted to a convalescent rehabili-
tation hospital can provide valuable insights for optimizing recovery strategies. Therefore,
this study aimed to analyze the characteristics of sarcopenia in THA patients admitted to a
convalescent rehabilitation hospital and examine its relationship with functional variables,
specifically balance and gait independence. By identifying key factors associated with sar-
copenia, this study seeks to emphasize the importance of early detection and management
to improve rehabilitation outcomes.

2. Materials and Methods
2.1. Study Design

This study was a cross-sectional analysis of the relationship between sarcopenia status
and functional parameters in patients who had undergone THA. The study was conducted
on patients hospitalized in a rehabilitation facility, and prior to its commencement, ap-
proval was obtained from the Institutional Review Board (IRB) of Nambu University (IRB:
1041478-2023-HR-033). Data collection was conducted from February 2024 to November
2024. The participants were patients who had undergone THA at other hospitals and
were subsequently transferred to the research institution for post-acute rehabilitation. As-
sessments were conducted after obtaining informed consent from the participants upon
hospital admission. All collected data were anonymized, and participant confidentiality
was strictly maintained in accordance with ethical guidelines.

2.2. Study Participants

Participants were selected based on predefined inclusion and exclusion criteria. The
inclusion criteria were as follows: patients who had undergone THA, were receiving re-
habilitation treatment, and had provided informed consent to participate in the study.
Patients were excluded if they had a neurological disorder, were in an acute inflammatory
state that made functional assessment difficult or had cognitive impairments that prevented
them from complying with the study procedures. Sarcopenia was diagnosed based on
the 2019 criteria of the Asian Working Group for Sarcopenia (AWGS), and participants
were categorized into either the sarcopenia or non-sarcopenia group accordingly. In this
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study, bioelectrical impedance analysis (BIA) was used to assess skeletal muscle mass, as
recommended by the AWGS 2019 guidelines [4]. BIA was chosen over dual-energy X-ray
absorptiometry due to its greater accessibility, lower cost, and ease of use in clinical set-
tings, particularly in rehabilitation hospitals where routine body composition assessments
are required.

2.3. Outcome Measures and Variables

In this study, the variables were categorized into general characteristics and functional
parameters. General characteristics included age, sex, height, weight, reason for surgery
(fracture, osteoarthritis, or avascular necrosis of the femoral head), surgical site (left, right,
or bilateral), range of motion (ROM), and manual muscle test (MMT). These data were
obtained from the electronic medical record, while the ROM and MMT were assessed using
methods adapted for functional evaluation in convalescent rehabilitation patients in Korea.

The ROM was measured using a goniometer for both sides of the body, assessing
the shoulder (flexion, extension, abduction, external rotation, and internal rotation), el-
bow (flexion and extension), wrist (flexion and extension), hip (flexion, extension, and
abduction), knee (flexion and extension), and ankle (dorsiflexion and plantarflexion). As-
sessments were conducted with patients positioned for optimal safety and comfort. The
upper extremity (shoulder, elbow, and wrist) and ankle ROM were measured in a sitting
position. The hip ROM assessment varied depending on the surgical approach: patients
who underwent anterior approach THA did not undergo hip extension assessment due
to postoperative restrictions (recorded as 0 points), whereas those who underwent pos-
terolateral approach THA were assessed for hip extension in a side lying position. Knee
flexion was measured in a supine position instead of the standard prone position, as some
post-surgical patients experienced discomfort and fear in the prone position. The scoring
system assigned 2 points for normal motion and 1 point for restricted motion, with a total
possible score of 64 points.

The MMT was evaluated for both sides of the body, assessing the shoulder (flexion
and abduction), elbow (flexion and extension), wrist (flexion and extension), hip (flexion
and extension), knee (flexion and extension), and ankle (dorsiflexion and plantarflexion).
Assessments were conducted in the same positions as the ROM measurements to ensure
consistency. The upper extremity and ankle MMT were evaluated in a sitting position,
while the hip extension MMT was assessed in a side lying position for patients with a
posterolateral surgical approach and not assessed for those with an anterior approach.
The knee flexion MMT was performed in a supine position to accommodate post-surgical
patient comfort. The grading system assigned 6 points for the “Normal” grade and 1 point
for the “Zero” grade, with a total possible score of 144 points.

Sarcopenia was diagnosed when both the skeletal muscle mass index (SMI) and grip
strength were below the established criteria. The SMI was measured using a BIA device
(BWA 2.0, InBody, Seoul, Korea), with a threshold of <7.0 kg/ m? for men and <5.7 kg/ m?2
for women, according to the 2019 criteria of the AWGS. The grip strength was assessed
using a handgrip dynamometer, recording the maximum grip strength of each hand, with
a cut-off value of <28 kg for men and <18 kg for women.

Functional parameters were evaluated based on the balance ability and gait inde-
pendence. The balance ability was assessed using the Berg Balance Scale (BBS), a widely
used tool for assessing balance performance in clinical and rehabilitation settings. The
BBS consists of 14 items, each scored from 0 (unable to perform the task) to 4 (able to
perform the task independently) [22]. The total possible score was 56, with higher scores
indicating better balance ability. The BBS was selected for this study due to its ability to
evaluate functional balance tasks relevant to daily activities, making it particularly suitable
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for assessing THA patients recovering in rehabilitation hospitals. Gait independence was
assessed using the Functional Ambulation Category (FAC), a validated tool for classifying
gait independence based on the level of assistance required during ambulation [23]. The
FAC classifies gait independence into six levels, ranging from 0 to 5, with higher scores
indicating greater independence in ambulation. The FAC was chosen because it allows for
a simple yet effective classification of ambulation ability, making it an appropriate measure
for evaluating gait recovery in THA patients.

2.4. Statistical Analysis

The collected data were analyzed using Statistical Package for Social Sciences (SPSS)
for Windows (Version 23.0, IBM Corp., Armonk, NY, USA) statistical software. Differences
between groups were examined using independent sample t-tests and chi-square tests.
Multiple regression analysis was performed to assess the impact on functional parame-
ters, while logistic regression analysis was conducted to identify factors influencing the
likelihood of sarcopenia. The level of statistical significance was set at p < 0.05.

3. Results

A total of 84 patients who underwent THA participated in this study, among whom
37 were diagnosed with sarcopenia, resulting in a sarcopenia prevalence rate of 44.05%.
Comparisons between the sarcopenia and non-sarcopenia groups revealed significant
differences in the sex, reason for surgery, age, height, weight, ROM, MMT, BBS, and FAC
(p < 0.05) (Table 1). The analysis of the effects of the general and functional characteristics
on sarcopenia in THA patients indicated that each additional year of age increased the
likelihood of belonging to the sarcopenia group by 1.072 times (p < 0.05) (Table 2). In
contrast, each 1 Kg increase in body weight reduced the likelihood of being classified in the
sarcopenia group by 0.784 times (p < 0.05) (Table 2).

Table 1. Comparison of characteristics between the sarcopenia and non-sarcopenia groups.

Variables Total Sarcopenia Group Non-Sarcopenia Group p
Sex (male/female) 21/63 5/32 16/31 0.031*
Surgery side (left/right/both) 44/34/6 23/13/1 21/21/5 0.174
Reason for surgery (AVN/FX/OA) 7/47/30 2/30/5 5/17/25 <0.001 *
Age (year) 68.38 + 14.49 75.30 £ 12.63 62.94 £+ 13.61 <0.001 *
Height (cm) 158.46 £ 8.84 155.22 £ 7.68 161.02 £+ 8.92 0.002 *
Weight (kg) 57.10 £10.75 49.98 £ 7.59 62.71 £9.53 <0.001 *
ROM (score) 58.67 £+ 4.28 57.46 + 4.99 59.62 + 3.40 0.021 *
MMT (score) 129.64 £+ 13.92 124.57 £18.22 133.64 £7.25 0.006 *
BBS (score) 2411 £12.88 18.24 +12.38 28.72 £11.40 <0.001 *
FAC (score) 1.17 + 0.67 0.95 £ 0.62 1.34 + 0.67 0.007 *

*: p < 0.05, AVN: avascular necrosis; FX: fractures; OA: osteoarthritis; ROM: range of motion; MMT: manual
muscle test; BBS: Berg balance scale; FAC: functional ambulation category.

Table 2. Analysis of the effects of THA patient characteristics on sarcopenia.

Variables B OR 95%CI 4

Male 1.733 5.657 0.374~85.546 0.211

Reason for surgery (AVN: OA) 2.422 11.265 0.779~162.953 0.076
Reason for surgery (FX: OA) 1.490 4.439 0.840~23.467 0.079
Age 0.069 1.072 1.012~1.135 0.017 *

Height 0.018 1.018 0.890~1.165 0.792
Weight —0.243 0.784 0.679~0.905 0.001 *

ROM —0.047 0.954 0.753~1.208 0.695

MMT —0.045 0.956 0.882~1.036 0.273
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Table 2. Cont.

Variables B OR 95%CI p
BBS —0.013 0.987 0.920~1.059 0.710
FAC 0.010 1.010 0.227~4.496 0.990

*: p < 0.05, AVN: avascular necrosis; FX: fractures; OA: osteoarthritis; ROM: range of motion; MMT: manual
muscle test; BBS: Berg balance scale; FAC: functional ambulation category.

The analysis of the impact of the general characteristics on the functional parameters
(BBS and FAC) in THA patients showed that higher FAC scores were associated with
higher BBS scores (OR: 0.413, p < 0.05). Similarly, higher BBS scores were associated with
higher FAC scores (OR: 0.467, p < 0.05) (Table 3). Regarding the reason for surgery, patients
who underwent THA due to fractures had lower FAC scores compared to those with
osteoarthritis (OR: —0.276, p < 0.05) (Table 3).

Table 3. Analysis of the association between THA patient characteristics and functional variables.

Variables B OR p

Sarcopenia —1.186 —0.046 0.705
Female 1.416 0.048 0.720
Reason for surgery (AVN: OA) 3.689 0.080 0.402
Reason for surgery (FX: OA) 1.712 0.066 0.553
Age —0.145 —0.163 0.131
BBS Height 0.010 0.007 0.965
Weight 0.214 0.179 0.182
ROM 0.527 0.175 0.058
MMT 0.147 0.159 0.093

FAC 7.892 0.413 <0.001 *
Sarcopenia 0.030 0.022 0.863
Female —0.409 —0.265 0.059
Reason for surgery (AVN: OA) —0.047 —0.019 0.849
Reason for surgery (FX: OA) —0.372 —0.276 0.018"
FAC Age 0.000 —0.008 0.942
Height —0.021 —0.280 0.077
Weight 0.004 0.071 0.621
ROM —0.010 —0.063 0.527
MMT 0.000 0.008 0.936

BBS 0.024 0.467 <0.001 *

*: p < 0.05, AVN: avascular necrosis; FX: fractures; OA: osteoarthritis; ROM: range of motion; MMT: manual
muscle test; BBS: Berg balance scale; FAC: functional ambulation category.

4. Discussion

The prevalence of sarcopenia in THA patients was 44.05%, which is similar to previous
studies on total knee arthroplasty and THA [24-26]. This finding suggests that sarcopenia
is a common condition in older adults undergoing joint replacement surgery. Given that
THA is primarily performed in elderly populations, and sarcopenia is closely related to
aging; the observed prevalence aligns with prior research findings [27,28]. Additionally,
this study identified significant differences between sarcopenia and non-sarcopenia groups
in terms of sex, age, weight, ROM, MMT, BBS, and FAC, indicating that sarcopenia may be
associated with impaired functional outcomes in this population.

Given the high prevalence of sarcopenia in this population, it is important to un-
derstand its association with functional deficits. Comparisons between the sarcopenia
and non-sarcopenia groups revealed significant differences in sex, age, height, weight,
ROM, MMT, BBS, and FAC. Furthermore, differences in sex and body weight between
the sarcopenia and non-sarcopenia groups are consistent with findings from previous
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studies. Sarcopenia is more prevalent in women, due to lower baseline muscle mass and
hormonal changes associated with aging, which may contribute to greater muscle degrada-
tion compared to men [29,30]. Additionally, body weight has been identified as a protective
factor against sarcopenia, as individuals with higher body weight generally have greater
muscle mass [31]. However, excessive body weight may also contribute to obesity-related
sarcopenia, necessitating careful evaluation of body composition rather than relying solely
on weight as an indicator [32].

Previous studies have reported similar findings, indicating that sarcopenia is as-
sociated with poor functional outcomes in older adults undergoing orthopedic surgery.
Sarcopenia can develop at any stage, either before or after surgery. Although this study
did not specifically account for this aspect, previous research investigating the impact of
sarcopenia on THA outcomes found that patients with sarcopenia exhibited significantly
reduced gait ability at discharge and increased reliance on assistive devices [33]. These
findings are consistent with the results observed in our study population. One possible
explanation for these impairments is that sarcopenia leads to deficits in muscle strength,
neuromuscular control, and proprioception, all of which are essential for balance and gait
stability. Decreased lower limb strength reduces the ability to generate adequate push-off
force during walking, leading to a slower gait speed and impaired dynamic stability [34].
Additionally, sarcopenia is associated with neuromuscular degradation, resulting in de-
layed motor responses and decreased coordination, which further contribute to balance
deficits and a higher fall risk [35,36]. These mechanisms may explain why patients with
sarcopenia in this study demonstrated significantly lower BBS and FAC scores compared
to non-sarcopenic patients. These results suggest that sarcopenia contributes to impaired
post-surgical recovery, further emphasizing the importance of early identification and man-
agement.

Logistic regression analysis identified sarcopenia risk factors. Age and body weight
were significant predictors of sarcopenia occurrence. The positive association between
older age and sarcopenia risk is consistent with the natural aging process, which involves
a progressive decline in muscle mass [37]. Meanwhile, the negative association between
body weight and sarcopenia risk aligns with previous studies suggesting that increased
body weight may be linked to greater muscle mass [31]. However, higher body weight
does not necessarily indicate healthy muscle mass gain, as obesity-related sarcopenia,
where sarcopenia and obesity coexist, must also be considered, particularly in obese
individuals [38]. Therefore, a more comprehensive evaluation is necessary.

Multiple regression analysis demonstrated a significant positive association between
balance ability and gait independence in THA patients. This suggests that enhancing
balance may contribute to improved gait independence [39]. Consequently, rehabilitation
programs should incorporate both gait and balance training rather than focusing solely
on ambulation. Additionally, patients who underwent surgery due to fractures had lower
FAC scores compared to those with osteoarthritis, indicating that fractures may have a
more detrimental impact on postoperative recovery [40]. This may be explained by age-
related musculoskeletal deterioration, including reduced bone and muscle integrity. The
loss of osteocytes and decreased osteoprogenitor activity impair the bone’s response to
mechanical stimuli, while muscle aging is characterized by reduced fiber size, decreased
protein synthesis, and increased fatty infiltration, all of which compromise contractile
function and may hinder recovery following THA [41]. Previous studies have also reported
that THA patients with fractures experience delayed functional recovery compared to those
with osteoarthritis [42]. These findings align with our results, further supporting the notion
that surgical indication influences postoperative functional outcomes in THA patients.
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The findings of this study suggest that while sarcopenia may not have a direct im-
pact on balance and gait independence, it is associated with other physical characteristics,
such as age and muscle mass, that influence post-THA recovery. Given these associations,
rehabilitation programs for THA patients should prioritize strength training, neuromus-
cular exercises, and proprioceptive training to enhance functional recovery. Additionally,
nutritional interventions, including adequate protein intake and supplementation when
necessary, may support muscle preservation and improve overall rehabilitation outcomes.
A multidimensional approach incorporating strength training and tailored rehabilitation
strategies may help optimize mobility and independence in THA patients, particularly
those at risk of sarcopenia.

This study has several limitations. First, as a cross-sectional study conducted in a
single medical institution, its ability to establish causal relationships is limited, and the
generalizability of the findings may be restricted. To address this limitation, prospective
studies that track the long-term interaction between sarcopenia and functional changes
across multiple centers are needed. Second, the social, cultural, and healthcare character-
istics of the participants may have influenced the results; therefore, multicenter studies
including more diverse populations are necessary. Third, while this study focused on key
functional indicators such as BBS and FAC, other important clinical variables such as fall
risk, quality of life, and activities of daily living were not included. Future research should
incorporate these variables to provide a more comprehensive assessment of the impact of
sarcopenia on overall patient function and quality of life.

5. Conclusions

This study examined the prevalence of sarcopenia and its association with functional
outcomes in THA patients. Sarcopenic patients exhibited poorer functional status, with age
and body weight identified as key predictors. Additionally, fracture as a surgical indication
was linked to lower gait independence, and balance ability was positively associated with
gait function. These findings highlight the need for targeted rehabilitation strategies in
THA patients with sarcopenia. Future prospective studies should explore the long-term
impact of sarcopenia on recovery. Additionally, interventions such as resistance training
and nutritional support may help mitigate sarcopenia-related functional decline and should
be further investigated.
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Abbreviations

The following abbreviations are used in this manuscript:

THA Total hip arthroplasty

AVN Avascular necrosis

FX Fractures

OA Osteoarthritis

AWGS  Asian working group for sarcopenia
BIA Bioelectrical impedance analysis
SMI Skeletal muscle mass index

ROM Range of motion
MMT Manual muscle test
BBS Berg balance scale

FAC Functional ambulation category
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Abstract: Background/Objectives: The objective of this study was to assess the unidimen-
sionality and internal structure of the Arabic version of the Oswestry Disability Index (ODI)
in patients with lower back pain (LBP) using the Rasch measurement model. Methods:
Patients with LBP (N = 113) completed the Arabic ODI during their first visit to physical
therapy departments. The Arabic ODI was examined by assessing its fit to the require-
ments of the Rasch measurement model. Chi-square statistics for item—trait interaction
alongside mean item and person fit residuals were used for overall model fit assessment.
Additionally, the analysis included assessments for the fit of individual items, the sequence
of thresholds, local dependency, unidimensionality using the t-test method, and differential
item functioning (DIF) by sex, age, chronicity, and the presence of radiating pain. Results:
The overall fit of the Arabic ODI to the Rasch measurement model was supported by
non-significant Chi-square statistics (x> = 25.32, p = 0.19) and acceptable mean item and
person fit residuals. All items showed acceptable fit (standardized fit residual —1.89 to
1.62) with no violation of local item independence. The t-test method supported the scale’s
unidimensionality. The ODI showed good internal consistency with a person separation
index of 0.85, with good overall targeting of item thresholds to the participants” lower
back function. Items 2, 7, and 10 showed disordered thresholds, and potential bias by sex
was detected in item 9 (social life). Conclusions: The Arabic ODI is a unidimensional
measure valid for assessing disability due to low back pain; however, indications of the
inappropriate functioning of some response options along with potential bias by sex need
to be revisited.

Keywords: psychometric; measurement property; structural validity; item response;
patient-reported outcome measures

1. Introduction

Lower back pain (LBP) is a significant public health issue and a leading cause of
disability worldwide, affecting approximately 8.2% of the global population [1,2]. As
a result, various disability assessment tools have been developed, with the Oswestry
Disability Index (ODI) being one of the most widely used instruments for measuring
disability related to LBP [3-5]. The ODI assesses a patient’s perceived limitations in daily
activities, such as personal care, lifting, walking, and social life, and has been extensively
validated across different languages and cultures [6-8].

The ODI’s Arabic version has been introduced with evidence supporting its reliability
and construct validity but with concerns regarding its unidimensionality [9,10]. A recently
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published study supported the unidimensionality of the Arabic ODI using confirmatory
factor analysis [11]. However, the internal structure of the Arabic ODI has not yet been eval-
uated using more rigorous modern measurement models such as the Rash measurement
model. The term internal structure is used to refer to aspects of internal characteristic of
the scale items in terms of the fit of individual items to the expectation of the measurement
model, the behavior and appropriateness of the items’ response categories, local item
independence, differential item functioning, and internal consistency. Additionally, no
prior study has assessed the functioning of the scale response categories or the presence
of item bias across important patient characteristics, nor delineated the hierarchy of item
difficulty within the Arabic ODI and how Arabic-speaking patients with LBP perceive the
difficulty of the different items.

Evaluating the internal structure of an assessment scale is crucial for ensuring its
validity and fairness in measuring the intended construct. A well-defined internal structure
guarantees that individual items align with the expectations of the measurement model,
confirming that they collectively measure a single underlying trait rather than unrelated
dimensions [12,13]. Proper response category functioning ensures that rating scales are in-
terpreted consistently by respondents, minimizing ambiguity and enhancing measurement
precision. Local item independence is vital, as dependencies between items can distort
scores and lead to redundant information, compromising a scale’s ability to provide distinct,
meaningful results [14]. Additionally, assessing differential item functioning helps identify
potential biases in how different subgroups (e.g., by sex, age) respond to items, ensuring
the scale is equitable and applicable across diverse populations. Finally, adequate internal
consistency indicates that all items contribute to a coherent and stable measurement of the
construct, reinforcing the scale’s reliability. Together, these elements of internal structure are
essential for developing and validating a robust measurement tool that provides accurate,
interpretable, and generalizable results across varied clinical and research settings [14,15].

The Rasch measurement model is a probabilistic measurement model that ensures
that a scale measures a single underlying construct in a valid and reliable way [14,15].
It is based on the principle that an individual’s response to an item is governed solely
by the item’s difficulty and the responder’s ability, making it independent of sample
characteristics. The Rasch measurement model is particularly suited for evaluating the
structural validity of instruments like the ODI [16]. One of the model’s key strengths is its
ability to assess whether a scale’s items fit a single underlying construct, thereby confirming
unidimensionality. Additionally, the Rasch model evaluates the internal structure of the
scale, including the scoring structure of individual items, ensuring that the response
categories are properly ordered. It also assesses local item independence, meaning that
the response to one item should not directly influence the response to another, a key
assumption in many measurement theories [17,18]. Additionally, the Rasch measurement
model is well suited to assess for any differential item function or item bias and allow for
the transformation of ordinal scores into interval-level scores, providing a more precise
and meaningful representation of the underlying construct [19,20].

Given the lack of examination of the Arabic ODI using rigorous modern measurement
models, this study aimed to use the Rasch measurement model to assess the unidimension-
ality and internal structure of the Arabic OD], including evaluations of unidimensionality,
individual item fit, response category functioning, local item independence, and potential
item bias. This study also aimed to determine item difficulty hierarchies and whether items’
difficulty levels are well targeted to the disability level of patients with LBP.

84



J. Clin. Med. 2025, 14, 1259

2. Materials and Methods
2.1. Study Design

This cross-sectional study used the Rasch measurement model to evaluate the unidi-
mensionality and internal structure of the Arabic version of the ODI. The study protocol
was reviewed and approved by the institutional review boards at King Saud University
(E-20-5529) and the Security Forces Hospital (22-601-37), and informed consent was ob-
tained from all the participants.

2.2. Setting and Participants

This study was conducted across two physical therapy departments in the Security
Forces Hospital and the Alrass General Hospital, which are located in the central region of
Saudi Arabia, involving patients with LBP on their first clinic visit. Eligible participants
were aged 18 years and older, had been referred to physical therapy for LBP, and were
fluent in the Arabic language. Individuals were evaluated by specialist physicians in
primary care, orthopedic, and spinal clinics and subsequently referred to physical therapy.
Participants with systemic disease or neurological and cardiopulmonary disorders that
were self-perceived to cause functional limitations were excluded from this study to exclude
factors other than lower back pain causing functional limitation and disability. Participants
who had previously undergone back surgery were also excluded from this study.

2.3. Procedure

Participants were asked to complete the Arabic ODI during their first physical therapy
clinic visit. Relevant medical history, demographic data, including age and sex, chronicity
of LBP (acute < 1 month; subacute 1-3 months; chronic > 3 months), and presence of
radiating pain were also recorded at the same visit.

2.4. Outcome Measures
Oswestry Disability Index (ODI)

The Arabic version of the ODI was used as the primary outcome measure [9]. The
ODI consists of 10 items, each scored on a 6-point Likert scale ranging from 0 to 5, where
0 represents no disability and 5 represents maximum disability. The recommended total
scoring method for the ODI involves adding all items scores and then convert this sum
into a percentage (0-100), with higher scores indicating greater disability [6,7]. Previous
studies have examined the reliability and construct validity of the Arabic version of the
OD], supporting these measurement properties for the Arabic ODI [9,10].

2.5. Statistical Analysis

Rasch analysis in the current study was conducted using the partial credit model [21]
and the specialized software RUMMZ2030 [22]. Rasch analysis addressed the objectives
of this study by assessing the unidimensionality and internal structure (fit of individual
items to the expectation of the measurement model, the appropriateness of items’ response
categories, local item independence, differential item functioning, and internal consistency)
of the Arabic ODI. The details of how these aspects were assed are detailed below. The
item—trait interaction was used to assess the overall fit of the observed data to the Rasch
measurement model, with a non-significant Chi-square statistic (p > 0.05) was used to
indicate good fit [16,22]. The overall fit was evaluated by examining the item and person fit
residuals. Good overall fit to the Rasch measurement model was indicated when the mean
item and person fit residuals were near zero, and the standard deviation was approximately
one. Good overall fit of the Arabic ODI would support the notion that the Arabic ODI
satisfies the requirement of the Rasch measurement model and that responses to the ODI
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items are governed solely by the item’s difficulty and the responder’s ability. In addition to
the assessment of overall model fit, the fit of each item and person was evaluated by assess-
ing the standardized fit residuals. Standardized fit residuals exceeding =+ 2.5, along with
significant Chi-square statistics (adjusted using Bonferroni correction), were considered
indicators of poor fit of an individual item to the Rasch measurement model [16,22]. The
scoring structure of Arabic ODI items was assessed to ensure that each response category
functioned as intended. Threshold ordering was evaluated by assessing individual item
category characteristic curves, with disordered thresholds indicating that participants could
not distinguish between adjacent response categories [16,18,23]. To check for local item
independence, the residual correlations between items were analyzed. Items with residual
correlations exceeding 0.2 were flagged for potential local dependency [12,24]. To assess
the unidimensionality of the Arabic OD], the t-test method was applied [16,25,26]. The
process began with a principal component analysis (PCA) of the residuals. The loadings
of the first component were then used to classify the items into two groups: those with
positive loadings and those with negative loadings. Using these groups, the participants’
LBP-related disability was estimated twice, once for each set of items. The two estimates
were then compared through a t-test. The Arabic ODI was deemed unidimensional if the
proportion of significant differences between the estimates did not exceed 5% [16,25]. The
performance of the Arabic ODI’s items was analyzed to determine whether they functioned
consistently across different patient subgroups [13,16]. Differential item functioning (DIF)
was assessed based on sex (male vs. female), age (younger than 28 vs. 28 or older, based
on the median), chronicity (acute and subacute vs. chronic), and the presence of radiating
pain (yes vs. no). To identify both uniform and non-uniform DIF, residuals were analyzed
using two-way ANOVAs, factoring in class intervals and subject characteristics. The person
separation index was used to examine the internal consistency of the ODI. Targeting of the
ODl items to the ability level of the participants was examined by assessing the person—item
threshold plot where, in a well-targeted test, the range of item thresholds should overlap
with the range of a person’s abilities.

2.6. Sample Size Estimation

The necessary sample size was established in accordance with the COSMIN guide-
lines [27]. A cohort of 100 individuals was deemed sufficient by the COSMIN criteria for
the assessment of structural validity (unidimensionality) utilizing Rasch analysis; therefore,
a minimum sample size of 100 was employed in the present investigation.

3. Results

A total of 113 patients with LBP were recruited in the current study. The characteristics
of the participants are summarized in Table 1. In the present investigation, the analysis was
performed utilizing the partial credit model, as the likelihood ratio test [22] had yielded a
significant result (p < 0.001), suggesting that the partial credit model [21] would be more
suitable than the rating scale model [28].

The first two runs of the analysis identified misfitting individuals that were then
removed from the analysis (Table 2). Assessments of the Arabic ODI’s overall fit after
the removal of misfitting individuals indicated good fit to the Rasch measurement model
(Table 2). The Chi-square statistics for item—trait interactions was non-significant, indicating
a good overall fit to the Rasch model. The mean item and person fit residuals were close to
zero, with acceptable standard deviations near 1 supporting the overall fit the ODI to the
Rasch model (Table 2).
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Table 1. Characteristics of the participants (N = 113).

Variable Mean £ SD or N (%)
Age (year) 30.45 £12.07
Age group

<28 years 57 (50.44)

>28 years 56 (49.56)
Sex

Male 54 (47.8)

Female 59 (52.2)
Height (m) 1.67 £ 0.10
Mass (Kg) 71.54 £12.14
Body mass index (Kg/m?) 25.96 + 5.61
LBP duration

Acute (<1 month) 17 (15.04)

Subacute (1-3 months) 19 (16.81)

Chronic (>3 months) 77 (68.14)
Radiating pain

Yes 78 (69.03)

No 35 (30.97)
Oswestry Disability Index (0-100) 2527 +15.38

LBP = Lower back pain.

Table 2. ODI Rasch analysis results at each run.

Item Fit Person Fit Item-Trait Unidimensionality
Residual Residual Interaction T-Tests
Run Analysis N PSI % of Sig- Lower
Mean SD Mean SD x? (df) p nificant Limit of
Tests 95% CI *
1 Initial analysis 113 0.249 1.329 —0.228 1.098 26.02(20) 0.165 0.86 8.85% 4.80%
2 Delete 4 misfit persons 109  0.205 1.26 —0.193 0973 2594 (20) 0.168 0.85 7.34% 3.20%
3 Delete 1 misfit person 108  0.191 1242 —0.187 0945 25.32(20) 0.189 0.85 6.48% 2.40%

ODI = Oswestry Disability Index; SD = standard deviation; X2 = Chi-square; df = degrees of freedom; and
PSI = person separation index. * Represents the lower limit of the binomial 95% confidence interval for the
percentage of significant t-tests.

The individual ODI items showed good fit to the requirements of the Rasch mea-
surement model. This was supported by the acceptable individual item standardized fit
residuals, ranging from —1.89 to 1.62, with non-significant Chi-square statistics (Table 3).
The t-test methodology revealed that a relatively low proportion of the subjects exhib-
ited a statistically significant distinction between the two estimates of the disability level
(derived from the two test sets), thereby corroborating the unidimensional nature of the
scale (Table 2). This conclusion was based on the lower limit of the binomial 95% confidence
interval for the percentage of significant t-tests, which was less than 5%. (Table 2). The
assessment of residual correlations between items revealed no two pairs with residual
correlation above the pre-determined threshold (0.2), suggesting no breach of the local
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dependency between these items. The highest residual correlation was observed between
item 4 (walking) and item 6 (standing) (r = 0.169).

Table 3. Items’ hierarchy and calibration of the ODI after removing misfit individuals (items arranged
from the most difficult to the easiest).

Ordered

Item Location SE Fit Residual N r Thresholds
1 (Pain intensity) —-1.15 0.10 1.46 3.01 0.22 v
3 (Lifting) —-1.10 0.11 0.58 3.73 0.15 v
6 (Standing) —0.83 0.11 0.56 0.12 0.94 v
10 (Traveling) —0.53 0.12 0.35 2.49 0.29 X
5 (Sitting) —-0.17 0.12 1.62 1.41 0.49 v
8 (Sex life) 0.12 0.12 —-1.75 6.62 0.04 v
9 (Social life) 0.16 0.12 —1.89 3.53 0.17 v
7 (Sleeping) 0.57 0.13 1.41 1.96 0.37 X
2 (Personal care) 1.36 0.14 —0.37 2.08 0.35 X
4 (Walking) 1.58 0.12 —0.04 0.37 0.83 v

ODI = Oswestry Disability Index; SE = standard error; and x> = Chi-square. v = indicate all thresholds were
ordered; x = indicate the existence of disordered thresholds.

Despite the good fit of the Arabic ODI to the requirements of the Rasch measurement
model, some deviations from the model were observed. Items 2 (personal care), 7 (lifting),
and 10 (social life) exhibited some threshold disordering, suggesting the inappropriate use
of the response categories for these items (Figure 1). A uniform DIF was detected for item 9
(social life) based on sex, with females perceiving greater difficulty in social life than males
(p < 0.001) (Figure 2). The ODI showed good internal consistency with a person separation
index of 0.85. The range of ODI item thresholds exhibited good spread and overlap with
the range of person abilities, except in those with a very high level of function (lower than
—5 logit), generally suggesting acceptable targeting to the intended population (Figure 3).
ODl items’ difficulty hierarchy is displayed in Table 3 with pain intensity and then lifting
determined to be the most difficult items and walking, followed by personal care, being
the easiest.
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Figure 1. Cont.
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Figure 1. Category characteristic curves for the ODI items exhibiting disordered thresholds: item 2

(personal care, top figure); item 7 (sleeping, middle figure); and item 10 (traveling, bottom figure).

Category characteristic curves were assessed for all items to examine whether the response categories

displayed proper function and sequence. Lines 0 to 5 represents the six response categories for each

ODI item with where 0 represents no disability and 5 represents maximum disability.
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Figure 2. Item characteristic curves for item 9 (social life), showing the differential function of this
item in male versus female respondents despite similar levels of lower back function.
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Figure 3. Person—-item threshold plot showing the good spread of item thresholds and overlap with
the range of person abilities, except in those with a very high level of lower back function (lower than
—5 logit). This figure assessed the targeting of the ODI’s items to the ability level of the participants.

4. Discussion

Using the Rasch measurement model, the current study confirmed the unidimension-
ality and appropriate internal structure of the Arabic OD], indicating that it assesses a single
underlying construct related to disability due to LBP. This finding suggested that Arabic
ODl s a valid measure for assessing disability and functional limitations in Arabic-speaking
patients with LBP, which aligns with the intended purpose of the instrument.

The Arabic ODI demonstrated an excellent overall fit with the Rasch measurement
model. This fit suggests that the Arabic ODI could provide accurate interval-level measure-
ment, allowing clinicians and researchers to capture lower back disability levels effectively
across a spectrum of LBP severity. In Rasch models, item difficulties should ideally remain
stable (invariant) across the entire range of person abilities, meaning that item performance
should not vary for different ability groups [29]. The non-significant item—trait interaction
reported in our study suggested that the Arabic ODI scale was functioning consistently
across all levels of lower back function, with only a single underlying construct (lower back
function) governing the functioning of all items [16]. A significant item—trait interaction,
on the other hand, would have indicated potential misfit between the data and the Rasch
model, suggesting that the given scale does not measure the construct consistently across
different levels of disability [16]. This could result in measurement bias, where certain items
function differently depending on the severity of the condition, ultimately affecting the
reliability and validity of the instrument. The absence of such interaction in our findings
reinforces the Arabic ODI’s suitability for use in diverse clinical populations, ensuring
that scores can be meaningfully compared across individuals with varying levels of lower
back disability.

Individual items within the Arabic ODI exhibited acceptable standardized fit residuals
suggesting that the functioning and scores of the ODI's individual items were only gov-
erned by one construct—lower back function—and that each item contributed effectively
to assessing the overarching construct. The good fit exhibited by all the items within the
Arabic ODI suggests that these item behaved in line with the expectation of the Rash
measurement model, where the response to the item was governed by the individual’s level
of lower back function and the difficulty of the item, meaning that participants with lower
back function higher than the difficulty of the item would end up reporting a higher proba-
bility of being able to perform the activity without difficulty. These findings are consistent
with previous studies that explored the ODI's item-level fit and reported adequate fit to the
Rasch measurement model [30-33]. Additional studies indicated that ODI items showed
good fit to the Rasch model, except for the pain intensity item, which was determined to be
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misfitting [34,35]. The ODI’s versions used in these studies contain a pain intensity item
related to the use of painkillers and pain relief rather than pain intensity. This difference
in item content suggests that variations in how pain is framed within the questionnaire
may influence its measurement properties and overall model fit. Specifically, assessing
pain intensity through medication use introduces additional factors, such as differences
in prescription practices, medication accessibility, and individual responses to pain relief
methods, which may not directly reflect the severity of the pain itself.

Threshold disordering in three items (items 2, 7, and 10) was observed in our study,
suggesting potential issues with the response scale functioning for these items. Disordered
thresholds often reflect difficulty in distinguishing between adjacent response categories,
potentially compromising measurement precision for those items. This issue may arise if
respondents struggle to differentiate between response options due to ambiguous wording,
overlapping severity levels, or inconsistencies in how they interpret the scale. Disordered
thresholds in ODI items have been reported in previous studies [30,32-35], but the number
of items exhibiting disordered thresholds along with the specific dysfunctional response
categories vary among these. To address the issue of disordered thresholds, a couple of
previous studies recommended and implemented a general change to the ODI item-scoring
scheme, from a six-point score to either a five-point score [32] or a four-point score [34,35].
A replication of the findings of the current study is needed to ensure consistency of the
observed disordered thresholds before recommending and implementing changes to the
scoring scheme of an established outcome measure such as the ODI. Ensuring that all items
exhibit ordered thresholds will enhance the precision of the Arabic ODI, making it a more
effective tool for assessing disability severity and tracking functional changes over time.

The current study detected DIF in item 9 (social life) based on sex, with female
participants perceiving it as more challenging than their male counterparts at similar
disability levels. This DIF could stem from cultural or societal factors influencing social
engagement perceptions in Arabic-speaking populations, particularly among women. It
should be made clear that the DIF analysis conducted in the current study should be
considered a preliminary analysis with preliminary findings given that the number of
participants within each subgroup was below the recommended sample size [27]. Thus, a
larger sample is needed to draw a firmer conclusion regarding DIF in the Arabic ODI. Most
previous studies did not examine for DIF in the ODI items by age, sex, or any other relevant
patient characteristics [31,32,34,35]. Two previous studies reported no DIF by sex in the ODI
items but reported uniform DIF by age in item 4 (walking) [33] and item 7 (sleeping) [30].
Based on these studies, it seems that there is no consistent DIF pattern among the published
studies. Given these mixed findings, future research should prioritize more extensive DIF
analyses with adequately powered samples to determine whether the DIF in item 9 is a
stable characteristic of the Arabic ODI or a sample-specific occurrence. If confirmed, the
presence of DIF in the social life item may indicate that modifications are necessary to
enhance measurement fairness across sex groups, such as revising the item’s wording or
exploring alternative response formats. Additionally, DIF should be assessed across other
demographic and clinical variables, such as age, education level, and pain duration, to
ensure that the Arabic ODI functions equitably across diverse patient populations.

Pain intensity and lifting emerged as the most difficult items. Following these were
items associated with prolonged standing and traveling, which were moderately difficult.
Items related to sexual function, social life, and sleeping represented intermediate levels
of difficulty. Meanwhile, items focused on personal care and walking were identified as
the easiest in this hierarchy, suggesting that patients with LBP perceived these activities
as more manageable. Similar to the current study, lifting was consistently reported in the
literature to be among the most difficult items in the ODI and personal care was consistently
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reported to be among the easiest items [30,33-35]. Page et al. reported walking to be among
the easiest items in the ODI, similarly to our finding [35]. We reported pain intensity to be
the most difficult item, while two previous studies ranked pain intensity among the items
with medium difficulty [30,33]. This indicates that the Arabic-speaking patients with LBP
in our study perceived pain intensity to be a more difficult item in comparison to patients
from different cultures. Further research is needed to explore whether these difficulty
rankings remain consistent across different Arabic-speaking regions and whether factors
such as the chronicity of LBP, occupational demands, and gender differences influence item
difficulty perception. Understanding these variations can help refine the interpretation of
ODI scores and improve the scale’s applicability in diverse clinical settings. Additionally,
examining how item difficulty rankings change over time with treatment interventions
could provide valuable insights into the responsiveness of the Arabic ODI and its utility in
tracking patient progress.

A major strength of this study was its rigorous Rasch analysis, which validated
the Arabic ODI’s structure and item fit. This validation supports clinical and research
applications in Arabic-speaking populations with LBP, providing a valid tool for assessing
disability. However, this study’s limitations include its specific focus on patients within
Saudi Arabia, which may limit generalizability to Arabic speakers from other regions.
The findings of the DIF analysis in this study should be interpreted with caution giving
that dividing the full sample into subgroups for DIF analysis (e.g., male and female)
resulted in each subgroup having fewer participants than recommended for scale invariance
assessment [27]. Furthermore, the disordered thresholds suggest potential response clarity
issues, which could be addressed in future research. Recommendations for further studies
include exploring refined response categories for items with disordered thresholds and
evaluating the DIF findings to enhance the scale’s universality and interpretative accuracy.

5. Conclusions

The Rasch measurement model confirmed the unidimensionality and appropriate
internal structure of the Arabic OD], indicating that it assesses a single underlying con-
struct reflecting low back pain-related disability. However, the Arabic ODI demonstrated
inappropriate functioning of response categories in three items and indication of bias by
sex in one item.
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Abstract: Frozen shoulder (FS), traditionally regarded as an idiopathic musculoskeletal
disorder characterized by pain, stiffness, and capsular fibrosis, is increasingly recognized
as the clinical manifestation of systemic endocrine, metabolic, vascular, and immunolog-
ical dysfunctions. This narrative review reframes FS within a broader neuro-endocrine—
immunometabolic model, emphasizing the central role of estrogen deficiency, resistance,
and receptor-level disruption, together with their interactions with thyroid dysfunction,
endothelial health, and lifestyle-related low-grade inflammation (LGI). Evidence from
epidemiological, clinical, and mechanistic studies shows that estrogen signaling failure
weakens anti-inflammatory, antifibrotic, and antioxidant defenses, predisposing peri- and
postmenopausal women to more severe FS phenotypes. Thyroid dysfunction, particu-
larly hypothyroidism, further contributes to fibrosis and pain sensitization. Endothelial
dysfunction—driven by poor diet, advanced glycation end-products (AGEs), and oxidative
stress—impairs vascular integrity and promotes local microvascular inflammation. In par-
allel, lifestyle factors such as sedentarism, circadian misalignment, psychosocial stress, and
environmental exposures sustain systemic LGI and hormonal resistance. Together, these
interconnected mechanisms suggest that FS is not merely a localized joint pathology but a
systemic disorder requiring integrative clinical strategies that combine orthopedic manage-
ment with endocrine evaluation, metabolic monitoring, dietary interventions, circadian
health, and stress regulation. In addition, this review outlines specific clinical implications,
highlighting how an integrative, personalized approach that targets hormonal, metabolic,
vascular, and lifestyle dimensions may improve pain, function, and long-term prognosis
in FS. This paradigm shift underscores the need for future research to focus on stratified
patient profiling and interventional trials targeting hormonal, vascular, and lifestyle axes to
improve outcomes, particularly in women who remain disproportionately affected by FS.

Keywords: frozen shoulder; lifestyle; inflammation; metabolic factors; pain; estrogen;
thyroid; endothelial

1. Introduction

Frozen Shoulder (FS), also referred to as adhesive capsulitis, is a chronic and often
debilitating musculoskeletal condition characterized by progressive pain, stiffness, and
restricted range of motion in the glenohumeral joint [1,2]. It primarily affects the capsular
structures of the shoulder, leading to capsular thickening, fibrosis, and chronic synovial
inflammation [3,4]. Despite being a relatively common clinical entity, its etiopathogen-
esis remains poorly understood, and current treatment strategies are frequently limited
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to symptom management rather than targeting underlying mechanisms [4,5]. Epidemi-
ological studies report a prevalence of 2-5% in the general population, which increases
significantly in individuals with comorbidities such as diabetes mellitus, thyroid disorders,
and autoimmune diseases [6-10]. Importantly, FS demonstrates a notable sex dimorphism,
with a higher prevalence in women, particularly between the ages of 40 and 60, and a
more prolonged and symptomatic course compared to men [11]. This sex-based disparity
remains largely underexplored in clinical and mechanistic research [12,13].

Over time, FS has been referred to using various terms—adhesive capsulitis, primary
idiopathic frozen shoulder, or simply FS—depending on the clinical context and presumed
etiology [2]. While secondary FS may occur after trauma, surgery, or prolonged immobi-
lization, primary FS appears spontaneously, often without a clear inciting factor, further
complicating diagnosis and treatment planning [1,2]. Traditionally, FS has been considered
a local mechanical and inflammatory disorder. However, emerging evidence supports a
broader and more systemic conceptualization, implicating chronic low-grade inflammation
(LGI), neuroimmune dysregulation, and metabolic dysfunction in its pathogenesis [5,8,14].
These perspectives open the door to integrative models that account for the influence
of endocrine, nutritional, and psychosocial factors, particularly those related to female
hormonal physiology.

Given the predominance of FS in women, especially around perimenopause and
menopause—a period marked by a sharp decline in estrogen levels—the female sex hor-
monal axis emerges as a promising and under-investigated component in the etiological
framework of FS [15]. Estrogens are known to exert anti-inflammatory, neuroprotective,
and immunomodulatory effects, and their decline may create a systemic environment that
favors fibrotic, inflammatory, and pain-sensitized states [16-18]. This hormonal transition
may intersect with other metabolic and lifestyle factors (e.g., diet, stress, physical inactivity),
contributing to the onset and progression of FS [14].

In this narrative review, our aim is to reframe FS as a systemic disorder rather than
an isolated musculoskeletal condition. We explore the interconnected roles of the fe-
male sex hormonal axis—particularly estrogen deficiency, resistance, and receptor-level
interference—alongside thyroid dysfunction, endothelial dysregulation, and lifestyle-
driven low-grade inflammation. By integrating evidence from endocrinology, im-
munometabolism, vascular biology, and psychoneuroimmunology, we propose a compre-
hensive framework in which FS emerges as the clinical expression of hormonal, metabolic,
and environmental imbalances. This perspective not only clarifies the marked female
predominance and metabolic associations of FS but also highlights actionable targets for
diagnosis, prognosis, and treatment. Ultimately, this review emphasizes the need for inte-
grative and personalized strategies in physiotherapy and clinical care, bridging orthopedic,
metabolic, and endocrine dimensions to improve outcomes in patients with FS.

2. Methods

This review was conducted as a narrative-scoping review aimed at synthesizing
multidisciplinary evidence that reframes FS as a systemic, immuno-metabolic, endocrine-
modulated disorder. The approach prioritized conceptual completeness and mechanistic
triangulation across domains (endocrine, metabolic, vascular, neuroimmune, lifestyle)
rather than exhaustive enumeration of all studies, consistent with scoping methodology,
thus a PRISMA numerical flow diagram was not carried out. While not a systematic review,
we prospectively defined the mechanistic domains, core questions, data sources, eligibility
criteria, and an evidence-grading scheme to enhance transparency and reproducibility.
Where applicable, reporting was informed by PRISMA-ScR guidance (without claiming
full systematic compliance).
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2.1. Sources and Time Frame

We searched the following databases: MEDLINE /PubMed, Embase, Scopus, Web of
Science Core Collection, and the Cochrane Library. Searches covered January 2000 to May
2025, with English or Spanish language restrictions. Reference lists of key reviews and
guidelines were back-snowballed to identify additional primary sources. Preprints were
not included unless subsequently published in peer-reviewed journals. A full, domain-
stratified search matrix (databases, exemplar queries, inclusions/exclusions) is provided in
Supplementary Materials.

2.2. Eligibility Criteria
2.2.1. Inclusion

Clinical human studies (epidemiology, cross-sectional, cohort, case—control, RCTs)
on FS and: sex hormones/estrogens, thyroid axis, metabolic biomarkers (HbAlc, lipids,
AGEs), endothelial function/NO/ADMA, microbiome, sleep/circadian health, psychoneu-
roimmunology, lifestyle/exposome, and clinical interventions.

Mechanistic/experimental studies (in vitro, animal) when directly informative of
pathways relevant to FS (e.g., estrogen receptor signaling, TGF-f3/ECM remodeling, AGE-
RAGE, endothelial biology), used to support biological plausibility.

High-quality reviews/consensus statements (narrative/systematic/metaanalysis) to
contextualize domains and summarize clinical signals.

2.2.2. Exclusion

Non-FS shoulder conditions without explicit FS subgroup analysis; conference ab-
stracts without full text; letters/editorials without primary data; non-English/Spanish full
texts; preprints not peer-reviewed; duplicated cohorts; pediatric populations; pure surgical
technique papers without pathophysiological content. Studies whose primary focus was
unrelated to the predefined mechanistic domains were also excluded.

2.3. Study Selection and Data Handling

Given the single-author nature of this review, screening and selection were performed
by the author using the pre-specified domains/criteria. To mitigate selection bias, the
process followed a two-pass workflow: (1) title/abstract screen against domain questions;
(2) full-text evaluation for eligibility and domain mapping. A screening log (retrieved, in-
cluded, excluded with main reasons) was maintained. Data were extracted into structured
evidence tables by domain (clinical vs. mechanistic signals) capturing design, popula-
tion, exposure/biomarker, outcome, and level of evidence. Each record was explicitly
tagged as Clinical (human), Translational (human tissue/biomarker), or Experimental
(animal/in vitro). Clinical evidence was preferentially used for practice-oriented state-
ments; experimental findings were used to explain mechanisms and are labeled to avoid
over-extrapolation. Where evidence originated from animal/in vitro models, this is stated
in text and in the tables.

2.4. Evidence Appraisal and Synthesis

We did not perform formal risk-of-bias scoring, consistent with scoping aims. In-
stead, we graded contributions as High (meta-analyses/RCTs or large human cohorts),
Moderate (observational human studies or convergent multi-study signals), or Low (mech-
anistic/experimental or expert consensus). Narrative synthesis integrated human clinical
signals with biological plausibility from experimental data, making explicit where in-
ferences remain hypothesis-generating. Sections and summary tables clearly separate
clinical versus experimental evidence lines. To strengthen interpretability, we distinguish
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throughout between established clinical associations, translational correlates, and emerging
mechanistic hypotheses; recommendations tied primarily to mechanistic or consensus
sources are identified as such. No ethics approval was required (secondary synthesis of
published data); no protocol was registered given the narrative-scoping design.

3. Current Knowledge and Latest Hypotheses on Frozen Shoulder
Pathophysiology

Traditionally, the pathophysiology of FS has been understood through the lens of
localized inflammation, capsular fibrosis, and contracture of the glenohumeral joint, of-
ten associated with minor trauma, immobilization, or idiopathic onset [4,19]. Histolog-
ically, FS is characterized by chronic synovial inflammation, fibroblastic proliferation,
and excessive collagen deposition, particularly in the rotator interval and coracohumeral
ligament [20,21]. However, this conventional view has proven insufficient to explain sev-
eral clinical observations—such as the prolonged and variable course, the incomplete
recovery in many patients, and the clear female predominance, especially in peri- and
postmenopausal women. Consequently, emerging evidence has led to a more integrative
and systemic perspective on the etiology of FS [5,8,14].

Recent studies suggest that FS may be a manifestation of a broader systemic LGI
and immunometabolic dysfunction, sharing mechanistic pathways with other fibrosing
and pain-related disorders [14]. Elevated levels of pro-inflammatory cytokines such as
IL-13, TNF-«, and IL-6 have been observed in the synovial fluid and capsular tissue
of FS patients, indicating an active immune-inflammatory component in the early and
intermediate stages of the disease [22]. Additionally, FS has been strongly associated
with systemic comorbidities including type 2 diabetes mellitus, dyslipidemia, thyroid
dysfunction, and metabolic syndrome [9,23]. These conditions are known to promote
oxidative stress, microvascular damage, and tissue fibrosis via AGEs, leptin resistance,
and chronic activation of the HPA axis [5,24-28]. These systemic factors may interact
with local joint environments, perpetuating inflammation and altering fibroblast behavior
toward a profibrotic phenotype. Furthermore, chronic psychological stress, depression, and
sleep disorders—conditions more prevalent in FS patients—have been implicated in the
amplification of pain perception and central sensitization [3,29,30]. The chronic activation
of stress-related neuroendocrine axes (particularly HPA and the autonomic nervous system)
can exacerbate systemic inflammation and pain processing, linking FS to biopsychosocial
models of chronic musculoskeletal conditions [5].

In this evolving framework, the female sex hormonal axis, particularly estrogen
signaling, is gaining attention as a potentially crucial modulator of FS onset, severity,
and prognosis [15]. The notably higher prevalence of FS in women, especially around
menopause, has prompted hypotheses about the protective and regulatory roles of estro-
gens on joint inflammation, connective tissue integrity, and pain modulation [31]. These
hormonal changes could act synergistically with metabolic and inflammatory imbalances,
making postmenopausal women particularly vulnerable [15].

Therefore, the pathophysiology of FS may be better understood as a multifactorial
condition, where hormonal, immunometabolic, psychosocial, and environmental factors
converge to disrupt joint homeostasis, trigger chronic inflammation, and promote fibrotic
remodeling. This integrative model paves the way for new therapeutic strategies that go
beyond localized treatment and target systemic pathways involved in FS progression.
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4. The Female Sex Hormonal Axis: Neuroendocrine, Immunologic, and
Metabolic Dimensions

The female sex hormonal axis, primarily governed by estrogens, progesterone, and
their regulatory interplay with the hypothalamic-pituitary-gonadal (HPG) axis, plays a crit-
ical role not only in reproductive physiology but also in systemic homeostasis—including
immune function, pain perception, inflammatory control, and tissue remodeling [32,33]. In
recent years, the understanding of this axis has expanded beyond its reproductive role, un-
veiling complex neuroendocrine and immunometabolic mechanisms that may be especially
relevant in conditions such as FS [34,35].

4.1. Neuroendocrine Influence

Estrogens, particularly 173-estradiol, exert significant effects on the central and periph-
eral nervous systems, modulating neurotransmitter release, neuronal plasticity, and pain
signaling. Estrogen receptors (ERoc and ER3) are widely expressed in the brain, dorsal root
ganglia, and spinal cord, where they regulate nociceptive pathways, stress responses, and
mood [34,36]. Declining estrogen levels during menopause have been associated with in-
creased central sensitization, decreased pain thresholds, and heightened responsiveness to
inflammatory stimuli—factors that may exacerbate the chronic pain and stiffness observed
in FS [37,38]. Moreover, estrogens interact with the HPA axis, modulating cortisol secretion
and stress resilience [39,40]. In estrogen-deficient states, this axis may become dysregu-
lated, contributing to pro-inflammatory neuroendocrine activity [41]. Chronic stress, in
turn, can lower circulating estrogen levels, perpetuating a vicious cycle of neuroendocrine
imbalance [40].

4.2. Immunologic Modulation

From an immunological perspective, estrogens possess biphasic effects: at low con-
centrations, they tend to promote pro-inflammatory activity, while at physiological or
replacement levels, they often exert anti-inflammatory effects [42]. Estrogens enhance the
function of regulatory T cells (Tregs), suppress pro-inflammatory macrophage phenotypes
(M1), and reduce the expression of cytokines such as IL-1§3, IL-6, and TNF-x—all of which
are implicated in the pathogenesis of FS [43,44]. Additionally, estrogens stabilize mast cells
and inhibit NF-«kB signaling, a central inflammatory pathway activated by dietary and
metabolic stressors [45]. This anti-inflammatory potential becomes particularly relevant in
the context of low-grade systemic LGI, a common feature in FS patients with metabolic
comorbidities [5]. Therefore, estrogen decline may shift the immune environment toward a
pro-inflammatory and profibrotic state, favoring the activation of fibroblasts and excessive
collagen production in the shoulder capsule [15,34].

4.3. Metabolic Regulation

Estrogens also play a crucial role in metabolic homeostasis, influencing lipid
metabolism, glucose regulation, mitochondrial function, and oxidative stress resis-
tance [46,47]. They promote insulin sensitivity, reduce visceral fat accumulation, and
modulate adipokine release (e.g., leptin and adiponectin), all of which are known to im-
pact systemic inflammation and joint health [48,49]. The decline in estrogen levels during
menopause is associated with increased risk of metabolic syndrome, type 2 diabetes, and
dyslipidemia, conditions highly prevalent in FS patients [7,9,19,50,51]. These metabolic
alterations can create a systemic environment conducive to oxidative stress and vascu-
lar dysfunction, which in turn may impair tissue repair mechanisms and contribute to
fibrosis [26,27,52].
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One important connection lies in the role of cholesterol, both as a cardiovascular
risk factor and a precursor to estrogen synthesis [53,54]. Cholesterol is converted into
pregnenolone in mitochondria by the enzyme cytochrome P450scc (CYP11A1), a rate-
limiting step in steroidogenesis, leading ultimately to the synthesis of estrogens [55,56].
Thus, adequate intracellular cholesterol availability is essential for maintaining estrogen
levels, especially in postmenopausal women where adrenal and peripheral synthesis
becomes more critical [55-57]. Importantly, recent evidence—including the latest meta-
analysis on metabolic and inflammatory profiles in FS—has shown that elevated levels
of HbAlc are a consistent feature in these patients, reflecting chronic hyperglycemia and
poor glucose regulation [58]. Persistent high blood glucose can directly impair cholesterol
transport mechanisms at the cellular level, particularly by glycation of apolipoproteins (e.g.,
ApoA1l, ApoB100), dysfunction of LDL receptors, and increased oxidative modification
of lipoproteins. These changes lead to decreased cholesterol uptake by cells, increased
circulating LDL-C, and ultimately hypercholesterolemia [58-60].

This altered cholesterol metabolism not only reduces the substrate available for estro-
gen synthesis, potentially exacerbating hormonal imbalances, but also contributes to the for-
mation of pro-inflammatory lipid species (e.g., oxidized LDL), which activate macrophages,
endothelial cells, and fibroblasts via toll-like receptors and the NF-«B pathway [61,62].
The result is a sustained inflammatory response, fibrosis, and impaired tissue repair—a
molecular landscape highly relevant to FS pathophysiology [63,64].

Furthermore, impaired glucose and cholesterol homeostasis can lead to mitochondrial
dysfunction through increased production of reactive oxygen species (ROS), reduced ATP
synthesis, and impaired cellular redox status [21,26,65,66]. In fibroblasts, these disruptions
can activate fibrotic signaling cascades, including TGF-1 and connective tissue growth
factor (CTGF), promoting extracellular matrix (ECM) deposition and capsular thickening in
the shoulder [64]. Therefore, the metabolic crosstalk between hyperglycemia, dyslipidemia,
and hormonal decline may act synergistically to sustain the chronic inflammation, fibrosis,
and pain characteristic of FS. Understanding and targeting this axis is crucial for developing
future integrative interventions.

5. Estrogen Deficiency, Resistance, and Metabolic Disruption in FS

The biological relevance of estrogen in human physiology goes far beyond reproduc-
tive function [67,68]. As a pleiotropic hormone, estrogen exerts systemic effects on immune
regulation, metabolism, tissue repair, vascular tone, and pain modulation [67,69,70]. These
regulatory roles are especially relevant in conditions like FS, a disorder characterized by
chronic capsular inflammation, fibrosis, and functional loss that disproportionately affects
women, particularly during perimenopause and postmenopause (see Table 1) [5]. Despite
this striking epidemiological pattern, the role of estrogen and the broader female hormonal
axis has been largely overlooked in FS pathophysiology [5,15].

Emerging evidence suggests that the estrogen axis is not only vulnerable to defi-
ciency states—as seen in menopause—but also to resistance mechanisms and metabolic
interference that hinder receptor-level signaling [34,48,71]. In the context of FS, where
metabolic disturbances such as chronic LGI, hyperglycemia, dyslipidemia, and adipose
tissue dysfunction converge, estrogen signaling may be downregulated or altered in ways
that exacerbate fibrosis, pain sensitization, and impaired tissue regeneration [21,22,24,28].
This section explores these complex interrelationships, aiming to reframe FS within a
broader immunometabolic-endocrine model [14,72].
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Table 1. Estrogen & Thyroid Axes in Frozen Shoulder.

Domain

Study Type Core Finding Implication for FS

Higher prevalence and worse

outcomes in peri/postmenopausal Estrogen
. Clinical (SR/MA, : L deficiency /resistance may
Estrogen axis women; metabolic comorbidity . . .
cohorts) e .. underlie inflammation, pain,
associations; ER expression in - .
L and fibrosis.
glenohumeral capsule biopsies.
E2 inhibits NF-«B, IL-1§3, IL-6, Supports hvoothesis of
Estrogen axis Experimental INF-o; modulates TGF-$1 and reclzptor—le\};(};l resistance in
& (in vitro/animal) MMP /TIMP; antioxidant and FS p
antinociceptive effects. '
gve(r)i;nliis;zrcrl:?;fslk of FS; causal Thyroid dysfunction
. . Clinical (SR/MA, MR, YPOry - ! contributes to fibrosis and
Thyroid axis support from Mendelian . .
cohorts) o . pain; screening
randomization; weaker evidence for
1 recommended.
hyperthyroidism.
. Low T3/T4 — |[MMPs, 1TGF-f3, Mechanistic link between
1o Experimental S . 1
Thyroid axis . . ECM accumulation, impaired hypothyroidism and
(animal/in vitro) . .
collagen turnover. capsular fibrosis.

Estrogen-Thyroid

crosstalk

estrogen bioavailability /action. dysfunction.

Note: FS = Frozen Shoulder; SR = Systematic Review; MA = Meta-analysis; MR = Mendelian Randomization;
ER = Estrogen Receptor; E2 = 173-estradiol; NF-kB = Nuclear Factor kappa-light-chain-enhancer of activated B
cells; TGF-f3 = Transforming Growth Factor beta; MMP = Matrix Metalloproteinase; TIMP = Tissue Inhibitor of
Metalloproteinases; ECM = Extracellular Matrix; SHBG = Sex Hormone-Binding Globulin.

5.1. Estrogen Resistance and Chronobiological Disruption

While hormonal deficiency—particularly the decline in estrogen during menopause—has
been widely studied, less attention has been paid to the concept of hormonal resistance,
including resistance to estrogen [73]. Hormonal resistance refers to a state in which circu-
lating hormone levels may be adequate or only mildly reduced, yet tissue responsiveness
is diminished due to defects at the receptor or post-receptor level [74,75]. In the case of
estrogen, this can involve decreased receptor density, impaired receptor activation, al-
tered cofactor binding, or interference by inflammatory or metabolic signals [34]. This
phenomenon may be accentuated by chronobiological dysregulation. Estrogen follows a
natural circadian and infradian rhythm, with cyclical acrophases and nadirs that coordinate
immune and metabolic processes [76-78]. Disruption of this rhythm—through aging, stress,
light pollution, or metabolic dysfunction—may desynchronize estrogen receptor activation
and gene transcription [77-80]. In perimenopausal women, for instance, the amplitude
of estrogen fluctuations increases while predictability declines, leading to episodic surges
and troughs that confuse receptor signaling machinery [81]. In FS, such dysregulation may
promote an inflammatory microenvironment where estrogen cannot exert its usual anti-
inflammatory, anti-fibrotic, and analgesic effects. Receptor resistance or desensitization in
synovial fibroblasts, immune cells, or endothelial tissue could thus contribute to unchecked
fibrosis, nociceptive amplification, and impaired tissue remodeling.

5.2. Hyperglycemia and AGEs

Hyperglycemia represents a major source of metabolic stress and a key factor in
estrogen signaling impairment [82,83]. Chronic elevations in blood glucose—commonly
assessed via HbAlc—Ilead to the non-enzymatic glycation of proteins, forming advanced
glycation end-products (AGEs) [82,83]. AGEs are known to accumulate in connective
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tissue, disrupt collagen homeostasis, and activate receptors such as RAGE (Receptor for
Advanced Glycation End-products), which in turn stimulate the NF-«xB pathway and the
release of pro-inflammatory cytokines like IL-1f3 and TNF-« [45,84,85].

Importantly, AGEs also interfere with lipid transport and cholesterol homeostasis,
impairing the availability of cholesterol as a precursor for steroidogenesis [86]. This is
particularly relevant for estrogen synthesis, which relies on sufficient intracellular choles-
terol [82,86]. The sustained presence of AGEs can also oxidize LDL particles, contributing
to dyslipidemia and endothelial dysfunction, both of which have been associated with
FS [87,88]. Moreover, hyperglycemia-induced oxidative stress downregulates estrogen
receptor expression and functionality, leading to estrogen resistance at the cellular level,
even in the presence of circulating hormone. In the context of FS, this may potentiate
synovial fibroblast activation and perpetuate the fibrotic cascade [89,90].

5.3. Dyslipidemia and Cholesterol Overload

Cholesterol plays a central role in steroid hormone biosynthesis, acting as a precursor
for estrogen and other sex steroids [91]. However, in metabolic disorders like insulin resis-
tance and FS, this balance may be disrupted [29,58,92]. Hypercholesterolemia, particularly
elevated LDL and total cholesterol, has been repeatedly observed in FS patients and may
act as both a marker and contributor to disease pathogenesis [58].

Cholesterol overload in tissues can lead to membrane stiffness, impaired cellular
signaling, and pro-inflammatory foam cell formation [91,93]. Excess cholesterol may
inhibit estrogen biosynthesis by saturating feedback loops in steroidogenic tissues or by
interfering with transport proteins and enzymes such as CYP19A1 (aromatase) [53]. This
creates a vicious cycle where high cholesterol contributes to low estrogen bioavailability
and signaling, exacerbating inflammation and fibrosis [94].

In FS, this dyslipidemic environment may further fuel capsular thickening, neoangio-
genesis, and immune cell infiltration [8,58,59]. Furthermore, oxidized LDL can interact
with estrogen receptors or compete for similar binding sites, contributing to receptor-level
interference and functional resistance [95].

5.4. Adipose Tissue Dysfunction and Endocrine Crosstalk in FS

Adipose tissue, long considered a passive energy reservoir, is now recognized as a
dynamic endocrine organ that exerts profound influences on inflammation, immunity, and
hormonal signaling [96]. In FS, particularly among patients with central obesity or features
of metabolic syndrome, adipose dysfunction may play a central role in modulating disease
course [23,97].

Hypertrophic adipocytes secrete pro-inflammatory adipokines such as leptin, re-
sistin, and visfatin, while reducing anti-inflammatory signals like adiponectin [98,99].
These changes foster systemic LGI, which in turn impairs estrogen receptor signaling
by inducing serine phosphorylation, oxidative damage, or nuclear exclusion of receptor
complexes [5,100,101]. Moreover, leptin resistance—frequently seen in insulin-resistant
states—has been shown to downregulate estrogen receptor alpha (ER) in various tis-
sues [101].

This dysfunctional adipose secretome may also affect fibroblast activity, matrix re-
modeling, and synovial inflammation [96,102]. Visceral adiposity, in particular, has been
associated with elevated TNF-o and IL-6 levels, key drivers of fibrosis in FS [22,58]. Si-
multaneously, reduced aromatase activity in dysfunctional adipose tissue may decrease
peripheral estrogen synthesis, compounding the effects of systemic estrogen deficiency or
resistance [103-105].
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Additionally, adipose tissue expresses estrogen receptors, and their dysfunction con-
tributes to a feedback loop of hormonal insensitivity, metabolic imbalance, and inflam-
matory activation [106,107]. This establishes a complex endocrine-immuno-metabolic
network in FS, where estrogen resistance becomes both a cause and consequence of adipose
dysfunction [108,109].

5.5. Clinical and Molecular Implications in FS

The cumulative effects of estrogen resistance, chronic inflammation, hyperglycemia,
dyslipidemia, and adipose tissue dysfunction converge to create a pathological environ-
ment conducive to FS development and progression [8,58,59,92]. At the molecular level,
impaired estrogen signaling reduces the transcription of anti-inflammatory cytokines (e.g.,
IL-10), increases M1 macrophage polarization, and enhances TGF-[3-mediated fibroblast
activation [110]. Estrogen receptor dysfunction in joint capsules may also impair angio-
genesis, increase mast cell degranulation, and limit extracellular matrix turnover [15,73].
Clinically, this translates into a more severe and prolonged disease course, particularly in
women undergoing perimenopausal transition or experiencing metabolic syndrome [46,81].
These patients often present with higher pain intensity, reduced mobility, and slower
response to physical therapy [92]. Recognizing these molecular signatures could facil-
itate early identification of high-risk phenotypes and guide tailored interventions—for
instance, combining hormonal modulation with anti-inflammatory diets, exercise, and
insulin-sensitizing agents.

As the field progresses, integrating estrogen signaling pathways into FS manage-
ment could offer a more comprehensive framework for understanding and treating this
complex condition.

5.6. Estrogen Deficiency in Menopause: A Missing Link in FS

Estrogen deficiency has traditionally been considered one of the principal hormonal
drivers behind the disproportionately high prevalence of FS in women, particularly during
the perimenopausal and postmenopausal stages [46]. During this transitional period,
ovarian estrogen production declines significantly, often to below 10% of premenopausal
levels [15]. Far from being a solely reproductive hormone, estrogen plays a vital role in
maintaining immune homeostasis, connective tissue remodeling, metabolic regulation,
and nociceptive modulation [48,70,108]. Its absence introduces a cascade of dysregulated
processes that can critically influence the onset and progression of FS [58].

At the molecular level, 173-estradiol (E2), the most potent form of estrogen, performs
several protective functions highly relevant to FS pathogenesis:

Anti-inflammatory effects: Estrogens inhibit key pro-inflammatory transcription fac-
tors, notably nuclear factor kappa B (NF-kB), thereby reducing the expression of cytokines
such as IL-1f3, IL-6, and TNF-«. These mediators are commonly elevated in synovial
fluid and capsular biopsies from FS patients and are involved in promoting nociceptive
sensitization and fibrotic responses [20,27,34,111].

Antifibrotic signaling: E2 modulates the transforming growth factor-beta (TGF-f31)
pathway, a central orchestrator of fibrotic remodeling. In physiological conditions, estrogen
limits fibroblast-to-myofibroblast transition and curbs collagen I/11I synthesis. Its deficiency
allows unopposed TGF-31 activity, resulting in capsular thickening, contracture, and loss
of joint range [31,48,49,69].

Antioxidant defense: Estrogen promotes the expression of antioxidant enzymes such
as superoxide dismutase (SOD), catalase, and glutathione peroxidase, thereby reducing
oxidative stress. The accumulation of reactive oxygen species (ROS) in low-estrogen
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environments exacerbates collagen cross-linking, impairs angiogenesis, and accelerates
extracellular matrix stiffening [112].

Pain regulation: Estrogens modulate both central and peripheral pain pathways
through their interaction with opioid receptors, TRPV1 channels, and NMDA receptors.
Estrogen deficiency may lead to heightened pain sensitivity and decreased endogenous
analgesia—hallmarks of FS symptomatology [41,113].

Histological studies have confirmed the presence of estrogen receptors (ERx and
ERp) in the glenohumeral joint capsule, particularly in fibroblasts, endothelial cells, and
synovial lining. When estrogen is deficient, these receptors may remain unbound and
inactive, disrupting normal gene transcription for anti-inflammatory and tissue-reparative
processes [114].

The downstream consequences of this signaling void include: (i) Enhanced fibrob-
last proliferation and extracellular matrix deposition [31,115]; (ii) Sustained activation of
pro-inflammatory M1 macrophages and reduced IL-10 production [116,117]; (iii) Altered
expression of matrix metalloproteinases (MMPs) and their inhibitors (TIMPs), impair-
ing collagen turnover [26,66]; (iv) Increased vascular permeability and neoangiogenesis,
promoting synovial hyperplasia [118].

Clinically, estrogen deficiency is associated with greater FS severity in postmenopausal
women, who often experience more intense pain, prolonged stiffness, and delayed re-
sponse to rehabilitation. The correlation between low estrogen and other musculoskeletal
disorders—such as osteoarthritis, tendinopathy, and sarcopenia—further reinforces its
role as a central modulator of connective tissue health and repair [15]. Notably, estrogen
deficiency seldom occurs in isolation. It often coexists with increased insulin resistance,
visceral adiposity, and elevated LDL cholesterol, all of which converge to reinforce the
fibrotic and inflammatory milieu [58]. Moreover, the decline in aromatase activity within
dysfunctional adipose tissue reduces peripheral estrogen production, amplifying systemic
deficiency [104]. However, it is also important to recognize that not all postmenopausal
women develop FS, and cases in premenopausal women suggest that deficiency alone is
insufficient to trigger the condition [15]. This observation has led to growing interest in the
roles of estrogen resistance, receptor-level interference, and metabolic stress as complemen-
tary or alternative mechanisms—paving the way for more nuanced and integrative models
of FS pathogenesis [5,8,58,59].

5.7. Receptor-Level Interference by Metabolic and Environmental Factors

In recent years, a growing body of evidence has emphasized that endocrine signaling—
particularly estrogen signaling—can be profoundly disrupted not only by internal patho-
physiological changes, but also by chronic exposure to environmental, dietary, and lifestyle
factors [119,120]. This subclinical disruption can occur even in the presence of normal or
mildly reduced estrogen levels, and is increasingly understood as a central mechanism in
the pathogenesis of hormone-sensitive disorders such as FS [71,73].

5.7.1. Environmental Estrogen Disruptors and Receptor Occupancy

Modern industrial environments expose individuals to a wide range of endocrine-
disrupting chemicals (EDCs) [121,122]. These include xenoestrogens, such as bisphenol
A (BPA), phthalates, parabens, polychlorinated biphenyls (PCBs), and heavy metals (e.g.,
cadmium), which are ubiquitously found in plastics, food packaging, cosmetics, detergents,
pesticides, and even indoor air [122]. These compounds mimic the structure of natural
estrogens and bind to estrogen receptors (ERx and ERf), acting as partial agonists or
antagonists depending on the tissue [121]. Although some EDCs weakly activate estrogen
receptors, their constant low-level presence leads to receptor desensitization, misactiva-
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tion, or competitive inhibition, which interferes with the body’s endogenous estrogen
signaling [123]. In fibroblasts, immune cells, or endothelial cells within the glenohumeral
capsule, this interference could blunt the normal anti-inflammatory and antifibrotic actions
of estrogen, promoting unchecked cytokine release, immune cell recruitment, and matrix
stiffening—hallmarks of FS pathology [124,125].

5.7.2. Chronic Low-Grade Inflammation (LGI) and Receptor Dysfunction

A pro-inflammatory lifestyle, characterized by poor diet, physical inactivity, chronic
psychological stress, inadequate sleep, and environmental pollutant exposure, can induce
a sustained state of LGI [126,127]. Unlike acute inflammation, LGI operates at subclin-
ical levels, often undetected by routine diagnostics, but it exerts pervasive molecular
effects [128]. LGI activates transcription factors such as NF-kB and AP-1, which not only
promote cytokine and chemokine expression (e.g., IL-6, TNF-«, IL-1(3), but also impair
estrogen receptor signaling through multiple mechanisms [129]: (i) Serine phosphory-
lation of ERx, which reduces its transcriptional activity and may even convert it into a
pro-inflammatory modulator; (ii) Nitrosative and oxidative stress, which modifies receptor
structure, reducing ligand binding affinity and nuclear translocation; (iii) Downregula-
tion of receptor expression, particularly in adipose, immune, and musculoskeletal tissues;
(iv) This inflammatory-induced ER dysfunction renders peripheral tissues partially or
fully resistant to estrogen, even in the presence of normal hormone concentrations. In FS,
this would hinder estrogen’s regulation of fibroblast activation, immune polarization, and
vascular function, thereby fueling capsular fibrosis and pain sensitivity [72,125,126,130,131].

5.7.3. Metabolic Disruptors: Diet, Obesity, and Mitochondrial Stress

Modern dietary patterns—rich in ultra-processed foods, refined carbohydrates, trans
fats, and artificial additives—are a major driver of metabolic dysregulation [132,133]. Diets
with high glycemic load, poor fiber diversity, and excessive omega-6 to omega-3 ratios
promote insulin resistance, adipose tissue dysfunction, and microbiota imbalances, all of
which converge on inflammatory and endocrine axes [134-136]. These metabolic shifts
result in: (i)Elevated leptin and decreased adiponectin, which impair ERx expression [137];
(if) Mitochondrial dysfunction and ROS accumulation, damaging estrogen receptors and
coactivators [138,139]; (iii) Reduced cholesterol bioavailability for steroidogenesis, par-
ticularly under conditions of dyslipidemia and AGE accumulation [61,140,141]. More-
over, high-fat, high-sugar diets exacerbate hepatic estrogen metabolism, leading to in-
creased conjugation and excretion, thereby reducing systemic bioavailability of active
estrogens [48,142,143]. The result is a state of functional estrogen deficiency, even without
absolute hormonal decline [71].

5.7.4. Hormonal Crosstalk and Receptor Interference

Insulin, cortisol, leptin, and inflammatory cytokines all interact with estrogen signaling
pathways, either by competing for shared coactivators (e.g., SRC-1, p300) or by modulating
transcriptional responses at estrogen-responsive elements (EREs) [144]. Chronic insulin
resistance and hypercortisolemia, common in FS patients with metabolic syndrome, may
further inhibit estrogen action through: (i) Nuclear receptor crosstalk, where glucocorticoid
receptor activation suppresses ER-mediated transcription [145]; (ii) Histone deacetylase
activation, which closes chromatin at ER target sites [146]; (iii) Direct inhibition of aromatase,
reducing local estrogen synthesis in tissues such as fat and muscle [147]. This complex
hormonal crosstalk means that receptor functionality is not only a function of estrogen
concentration, but also of the metabolic and inflammatory milieu, which can override or
block hormonal effects [71].
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6. A Paradigm Shift in FS Pathophysiology

The traditional understanding of FS has long centered on localized mechanical and
inflammatory changes within the glenohumeral joint capsule—namely, synovitis, fibroblast
proliferation, and collagen deposition [1,2,22]. While this model has clinical utility, it fails
to account for the striking epidemiological, metabolic, and hormonal patterns increasingly
observed in FS patients, particularly in women during the menopausal transition [46,58].
A growing body of evidence now calls for a paradigm shift: one that moves beyond
joint-centric explanations and instead views FS as a systemic, immunoendocrine-metabolic
disorder [5,8,14,25,50,58,124]. In this revised framework, the shoulder capsule becomes
not the origin, but the target organ of upstream dysregulations involving sex hormones,
chronic LGI, metabolic dysfunction, and environmental interference [5,8,14,25,50,58,124].

Estrogen, once considered solely a reproductive hormone, now emerges as a central
regulatory signal for immune modulation, extracellular matrix remodeling, pain processing,
and tissue repair [148,149]. Its deficiency, resistance, or receptor-level disruption—whether
due to menopause, metabolic syndrome, or environmental exposures—sets the stage for a
pathological cascade where tissue resilience is lost and [150,151] fibrosis prevails. At the
same time, systemic factors such as hyperglycemia, dyslipidemia, mitochondrial stress,
and adipokine imbalance exacerbate this hormonal vulnerability [152]. They promote fibro-
inflammatory signaling through the activation of TGF-f3, NF-kB, and pro-inflammatory
macrophages, while simultaneously blunting protective pathways involving IL-10, an-
tioxidant enzymes, and estrogen receptor signaling [153]. The result is a pro-fibrotic,
pro-inflammatory phenotype, particularly evident in women with features of metabolic
stress or hormonal transition [72,124]. Furthermore, the occupational burden of endocrine-
disrupting chemicals (EDCs) and environmental stressors (e.g., sleep deprivation, circadian
disruption, psychosocial stress) adds a previously overlooked dimension to FS pathogen-
esis [154,155]. These factors interfere with receptor binding, chronobiological hormone
release, and intracellular signaling fidelity, making estrogen resistance a likely—and per-
haps central—player in disease expression [121].

This integrative lens compels us to re-evaluate not only the causes of FS but also the
way it is treated. If FS were, in part, a manifestation of disrupted estrogen signaling within
a pro-inflammatory metabolic environment, then future therapeutic approaches must go
beyond joint mobilization or corticosteroids. They should include: (i) Hormonal evaluation
and, where appropriate, modulation (e.g., estrogen support, phytoestrogens); (ii) Anti-
inflammatory nutritional interventions; (iii) Lifestyle optimization focused on circadian
alignment, stress management, and physical activity; (iv) Environmental detoxification
strategies to reduce EDC exposure; (v) Targeted metabolic interventions to restore insulin
sensitivity, mitochondrial health, and lipid balance. Thus, the future of FS management lies
not only in better understanding the joint capsule—but in restoring systemic balance at the
intersection of hormones, metabolism, immunity, and environment. Such a paradigm shift
holds promise for not only improved treatment outcomes but also for preventive strategies,
particularly in high-risk female populations. To facilitate comprehension and provide a
visual synthesis of the integrative model proposed, a summary figure (Figure 1) was devel-
oped. This schematic representation illustrates how lifestyle, endocrine, metabolic, vascular,
and neuroimmune factors interact to create a systemic environment that culminates in
capsular fibrosis, pain sensitization, and the clinical phenotype of frozen shoulder.
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Figure 1. Integrative model of frozen shoulder pathophysiology. This figure illustrates the multi-

factorial cascade linking lifestyle, environmental, and systemic factors to the onset and persistence

of FS. On the left, modern lifestyle influences—including circadian disruption, sedentarism, poor

dietary habits, pollution, and broader exposome exposures—act as primary triggers of systemic

dysregulation. These exposures weaken physiological barriers, alter gut microbiota composition, and

promote bacterial translocation, thereby amplifying inflammatory signaling. In the central section,

chronic psychosocial stress contributes to blood-brain barrier leakage and neuroinflammation, which

interact with systemic pathways represented in three axes: (i) low-grade systemic inflammation (LGI),

encompassing endocrine and metabolic alterations such as insulin and leptin resistance, thyroid

dysfunction, and estrogen dysregulation (red text); (ii) systemic endothelial inflammation, marked by

vascular injury, impaired nitric oxide (NO) signaling, and microvascular dysfunction (green text);

and (iii) peripheral inflammation and sensitization, characterized by chronic activation of the sym-

pathetic nervous system, hypothalamic—pituitary—adrenal axis, and cortisol resistance (yellow text).

Collectively, these processes converge downstream to promote mitochondrial dysfunction, fibroblast

activation, macrophage polarization, and immune cell recruitment within the joint capsule. The final
right-hand representation highlights the clinical phenotype of FS, where fibroblast-to-myofibroblast
transition, excessive collagen deposition, extracellular matrix stiffening, and aberrant angiogenesis

result in capsular fibrosis, chronic pain, and restricted mobility.

6.1. Sleep, Circadian Rhythms, and Hormonal Crosstalk in FS

The endocrine system operates not in isolation but in harmony with the body’s circa-

dian architecture, governed by the suprachiasmatic nucleus (SCN) of the hypothalamus.

This master clock orchestrates daily rhythms of hormonal release—including estrogen,

melatonin, cortisol, thyroid hormones, and growth hormone (GH)—which in turn regulate

immune tone, metabolic efficiency, tissue repair, and inflammatory resolution [156,157].

Disruption of these rhythms, particularly through poor sleep quality or altered light expo-

sure, has profound implications for musculoskeletal health and may be a silent driver of FS

pathogenesis [29,158].

Sleep is essential for hormonal synchronization, with specific peaks in anabolic and

regulatory hormones occurring during nocturnal rest [159,160]. For instance: (i) Estrogen

secretion, although modulated primarily by the ovarian axis, follows ultradian rhythms
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influenced by circadian cues. Fragmented or delayed sleep impairs estrogen receptor acti-
vation and downstream gene transcription [159]; (ii) Growth hormone, critical for collagen
turnover and connective tissue repair, is secreted in pulses during slow-wave sleep. Poor
sleep reduces GH amplitude, impairing tendon and capsular recovery [161]; (iii) Cortisol,
with its diurnal peak in the early morning, may become chronically elevated with sleep
disruption, contributing to insulin resistance, immunosuppression, and estrogen resis-
tance [162,163]; (iv) Melatonin, the principal chronobiotic hormone, modulates estrogen
receptor expression and has anti-fibrotic, antioxidant, and immune-regulating proper-
ties [164,165]. Light-at-night, especially from screens, suppresses melatonin production and
indirectly derails hormonal coordination [166]; (v) Disrupted sleep architecture thus acts as
a multisystemic stressor, capable of precipitating or worsening LGI, estrogen insensitivity,
and metabolic imbalance—all of which converge in the FS phenotype [5,14,167].

6.2. Thyroid Dysfunction in FS: A Key but Overlooked Axis

Among the endocrine alterations associated with FS, thyroid dysfunction has re-
ceived increasing attention [168]. Population-based and clinical studies have reported a
higher prevalence of hypothyroidism in FS patients, with estimates ranging from 10% to
34% [168,169]. A recent systematic review and meta-analysis confirmed that both overt
and subclinical hypothyroidism significantly increase the risk of FS, whereas the evidence
for hyperthyroidism is less consistent [170]. Indeed, a Mendelian randomization study has
provided causal support for the association between hypothyroidism and FS, suggesting a
direct role of thyroid hormones in capsular pathophysiology [9].

Several mechanisms have been proposed. Hypothyroidism reduces basal metabolic
rate and mitochondrial function, promotes the accumulation of glycosaminoglycans,
and disrupts collagen turnover, thereby favoring capsular fibrosis [171]. In addition,
reduced expression of matrix metalloproteinases (MMPs) and increased TGF-3 have been
reported, stimulating fibroblast-to-myofibroblast transition and extracellular matrix ac-
cumulation [171]. In parallel, thyroid hormone deficiency may induce insulin resistance
and alterations in leptin and adiponectin, interfering with estrogen signaling and con-
tributing to a systemic pro-inflammatory state. In patients with autoimmune thyroiditis
(e.g., Hashimoto’s disease), the presence of chronic inflammatory background may further
amplify local fibrotic processes in the joint capsule [172,173]. Although hypothyroidism is
the condition most frequently associated with FS, some recent studies suggest that a hyper-
metabolic state may also be implicated [8]. In this context, increased oxidative stress and
metabolic demand could potentiate inflammatory responses and pain sensitization [8,59].
These findings indicate that both deficient and excessive thyroid hormone states may alter
the capsular microenvironment, albeit through different mechanisms.

Clinically, the coexistence of FS and thyroid dysfunction is often associated with
greater symptom severity and, in some cases, with poorer response to conventional treat-
ment [58,170]. However, results remain inconsistent, and further studies are required to
determine whether correcting thyroid dysfunction directly improves FS outcomes [168,170].
Importantly, both thyroid hormones (T3 and T4) and estrogens act in coordination to
regulate metabolism, connective tissue remodeling, immune modulation, and pain percep-
tion [174,175]. When one of these axes is altered, the other is often secondarily affected,
creating an environment favorable to chronic inflammation and fibrosis. In this context,
the estrogen axis is deeply impacted [174,175]. Hypothyroidism alters the synthesis of sex
hormone-binding globulin (SHBG), reducing estrogen bioavailability, while also inducing
insulin and leptin resistance, which interfere with estrogen receptor signaling [174,176].
This combination can lead to functional estrogen resistance, even in the presence of rel-
atively preserved serum estrogen levels [176]. Since estrogens exert anti-inflammatory,
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antioxidant, and antifibrotic properties—such as inhibiting NF-«B and negatively regu-
lating TGF-p—their dysfunction leaves the joint microenvironment more vulnerable to
damage [34,42,49,151,177].

The interaction between estrogen deficiency (due to menopause, resistance, or sig-
naling alterations) and thyroid dysfunction creates a vicious cycle that exacerbates pain
and fibrosis: (i) Hypothyroidism promotes fibrosis and pain sensitization through exces-
sive TGF-f activity, impaired mitochondrial function, and systemic inflammation [178];
(ii) Estrogen deficiency or resistance prevents counteracting these mechanisms by limiting
fibroblast regulation, reducing antioxidant activity (SOD, catalase, GPx), and diminish-
ing central pain modulation [179]; (iii) Together, these dysfunctions converge into an
inflammatory-fibrotic phenotype, characterized by M1 macrophage activation, excess ROS,
and disrupted collagen metabolism [180,181].

Clinically, this scenario is particularly evident in peri- and postmenopausal women,
where the prevalence of subclinical or overt hypothyroidism is higher and the decline in es-
trogen levels is more pronounced [9,15]. In this group, FS tends to present with more intense
pain, greater capsular stiffness, and poorer response to conventional treatments [10,170].
Thus, the combined dysfunction of the thyroid and estrogen axes may constitute a central
node in the pathogenesis of FS. Their disruption not only promotes the establishment of
fibrosis and chronic pain, but also provides a plausible explanation for the strong female
predominance of FS and its frequent association with metabolic comorbidities.

6.3. The Lifestyle Hypothesis: LGI as the Root Cause

An increasing body of evidence suggests that many endocrine and metabolic de-
rangements in FS may originate from lifestyle-induced chronic LGI [127,132,182]. Modern
behaviors—sedentarism, diets rich in ultra-processed foods and poor in micronutrients, ex-
cessive screen exposure and artificial light-at-night (ALAN), psychosocial stress, and sleep
disruption—collectively impair circadian biology, induce persistent immune activation,
and promote hormonal resistance across multiple axes [132].

LGI operates through sustained activation of stress axes (HPA, HPT, HPG) and in-
flammatory mediators [72,127]. This systemic inflammatory context leads to: (i) Insulin
resistance, hyperglycemia, and AGEs, which desensitize estrogen receptors and enhance
fibrotic signaling [48,183]; (ii) Leptin resistance, impairing hypothalamic—pituitary regula-
tion and disrupting estrogen and GH rhythms [184,185]; (iii) Cortisol dysregulation, with
chronic elevation suppressing melatonin and TSH, thereby compromising both thyroid
and estrogen pathways [162,186,187]; (iv) Oxidative and nitrosative stress, driving receptor
phosphorylation, conformational changes, and nuclear exclusion of estrogen-receptor
complexes [188].

Psychoneuroimmunology research highlights how these contextual risk factors act
as “lifestyle-associated molecular patterns” (LAMPs) that mimic pathogen or danger sig-
nals, thereby perpetuating immune activation even in the absence of acute threats [126].
This maladaptive response—robust in evolutionary terms but deleterious in modern
environments—may explain why FS manifests as a systemic immunoendocrine disor-
der rather than a purely local musculoskeletal disease [5,8,14,58]. Thus, the FS phenotype
could be reframed as the clinical expression of endocrine-metabolic disintegration rooted
in lifestyle and environmental exposures. Recognizing this cascade underscores the ur-
gency of adopting integrative interventions, such as sleep hygiene, stress resilience training,
anti-inflammatory and phytonutrient-rich nutrition, regular physical activity, and targeted
hormonal rebalancing. These strategies should not be considered ancillary, but rather core
therapeutic pillars in the management and prevention of FS.
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On the other hand, socio-emotional health and sustained psychosocial stress appear
to play a significant role in both the onset and perpetuation of FS symptoms [8]. Recent
systematic reviews have shown that pain-related fear and depression are prognostic for
disability, function, and pain severity, while anxiety is consistently associated with worse
self-reported pain and functional impairment [3]. In perioperative settings, prospective
data indicate that preoperative anxiety increases the risk of developing FS after rotator
cuff repair, underscoring the importance of psychological factors in secondary shoulder
stiffness [30]. From a psychoneuroimmunological perspective, chronic stress sustains
HPA axis activation and sympathetic nervous system drive, fostering neuroinflammation,
LGI, and increased barrier permeability (e.g., intestinal), all of which amplify systemic
immune activation [14]. In FS specifically, psychosocial stressors, circadian disruption, and
lifestyle-related factors have been proposed as converging triggers of LGI, fibrotic signaling,
and pain sensitization [5,8,14,25,58]. Practically, integrating psychological assessment
and targeted interventions—addressing anxiety, depression, catastrophizing, and fear of
movement—into rehabilitation may enhance treatment outcomes [3]. This is supported by
evidence on the benefits of psychological strategies and pain neuroscience education in
musculoskeletal pain and shoulder disorders [189-191].

The Lifestyle Hypothesis: Endothelial Health

Finally, another key pathway linking lifestyle factors to FS pathogenesis is endothelial
inflammation and dysfunction [3,30,192,193]. Modern exposures such as poor nutrition,
ultra-processed diets, sedentarism, chronic psychosocial stress, sleep disruption, and envi-
ronmental pollutants elevate circulating inflammatory mediators, homocysteine, oxidized
lipids, and particulate toxins [132,194,195]. These factors directly injure the vascular en-
dothelium, leading to reduced nitric oxide (NO) bioavailability and impaired endothelial
nitric oxide synthase (eNOS) activity [196,197]. The imbalance between vasodilatory and
vasoconstrictive forces promotes oxidative and nitrosative stress, driving the generation
of peroxynitrite and other reactive nitrogen species [198,199]. This state of endothelial
dysfunction sustains systemic low-grade inflammation while simultaneously producing
local microvascular alterations in the shoulder capsule, including impaired perfusion,
increased vascular permeability, leukocyte recruitment, and aberrant angiogenesis [26,118].
These events create a permissive environment for fibroblast activation, excessive collagen
deposition, and ultimately capsular fibrosis and persistent pain (see Table 2) [22,26].

Table 2. Vascular/Endothelial Dysfunction, NO/AGEs, and FS.

Domain Study Type Core Finding Implication for FS
Endothelial dysfunction Clinical ED a}ss.oaat.ed Wl.th L.GI’ Local hypopeljfuswn z.md
. . . dyslipidemia, oxidative stress; abnormal angiogenesis —
(ED) (biomarkers/imaging) . - . . . . .
impaired microvascular perfusion. fibrosis and pain.

ADMA, homocysteine, ROS/RNS
Nitric oxide (NO) biology =~ Experimental/Translational reduce eNOS activity; peroxynitrite 1
tissue damage.

Impaired NO signaling favors
pro-fibrotic environment.

. . - Elevated AGEs in FS capsules; AGEs act as active mediators
AGEs-RAGE axis Clinical (FS biopsies) RAGE/NF-kB activation confirmed. of stiffness and fibrosis.
Lipids/inflamed . 1 LDL and total cholesterol in FS; Vascular inflammation and
lipoproteins Clinical (SR/MA, cohorts) ICAM-1 upregulated in capsule. fibrosis link.

Note: FS = Frozen Shoulder; ED = Endothelial Dysfunction; LGI = Low-Grade Inflammation; ADMA = Asymmet-
ric Dimethylarginine; ROS = Reactive Oxygen Species; RNS = Reactive Nitrogen Species; eNOS = Endothelial
Nitric Oxide Synthase; AGEs = Advanced Glycation End-products; RAGE = Receptor for Advanced Glycation
End-products; LDL = Low-Density Lipoprotein; ICAM-1 = Intercellular Adhesion Molecule 1.
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In parallel, lifestyle-driven disturbances in the gut microbiota further amplify vascular
and immune dysregulation [200-202]. Dysbiosis and increased intestinal permeability
promote bacterial translocation and the systemic release of pro-inflammatory metabolites,
such as lipopolysaccharides (LPS) and asymmetric dimethylarginine (ADMA), the latter
being a potent endogenous inhibitor of eNOS [203,204]. Elevated ADMA levels have been
strongly associated with impaired NO production, vascular inflammation, and collagen
remodeling [204]. In FS, this may synergize with capsular hypoperfusion and aberrant
angiogenesis, fostering extracellular matrix stiffening and reduced tissue resilience [118].

The role of AGEs adds another mechanistic layer to this process [82,83]. Chronic
hyperglycemia and oxidative stress drive AGE accumulation in connective tissue, where
they cross-link collagen fibers, reduce tissue elasticity, and impair remodeling [205]. AGEs
also bind to their receptor (RAGE) on endothelial and immune cells, activating NF-«B
signaling and perpetuating a cycle of cytokine release, vascular inflammation, and fibrob-
last proliferation [84,206]. Recent studies in idiopathic FS have confirmed elevated AGE
deposition in the shoulder capsule, supporting their pathogenic contribution not only as
markers of chronic metabolic imbalance but as active mediators of fibrosis [21,24].

Altogether, these interrelated mechanisms illustrate how lifestyle-related exposures
converge at the vascular interface to initiate a primary inflammatory insult at the en-
dothelium [199,207]. This “first hit” propagates into systemic LGI, disrupts hormonal
and metabolic regulation, and establishes a molecular milieu favoring fibrosis, pain sen-
sitization, and chronic joint dysfunction [72,127]. Within FS, the endothelial-immune
axis therefore represents a critical but underrecognized bridge between lifestyle behav-
iors, metabolic stress, and the characteristic clinical phenotype of stiffness and pain (see
Table 3) [14,58,83].

Table 3. Lifestyle, Psychoneuroimmunology, and Metabolic Drivers.

Domain Study Type Core Finding Implication for FS

HbAlc consistently elevated in FS; Diet as modifiable driver;

Diet & glycemic load Clinical (SR/MA, high-glycemic/ultra-processed diets ~ supports anti-inflammatory
cohorts) . . . .

— LGI, microbiota dysbiosis. strategies.

Physical inactivity & Clinical / Translational .Seder}tarlsm and c1rc.ad1an dlSI'u.pthIl Exercise and sleep hygiene key

sleep impair HPA, GH, pain modulation. for management.
Anxiety /depression worsen FS Supports

Psychosocial stress Clinical (cohorts, RCTs) prognosis; psychotherapies improve psychoneuroimmunology-based
MSK outcomes. interventions.

Exposome /EDCs Experimental/Human BPA, phthalates, cadmium alter ER Exposome as overlooked

P observational function and circadian release. contributor to FS pathogenesis.

Note: FS = Frozen Shoulder; LGI = Low-Grade Inflammation; HbAlc = Glycated Hemoglobin;
HPA = Hypothalamic-Pituitary—Adrenal axis; GH = Growth Hormone; RCT = Randomized Controlled Trial;
MSK = Musculoskeletal; EDCs = Endocrine-Disrupting Chemicals; BPA = Bisphenol A; ER = Estrogen Receptor.

7. Future Research Directions

The integration of hormonal, metabolic, vascular, and lifestyle factors into the patho-
physiological framework of FS underscores the need for a paradigm shift in research.
Historically, FS has been examined through orthopedic and localized inflammatory lenses;
however, converging evidence supports FS as a systemic immuno—endocrine-metabolic
condition—particularly in women—best studied with systems-biology approaches. To
provide practical guidance to the field, we delineate short-term, feasible directions and
long-term, exploratory programs.
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7.1. Short-Term, Feasible Directions (12—-24 Months)

(A) Longitudinal endocrine monitoring in routine care

Dynamic profiling of estradiol, progesterone, testosterone, cortisol, thyroid hormones
(TSH, T3, T4), leptin, insulin, and melatonin across menopausal and metabolic states
to reveal patterns that precede or accompany capsular fibrosis and pain chronification.
Couple these measures to pain, function, ROM, and time-to-recovery to generate actionable
phenotyping rules.

(B) Endothelial-vascular assessments in FS

Evaluate microvascular flow surrogates together with nitric-oxide metabolism (e.g.,
NO metabolites, asymmetric dimethylarginine [ADMA]) and endothelial inflammation
(e.g., ICAM-1/VCAM-1). Clarify how lifestyle, dysbiosis, and metabolic stress converge on
the endothelium to trigger capsular fibrosis.

(O©) Sleep and circadian alignment pilots

Use actigraphy plus melatonin/cortisol rthythm analysis to quantify circadian mis-
alignment and test pragmatic interventions (sleep hygiene, evening blue-light restriction,
timed light therapy, melatonin where appropriate) on pain, function, and ROM.

(D) Diet-first pragmatic trials

Pilot integrative nutritional strategies—Mediterranean, anti-inflammatory, low-AGE,
phytoestrogen-supportive or ketogenic diets—embedded in rehabilitation. Track adherence,
HbAlg, lipid fractions, inflammatory mediators, and patient-reported outcomes.

(E) Focused micronutrient add-on trials (women-centric)

Test vitamin D, manganese, and selected B-vitamins (e.g., B1/B3) where observational
signals suggest benefit, using short randomized add-on designs to determine effect sizes
and feasibility.

(F) Integrative biomarker panels for stratification

Assemble compact panels combining inflammatory (IL-1p, IL-6, TNF-o, HMGB1),
metabolic (HbAlc, HOMA-IR, lipid fractions, AGEs), hormonal (estradiol, SHBG, thyroid
function) and vascular markers (NO metabolites, ADMA, ICAM-1/VCAM-1) to classify FS
subtypes by systemic dysfunction rather than symptoms alone.

7.2. Long-Term, Exploratory Programs (24—60+ Months)

(G) Estrogen deficiency/resistance and receptor-level interference

Undertake tissue and liquid-biopsy studies to assess estrogen receptor density, nu-
clear localization, phosphorylation status, and downstream signaling (ERK, PI3K/Akt).
Determine whether receptor dysfunction causally links to fibroblast activation, immune
dysregulation, and impaired matrix repair.

(H) Systems mapping of the vascular-immune—fibrotic axis

Combine vascular imaging/surrogates, NO/ADMA biology, cytokine profiling, and
shoulder imaging (US/MRI) to model causal pathways from endothelial dysfunction to
fibrosis and pain sensitization.

(I)  Chronobiology and sleep as disease modifiers

Run mechanistic trials aligning sleep /wake timing and light exposure with endocrine
outputs (estrogen, GH, thyroid, cortisol) to test whether circadian restoration modifies
immuno-metabolic signatures and clinical trajectories.

(J)) Gut microbiota and the gut-vascular—joint axis
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Integrate microbiome sequencing and intestinal permeability assays with metabolomics
(including LPS-related and methylarginine pathways) to delineate diet-microbiome-
endothelium crosstalk that impairs estrogen and NO signaling.

(K) Multi-omics and precision medicine frameworks

Deploy metabolomic, transcriptomic, and epigenetic profiling to define FS endotypes,
enabling adaptive trials that match interventions (dietary, circadian, endothelial support,
hormone modulation when appropriate) to molecular phenotypes.

(L) Scalable interventional platforms and implementation science

Progress from efficacy to effectiveness via pragmatic, multi-arm platforms in real-
world PT/orthopedic settings; include cost-effectiveness, equity, and adoption metrics to
support health-system uptake.

Therefore, FS should no longer be approached as an isolated orthopedic disease but as
a systemic disorder in which vascular dysfunction, hormonal imbalance, metabolic stress,
and lifestyle exposures converge. A staged research agenda—pairing near-term, pragmatic
studies with ambitious, systems-level programs—can deliver stratified, precision-based
therapies that target the underlying immuno-endocrine-vascular networks rather than the
symptomatic shoulder alone.

To provide a more visual and practice-oriented synthesis of the evidence reviewed,
Table 4 summarizes the key clinical signals, underlying mechanistic drivers, and proposed
interventions in FS. By distinguishing between established findings supported by clinical
studies and emerging hypotheses drawn from experimental or mechanistic research, this
table offers a concise framework that bridges basic science and clinical management. Its
purpose is to guide clinicians and researchers toward integrative strategies that combine
endocrine, metabolic, vascular, and lifestyle perspectives, facilitating translation of complex

concepts into practical applications.

Table 4. Established Evidence vs. Emerging Hypotheses in Frozen Shoulder (FS).

Domain

Established Evidence
(Human-Focused)

Emerging Hypotheses
(Mechanistic/Early Clinical)

Notes/Level of Evidence

Epidemiology & clinical
course

Female predominance; peak
in peri-
menopause/postmenopause;
painful capsular stiffness with
staged course.

Sex-specific vulnerability
linked to estrogen
deficiency /resistance;
phenotypes differing by
metabolic status.

High-quality observational
data; sex-hormone linkage
under active study.

Histopathology & cytokines

Capsular fibrosis;
myofibroblast proliferation; 1
TGF-3, IL-13, TNF-c;
neoangiogenesis; mast cells.

Alarmins (HMGB1, IL-33,
S100A8/9) drive nerve
ingrowth and persistent
fibrosis.

Multiple biopsy series;
alarmin data growing
(moderate).

Metabolic biomarkers

Higher HbAlc and total
cholesterol in FS vs. controls

AGE-RAGE axis as fibrosis
driver; glycation impairs
cholesterol traffic —

Human meta-analyses
(strong); mechanistic links

(glycemia, lipids) (meta-analyses). dyslipidemia — hormonal plausible (moderate).
disruption.
gzzftt/hs)l]:k?;ﬁﬁircr;l) associated Arlilrtlilersncmhlrl;ri;d;ﬁl(;ﬂ:rllsator Systematic reviews & MR
Thyroid dysfunction p y (strong); immune

with FS; MR studies suggest
causal link.

milieu, amplifying capsular
fibrosis.

amplification (moderate).
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Table 4. Cont.

Domain

Established Evidence
(Human-Focused)

Emerging Hypotheses
(Mechanistic/Early Clinical)

Notes/Level of Evidence

Estrogen axis
(deficiency /resistance)

Postmenopausal status
correlates with worse
pain/stiffness; ERs in capsule;
estrogen is anti-
inflammatory/antifibrotic
(indirect clinical support).

Estrogen resistance from
LGI/oxidative stress/EDCs;
receptor-level interference in
capsule tissue.

Human indirect + robust
mechanistic data (moderate).

Endothelial dysfunction &
NO biology

Endothelial impairment
associates with chronic pain
states; lifestyle improves
endothelial function.

Local microvascular injury in
capsule (JNO/eNOS,
TADMA, oxidized LDL) fuels
fibrosis & pain.

Human vascular data
(moderate); capsule-specific
vascular biology emerging
(limited—moderate).

Microbiome & gut barrier

Diets high in ultra-processed
foods associate with
inflammation; gut barrier
compromise in chronic pain
cohorts.

Dysbiosis — LPS/ADMA —
endothelial & ER signaling
disruption; gut—joint axis in
FS.

Human associative data
(moderate); FS-specific data
limited.

Psychoneuroimmunology &
sleep

Stress, poor sleep linked to
worse pain/function;
psychoeducation/exercise
benefit shoulder pain.

Circadian misalignment —
HPA /SNS activation — ER
dysfunction and fibrosis.

Human outcomes (moderate);
circadian-ER link mechanistic
(moderate).

Exposome/EDCs

Population exposure to

BPA /phthalates/parabens
widespread; endocrine effects
documented in humans.

Xenoestrogens cause ER
misactivation/desensitization
in capsule, promoting fibrosis.

Human exposure strong;
FS-targeted evidence limited
(emerging).

Adipose tissue dysfunction

Central adiposity associates
with systemic inflammation
and shoulder pain risk.

Leptin resistance
downregulates ER«;
adipokines drive fibroblast
activation in capsule.

Human association
(moderate); cellular
mechanisms strong.

Therapeutics—standard care

Exercise therapy, manual
therapy, education;

injections /hydrodistension as
per guidelines.

Stratified care by
immunometabolic/endocrine
phenotype to personalize
response.

High clinical evidence for core
PT; precision phenotyping
emerging.

Therapeutics—metabolic &
endocrine

Diet/exercise improve pain in
shoulder disorders; omega-3s
analgesic in inflammatory
joint pain.

Low-AGE/anti-
inflammatory / phytoestrogen
diets; circadian therapy;
endocrine optimization
(thyroid/estrogen) in selected
patients.

Mixed clinical evidence
(moderate); targeted trials
needed.

Note: FS = Frozen Shoulder; ER = Estrogen Receptor; MR = Mendelian randomization; LGI = Low-grade
inflammation; AGE = Advanced glycation end-product; RAGE = Receptor for AGE; NO/eNOS = Nitric Ox-
ide/endothelial Nitric Oxide Synthase; ADMA = Asymmetric dimethylarginine; LPS = lipopolysaccharides; HPA
= hypothalamic-pituitary-adrenal; SNS = sympathetic nervous system; EDCs = endocrine-disrupting chemicals;

PT = physiotherapy.

8. Clinical Implications

The emerging model of FS as a systemic, hormonally modulated inflammatory—fibrotic

condition reframes this disorder far beyond a localized joint pathology. In particular,

receptor-level dysfunction of estrogen—exacerbated by menopause, metabolic syndrome,

thyroid imbalance, endothelial dysfunction, or chronic environmental burden—may ex-

plain the greater pain severity, poor responsiveness to rehabilitation, and increased recur-

rence observed in many patients.

Accordingly, treatment strategies should not remain confined to orthopedic interven-

tions but integrate metabolic, endocrine, vascular, and lifestyle dimensions. Key implica-

tions include:

114



J. Clin. Med. 2025, 14, 7315

1.  Hormonal, metabolic, and vascular evaluation. Routine assessment of sex hormones
(estradiol, progesterone, testosterone), thyroid function, cortisol rhythms, HbAlc,
lipid profile, inflammatory mediators (e.g., IL-6, TNF-«), and vascular health (NO
metabolites, ADMA, ICAM-1/VCAM-1) should be considered, particularly in women
over 40 or in patients with metabolic risk factors.

2. Lifestyle assessment and modification. Screening for sleep quality, circadian rhythm
disruption, stress levels, physical activity, and dietary habits must become part of FS
evaluation. Personalized interventions may include stress reduction strategies (e.g.,
mindfulness, CBT), structured physical activity programs, and dietary approaches
such as anti-inflammatory, low-AGE, or phytoestrogen-rich diets to support estrogen
signaling, endothelial health, and systemic metabolic balance.

3. Targeting environmental and metabolic disruptors. Reducing exposure to endocrine-
disrupting chemicals (e.g., BPA, phthalates, heavy metals) and addressing insulin and
leptin resistance are essential for restoring endocrine sensitivity. Equally important is
supporting mitochondrial function and reducing oxidative stress through antioxidant
therapies, which may help normalize estrogen receptor activity and endothelial nitric
oxide signaling.

4. Gut-vascular-immune axis modulation. Given growing evidence of the role of dys-
biosis and intestinal permeability in systemic inflammation, therapeutic approaches
including prebiotics, probiotics, and microbiome-targeted nutrition could be explored
as adjunctive strategies to mitigate endothelial dysfunction, reduce ADMA levels,
and restore immune tolerance.

5. Interdisciplinary management. Optimal care requires collaboration between orthope-
dic specialists, endocrinologists, physiotherapists, and nutritionists. Selected patients
may benefit from hormonal support (e.g., bioidentical hormone therapy), correction
of subclinical hypothyroidism, or integrative metabolic therapies following individu-
alized risk-benefit evaluation.

6.  Patient education. Empowering patients with knowledge about how nutrition, sleep,
stress, hormonal balance, and environmental exposures influence their condition
can foster adherence to lifestyle changes, strengthen self-management, and improve
long-term outcomes.

Ultimately, this broader perspective reframes FS as an endocrine-metabolic-vascular
musculoskeletal disorder, highlighting the need for integrative and personalized inter-
ventions that combine rehabilitation with hormonal, nutritional, vascular, and lifestyle
strategies—going far beyond intra-articular corticosteroids or manual therapy alone. In
order to enhance clinical applicability, Table 5 presents a structured overview of recom-
mended assessments and potential interventions for FS, categorized by mechanistic domain
and graded according to available evidence or expert consensus. This table is designed to
serve as a practical tool for clinicians, highlighting how evaluation of hormonal, metabolic,
vascular, and lifestyle factors can be integrated into standard FS management. By aligning
clinical assessment with targeted interventions, it emphasizes the need for an interdisci-
plinary and personalized approach that extends beyond conventional orthopedic care.
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Table 5.

dence/consensus.

Clinical assessment and interventions in Frozen Shoulder (FS) with level of evi-

Domain

Clinical Assessments

Interventions (Examples)

Human Clinical Evidence

Experimental/Mechanistic

(Recommended) Support
Serum estradiol, Lifestyle + nutrition to Observational links between .
. support estrogen balance; Strong evidence of estrogen
progesterone, SHBG; hytoestrogens (.., 50 menopausal status and FS anti-
Hormonal— menopausal status; Py 8 & 50Y severity; small trials on . P
isoflavones) when inflammatory /antifibrotic
Estrogen/Female  vasomotor and sleep e . phytoestrogens and L . .
. appropriate; consider HRT . actions; ER signaling
axis symptom scales. (ER in selected pati musculoskeletal symptoms; dul TGF-B /NF-B:
lymorphisms for in selected patients per indirect evidence from modulates -B/NF-«B;
poly guidelines; vitamin D . animal & cellular models.
research). . shoulder pain cohorts.
repletion.
TSH, free T4/T3; thyroid Treat overt/subclinical Epidemiology, Thyroid hormones regulate
autoantibodies hypothyroidism per meta-analyses, and collagen turnover,
Thyroid axis (TPOADb/TgAD) if suspected;  endocrine guidelines; Mendelian randomization MMP /TIMP balance, and
hypothyroid symptom monitor FS outcomes after support association between mitochondrial function in
checklist. euthyroid restoration. hypothyroidism and FS. connective tissue.
Anti-inflammatory or
HbAlc, fasting low-AGE diet; Meta-analyses show AGE-RAGE activation
Metabolic— glucose/insulin, HOMA-IR; = Mediterranean or elevated HbAlc and drives fibrosis;

. . lipid profile (LDL-C, HDL-C, = low-glycemic patterns; cholesterol in FS; clinical hyperglycemia and
Glucose/insulin & ) . Lo L . oL L .
Lipids TG); body weight optimization; trials in shoulder pain show dyslipidemia impair ECM

P composition/waist structured exercise; omega-3  benefit of diet/exercise on and endothelial health
circumference. supplementation as pain/function. (cell/animal studies).

appropriate.

CRP/IL-6 (systemic context);
ADMA (research);

Vascular /Endothelial endothelial function

Mediterranean-style diet;
homocysteine lowering
(B-vitamins) when deficient;

Emerging human data
linking endothelial
dysfunction with shoulder

Mechanistic evidence for
NO/eNOS impairment,
oxidized LDL, and

& NO biology (fth:l\-’ _m?glgﬁdlilggz&nf antioxidant/mitochondrial pain states; gli;/ef.x eirc1se AGE-RAGE in fibrosis and
(sr:sef:éh) ) ] support; aerobic exercise. }Trl:)cl;(l)gr? endothelia pain sensitization.
. Sleep/circadian hygiene Multiple RCTs in .
iilegi;];}?}l/l?f, ;521(12311);10 (redﬁce light-at-ni}é%t, muscEloskeletal pain show PSYCh(;EggZ]);T}?; 1vlvnology
Lifestyle & chronotype; stress scalIeS' regular schedule); stress benefit of exercise and stress-immune-pain links;
Circadian health physical act’ivity ' reduction psychoeducation; FS RCTs animal/experimental data;
(IPAQ/accelerometry); (mindfulness/CBT); graded  support multimodal rehab; on circadian disruption and
dietary quality (MED AS) activity programs; early trials on circadian inflammation
’ anti-inflammatory nutrition.  interventions. ’
. Progressive exercise therapy, . . .
Orthopedic/ gling(?}l]jDIfS/gAIgéM manual therapy, joint S;Z(i‘rcl;gs: ;7 ;::ITSZ]btf:rior in neuroBlﬁn;?g{l; nilcc:llrffodels
Phvsi p X 4 mobilization; education & nerapy phys & X
ysiotherapy (goniometry), strength; acine: consider FS and shoulder disorders; support tissue adaptation
core care functional goals; imaging pacing, guideline-endorsed and central desensitization

when indicated.

hydrodistension or
injections per guidelines.

multimodal care.

with rehab.

Note: FS = Frozen Shoulder; SHBG = Sex Hormone-Binding Globulin; ER = Estrogen Receptor; HRT = Hormone
Replacement Therapy; TSH = Thyroid-Stimulating Hormone; TPOAb/TgAb = Thyroid Peroxidase / Thyroglobulin
Antibodies; HbAlc = Glycated Hemoglobin; HOMA-IR = Homeostatic Model Assessment of Insulin Resistance;
LDL-C/HDL-C/TG = Low-/High-Density Lipoprotein Cholesterol/Triglycerides; AGE = Advanced Glycation
End-product; RAGE = Receptor for AGE; NO/eNOS = Nitric Oxide/endothelial Nitric Oxide Synthase; CRP
= C-reactive Protein; ICAM-1/VCAM-1 = Intercellular/Vascular Cell Adhesion Molecule-1; PSQI = Pittsburgh
Sleep Quality Index; IPAQ = International Physical Activity Questionnaire; NPRS/VAS = Numeric Pain Rating
Scale/Visual Analog Scale; SPADI/DASH = Shoulder Pain and Disability Index/Disabilities of the Arm, Shoulder
and Hand.

9. Limitations

Because this is a narrative-scoping review, we did not track database-wise record

counts or include a PRISMA flow diagram. While this limits replicability at the level of

numeric yields, it is consistent with the goals and conventions of narrative synthesis. We

mitigated this by (i) pre-specifying mechanistic domains and eligibility logic, (ii) document-

ing sources and date limits, and (iii) separating clinical and experimental evidence in text

and tables. A future systematic review could extend our framework with comprehensive

retrieval and quantitative flow reporting.
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10. Conclusions

Emerging evidence suggests that FS may extend beyond a purely local capsular dis-
order toward a systemic, immunometabolic—vascular condition. Across the literature
reviewed, dysfunction of the estrogen axis—via deficiency, resistance, or receptor-level
interference—appears to act as a key amplifier of fibrosis, nociception, and impaired tissue
repair, particularly in women. This hormonal vulnerability often coexists with hyper-
glycemia and AGEs, dyslipidemia, adipose and thyroid dysfunction, endothelial injury,
gut dysbiosis, circadian and sleep disruption, psychosocial stress, and broader exposome
burdens. Together, these factors sustain low-grade inflammation and fibro-inflammatory
signaling that characterize the FS phenotype of pain and stiffness. Clinically, this points
to the need to look beyond strictly orthopedic approaches and incorporate metabolic and
hormonal profiling (estradiol, thyroid function, cortisol rhythms, HbAlc, lipid fractions,
inflammatory markers) together with endothelial health surrogates, alongside rehabilita-
tion. Integrative strategies such as anti-inflammatory and estrogen-supportive nutrition,
sleep and circadian hygiene, stress-reduction approaches, and risk-adapted endocrine
support in selected cases, combined with patient education, may improve outcomes and
adherence. Future research should prioritize longitudinal endocrine monitoring linked
to pain and function, compact diet-first and circadian/sleep interventions embedded in
rehabilitation, and pilot studies of endothelial and microvascular markers. Longer-range
work should address estrogen-resistance mechanisms in joint-relevant tissues, map the
vascular-immune—fibrotic axis with multi-omic tools, and develop precision endotypes
that enable phenotype-matched interventions. By reframing FS within a broader neuro—
endocrine-immune-metabolic—vascular model, new opportunities may arise for more
effective, personalized, and preventive care—particularly for peri- and postmenopausal
women who remain disproportionately affected.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm14207315/5s1, Table S1: Search strategy, databases, eligibility
criteria, and sources by mechanistic domain.
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Abstract: Background: Circus arts are gaining popularity across the globe and lifespan.
Despite growing participation rates, there is limited high-quality evidence describing
the physical therapy evaluation and management of injury within this population. The
purpose of this scoping review was to identify and summarize evidence related to the
injury characteristics and management of circus artists. Methods: With a research librarian,
computerized searches were developed and performed using online databases (PubMed,
CINAHL, Scopus, SPORTDiscus and Cochrane), gray literature and non-medical databases.
Two authors independently voted on article inclusion with a third author blinded to
previous voting used in case of conflict. Concept mapping identified five primary themes
related to circus injuries and physical therapy treatment. Data was extracted from each
article based on content relevant to the classification. Results: In total, 1095 titles were
retrieved from electronic searches, of which 49 studies were included. Overall, 20 studies
related to injury characteristics, 10 to risk factors, 9 to each psychosocial variables and
interventions, and 8 to screening. Acrobats with required ground elements were the most
commonly injured discipline, particularly at the shoulder, ankle and spine. Intrinsic and
extrinsic risk factors were identified and numerous psychosocial and lifestyle contributing
factors were reported. Literature guiding treatment is limited. Conclusions: This scoping
review mapped and synthesized evidence related to the evaluation and management of
circus artist injuries. While injury patterns and characteristics are generally understood, the
treatment of this population is poorly described. Clear gaps in screening, injury prevention
strategies, and interventions for this group were identified.

Keywords: performing arts; physical therapy; rehabilitation

1. Introduction

Circus arts are practiced globally in a variety of contexts, with expertise ranging from
professional companies to recreational participants. In the United States participation in the
circus arts has grown substantially, with more than 78% of the circus organizations founded
after 2000 [1]. Of these circus organizations, 74.4% offer adult recreational classes. The
circus arts are highly demanding athletic activities that require similar strength, balance,
flexibility, and motor coordination to gymnastics [2], and activity that carries substantial
injury risk [3]. Coupled with these sport-specific demands, there is often a high work load
and short recovery time due to frequent performance schedules [4]. Even for professionals,
performance and training may require considerable travel, and access to appropriate
care may not be perceived to be available [5]. Respecting these variables, it becomes
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apparent that circus artist athletes are unique and their sport complex, and physical therapy
management requires a deep understanding of the population.

Unfortunately, despite the need for high-quality evidence guiding management, avail-
able evidence includes inconsistent injury definitions for circus arts, making it difficult to
compare and contrast trends. In 2020 Greenspan et al. [6] created an International Olympic
Committee (IOC) consensus statement on reporting injury. The consensus statement comes
after a 2017 systematic review including literature through March 2016, reporting sub-
stantial variance and a need for consistent reporting of musculoskeletal circus injuries [7].
The review noted a relatively low injury rate among professionals, ranging from 7.37 to
9.27/1000 artist exposures, mostly affecting the spine and ankle. Although not captured in
the previous review, it should also be noted that circus artists may suffer from substantial
emotional distress [8] which may elevate their risk of injury [9]. In addition to the substan-
tial psychosocial demands, evaluation and management of injury is likely made challenging
by the wide-ranging task-specific demands of circus arts. Greenspan [10] separated ground
and aerial activity due to the differences in physical demands. Subgroups consisted of
aerial acrobatics with ground elements, aerial acrobatics, ground acrobatics with human
propulsion, ground acrobatics with balance/control, manipulation, and character. More
research is needed to precisely describe injury patterns of this specialized group of athletes.

In addition to understanding injury patterns among circus artists, it seems appropriate
to investigate factors that may elevate risk and develop instruments to identify potential
risk prior to injury. Without validated pre-participation screening instruments, tools used in
other similar sports (e.g., gymnastics) could be useful. In fact, perhaps due to sport-specific
similarities, some gymnasts transition to careers in circus arts [11]. However, while the
evaluation and management of gymnastics injuries has been well described [12-15], the
management of circus artist injuries is not. In fact, there has not been a single randomized
controlled trial with circus artist participants. Clinical reasoning and treatment decision
making should be guided by high-quality evidence, but none appears available for circus
artists. In order to create baseline knowledge to guide clinicians, an extensive evaluation of
available evidence describing the treatment of the injured circus artist is required.

Despite the rapid increase in circus arts participation at the professional and recre-
ational level and subsequent injury risk, there is limited evidence describing circus arts,
particularly the contemporary injury patterns and treatment approaches. Synthesized
evidence can help to inform clinical practice and identify literature gaps to guide future
research, but such evidence does not exist for this unique population. This scoping review
aims to identify and report on the injury characteristics and management strategies for
circus artists.

2. Materials and Methods

This scoping review was pre-registered on the Open Science Framework (OSF) web-
site 8 March 2024, and is freely available online. Reporting followed guidance of the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for scop-
ing reviews (PRISMA-ScR).

2.1. Data Sources and Searches

A comprehensive and systematic computerized search of the electronic databases
PubMed, Scopus, CINAHL, the Cochrane library, and SPORTDiscus was conducted to
identify articles relevant to the clinical question. All articles from database inception
through 3 September 2024 were considered for inclusion. With the assistance of a research
librarian, key search terms and various combinations of synonyms related to the concepts
of injury characteristics and management of circus artists were entered into each database.
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Specific search strategies are presented in the Supplementary Materials. The reference lists
of eligible articles were manually examined for key review articles and additional relevant
studies. Finally, clinical trial registries, Google, and the Open Grey database were scanned
for pertinent work not captured otherwise.

A basic example search string is as follows, with relevant truncation, adjustments,
Boolean operators, and MeSH terms used depending on the database: (“circus artist*” OR
circus OR aerialist* OR acrobat*) AND ((“Wounds and Injuries” [Mesh] OR “Epidemio-
logic Methods” [Mesh]) OR (injury AND (prevention OR assessment OR screening)) OR
(“Psychiatry and Psychology Category” [Mesh] OR psychosocial) AND (“Physical Ther-
apy Modalities” [Mesh] OR “physical therapy” OR physiotherapy OR rehabilitation OR
recovery OR “conservative management”)).

2.2. Eligibility Criteria

Studies were considered in this review if they related to the clinical question and had
a full-text report published in the English language in a peer-reviewed journal. The clinical
question was categorized into thematic areas after concept mapping was completed by the
research team (Figure 1). For inclusion, the population of interest was circus artists and the
study aim was related to any of the following: injury trends or characteristics, risk factors,
screening or injury prevention instruments, physical therapy management or psychosocial
variables. Studies were excluded if they were published in abstract form only or protocols,
were not in the English language or reasonably translated to English, not related to circus
artists, primarily related to gymnasts or dancers, or if they were not within the scope of
injury characteristics or management.

ﬁ

Injury
Patterns

Psychosocial

Variables Risk Factors

CIRCUS
ARTISTS

Interventions

I

Figure 1. Concept map of circus artist injury characteristics.

2.3. Study Selection

Prior to screening, all individuals involved in screening used 10 titles for a reliabil-
ity exercise. Each individual independently voted for inclusion or exclusion, and upon
completion, the authors met to discuss results, appropriateness for decision making, and
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create a consensus for future screening principles. After the electronic search was completed
and duplicates removed, two reviewers independently screened the titles and abstracts
for eligibility using the web-based literature review manager Covidence, with criteria
determined a priori. After the preliminary search of the above databases, any article that
included circus artists and injury characteristics or management was retained for further
analysis. In cases where details of the study methods were unclear, the study’s correspond-
ing author was contacted for additional information. Amongst those articles in which
disagreement occurred, a third author blinded to previous voting made the final decision
for inclusion. Full-text articles were procured through institutional access, interlibrary loan,
or requesting copies from the corresponding authors. After full-text articles were obtained,
two reviewers independently evaluated the study for appropriateness. If consensus regard-
ing inclusion was not achieved, a third author blinded to previous voting was consulted
for a final vote to include or exclude the article.

2.4. Data Extraction and Reporting

Upon final full-text article inclusion, data from studies were extracted to standardized
forms. Grouping of data was subclassified into the 5 thematic areas. In cases where
studies were pertinent to multiple concepts (e.g., injury patterns and risk factors), data
was extracted and reported for each rather than one. Data was extracted by an author
and independently cross-checked for accuracy and consistency by a separate author. An
assessment of available evidence, and strength of evidence, was synthesized qualitatively.

2.5. Quality Assessment

The purpose of this scoping review was not to determine individual study quality as
much as the overall quality of evidence related to a given topic. No formal assessment of
study quality was performed for this project.

3. Results

In total 1094 titles were retrieved from the searches. After the removal of duplicates,
817 studies were screened, of which 49 studies were retained for final inclusion in this
scoping review (Figure 2). The study design and primary themes of the studies are pre-
sented in Figure 3. The highest proportion of studies were related to injury characteristics
(n = 20) followed almost equivalently by studies related to interventions, psychosocial
variables, risk factors and screening methods for circus artists. Nine studies were tagged
with multiple classifications. Less consistent than the number of studies evaluating a given
topic was the sample size associated with the topic. Of the 10,272 unique participants
included in all retained studies related to circus artists, 5397 (50.26%) participants were
included in the 20 studies examining injury characteristics as compared to only 57 (0.55%)
participants in the 9 studies describing management of injury (Figure 4).

3.1. Injury Patterns

The type of studies related to injury patterns is presented in Figure 3. Of the 20 studies,
there were 2 systematic reviews [7,16], 7 cohort studies [2,4,10,17-20], 1 longitudinal
study [21], 2 cross-sectional studies [22,23], 2 descriptive epidemiological studies [24,25],
1 retrospective descriptive epidemiology study [26], 1 case series [27], 1 narrative re-
view [28], and 2 case reports [29,30]. Sample size ranged from 1 to 1376 participants
with a diverse level of performer expertise (e.g., professional versus pre-professional, ado-
lescents versus adult circus performers). There was notable variation in injury reporting,
particularly as it related to the athlete characteristics, type and impact of injuries. Specific
data from individual studies is presented in Table 1.
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Studies from databases/registers (n = 1075)
PubMed (n =437)

Scopus (n =389) References from other sources (n = 20)
SPORTDiscus (n = 94) Citation searching (n = 1)
CINAHL (n = 88) Grey literature (n = 19)

Cochrane (n =37)
Google Scholar (n = 30)

Identification

References removed (n = 277)
Duplicates identified manually (n = 4)
Duplicates identified by Covidence (n = 273)
Marked ineligible by automation tools (n = 0)

Studies screened (n = 818) —>| Studies excluded (n = 686)
Studies sought for retrieval (n = 132) —> Studies not retrieved (n = 0)
$ Studies assessed for eligibility (n = 132) —>1 .
Studies excluded (n = 83)

Wrong study design (n = 10)

Not in English language (n = 3)

Wrong patient population (n = 15)

Wrong study characteristics (n = 30)

No full-text available / Abstract only (n = 25)

Studies included in review (n = 49)

Figure 2. PRISMA flow diagram.
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Figure 3. Study design type frequency by characteristic.

130



J. Clin. Med. 2025, 14, 5948

M INJURY PATTERNS

W INTERVENTIONS

M RISK FACTORS

W SCREENING

M PSYCHOSOCIAL VARIABLES

Number of studies

Sample size

Figure 4. Proportion of included studies (left) and sample size (right) by injury characteristic.

Table 1. Studies reporting on injury patterns in circus artists.

Study . Participant Mechanism of . e
Study Design Sample Size Characteristics Injury Injury Characteristics
Al-Kashmiri Case report n=1 26 y/o male Overuse Fibular stress fracture
[29] P y
Traumatic; fall Fractures of the face, cervical, thoracic and
8 performers, 1 staff while performing ~ lumbar spine, humerus, radius, wrist and
Asselin [27] Case series n=9 member hair hanging hand, ribs, sacrum, femur, tibia, fibula,
- Age range: 19-34 years during a ‘human and ankle; concussions; lacerations of the
8 females, 1 male chandelier’ knee, liver and scalp; pulmonary
maneuver contusion; pneumothorax
Adolescents:
Mean a%;: fliliil(:f) years Tissues involved (most to least frequent):
Mean cireus experience: joint, muscle/tendon, nerve, bone, central
5.1 years Primary Overuse (44% of nervous system, integument.
discipi o . L Body region involved (reported as lower
iscipline: 35.9% aerial, adolescent injuries, . . .
21.4% ground, 55% of J lextremlty, ulooper oextreromty,dslime). .
Prospective 42 .9% mixed adult injuries); adolescents—44%, 3 3%, 3 2%; adults—32%,
Greenspan [17] n=21 ) . . B 45%, 24%
cohort Adults: Mean age: 30.7 Traumatic (56% of . .
(3.1) years adolescent injuries Injury rate per 1000 session exposures was
5 feméles 4 males 45% of adult ’ 3 for adolescents and 13 for adults
R 4 . 7o O Time-loss injury rates were 1.3 and
Mean circus experience: injuries) 79 respectivel
10.5 years Primary - v resp y iAo
discipline: 30% aerial Time-loss injury frequency: 44%
40% ground, 20% mixe/d adolescents, 55% adults
10% Chinese pole
Most common tissue involved:
Mean age: 31.4 (8.9) years Acute-sudden muscle/tendon injuries (52%)
16 adolescents, 185 adults (32%), Most common body region involved:
Prospective 172 females, 29 males repetitive-sudden shoulder 22%, lumbosacral region 13%,
Greenspan [10] corl;ort n =201 Mean circus experience: (12%), elbow 10%, all others < 10%
7.0 (4.2) years repetitive-gradual ~ Injury rates per 1000 sessions: 3.8 overall,
130 pre-professionals, (54%), unknown 2.42 adolescents, 4.0 adults, 3.5 female, 5.7
71 professionals (1%) male, 5.9 aerialists with ground elements,
4.3 aerial, 3.7 ground (balance and control)
Most common tissue involved: joint
(46.8%), muscle/tendon (25.5%), nerve
(14.9%) all others < 10%
. Most common body region involved:
Meg(r)l ?egrflﬁelf 4(?;21}6’:31'5 Overuse: 55.3% shoulder 21.3%, wrist/hand 17.0%,
Greenspan [2] Cohort n=24 Mean cireus experience: Traumatic: 44.7% hip/thigh and ankle/foot 12.8% each,

7.3 (4.4) years

upper trunk 10.6%, all others < 10%
Injury rate per 1000 session exposures was
5 overall, 2.3 for aerialists, 7.0 for the
ground group, 3.8 for the mixed group
Time-loss injury frequency: 53.2%
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Table 1. Cont.

Study . Participant Mechanism of . .
Study Design Sample Size Characteristics Injury Injury Characteristics
Most common body region involved:
Mean age: 22.5 (2) years lower limb (44%; ankle 68%, knee 27%,
Hakim [18] Cohort n=31 14 fo n%aies '17 mzﬁes Not specified tibia 5%), upper limb (32%; 50% shoulder,
’ 25% wrrist, elbow 19%, forearm 6%), trunk
(16%), neck (8%)
Srelz?nscilsai)}; 64% incurred at least 2 medical
Hamilton [31] ros yec tive n=1281 Circus artists Not specified attention injuries
I;njufy data 23.1% incurred at least 2 time-loss injuries
Mean age of total sample:
Kraan [16] Systematic n=671 27.1 years Overuse Posterior circumflex humeral
review trapeze artist Male trapeze artist age artery pathology
not specified
13.3% reported losing at least one day of
Cross- participation to injury.
Long [22] sectional n=230 Mean age: 16.6 years Not specified Fear of losing playing/practice time cited
as most common reason to not report
injury (42.9%)
Most common body region involved:
spine 35%, ankle 26%, shoulder 12%, all
0,
Prospective Mean age: 22 years o . Oth?r? <10%
Munro [19] n=:63 Not specified Injury activity frequency:
cohort 33 females, 30 males
’ acrobatics/tumbling (23%), handstands
(12%), adagio (11%), Chinese pole (10%),
others < 10%
208 females, 378 males
Mean age: females, 25.3
(9.4) years; males:
30.3(94)
Type of performer: . . . .
Orlando [20] Cohort n =584 females—sudden load Not specified Rajr e‘ratlo estimates for medical attention
(71.4%), non-sudden load injuries = 1.5, TL-1=1.3, TL-15=1.1
(16.5%), musician (12.1%);
males—sudden load
(66.7%), non-sudden load
(18.0%), musician (15.3%)
Cross- Miagnfzrgne;lil'll ;Zr'gzif;e:rs Lumbar multifidi asymmetry in prone
Rossini [23] sectional n=231 Mean circus’ex erience: Not specified was greater in artists reporting LBP in the
8.0 (43) ysars ’ past 4 weeks or 3 months
Narrativ Not ]?}a:ncterrs, c1;‘fc1;1£3irforrr1r:is, Notes concussions may be classified under
Russell [28] arrative 0 catre pertormers, a Traumatic ‘head and neck’ category of
review applicable film/television L .
performers injury reporting
89.4% incurred an injury requiring
Descriptive Professional artists medical attention, 74.2% incurred at least 1
- 1mni 00 1
Shrier [25] epidemiolog- n =962 Mean age: not reported Not specified TL-1 injury, ?%?1/5 111rlmu lirmd atleast1
ical 303 females, 659 males . . jury
Injury risk per 1000 performances: 5.1
medical attention, 2.5 TL-1, 0.86 TL-15
Types of injury (most to least frequent):
muscle/tendon, other, joint and ligament,
Professional artists contusions/lacerations, fractures and
Mean age: not reported . l;).one, nerve
Descriptive 534 females, 842 males Body region involved (m.ost to least
Shrier [24] epidemiolog- n=1376 Primary discipline: Not specified frequen.t). lov\{er extremity, upper
ical 80.5% acrobats, extremity, spine, head and neck,

11.8% non-acrobats,
7.8% musicians

trunk, other
Injury rates per 1000 performances:
overall 9.7, acrobats 11.2, non-acrobats 6.8,
musicians: 4.3
4.4% injuries classified as TL-15
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Table 1. Cont.

Study g:e::gl Sample Size C}I:aa:::ig?;itcs Meclhr?].ﬂlrsym of Injury Characteristics
Most common body region involved:
. shoulder 27.7%, lower back 15.8%, wrist
Stubbe [4] Prospective n=44 Mean age: 22.0 (2.8) years Not specified 14.1%, all others < 10%
cohort 21 females, 23 males . ..
Mean duration of injury: 6.9 days
Injury incidence rate of 3.3 injuries/1000 h
Overall injury rate per 1000 training
hours = 1.89; rate of injuries lasting more
. than 4 weeks per 1000 training
Stuckey [21] Longitudinal n =334 I\/Ile?znfage. 192(2.1) years Not specified hours = 0.94
emales, 200 males e L
Clinical incidence of injury/student/
year = 1.78, which decreased over time
with experience
Most common tissue involved: joint
(48.8%), bone (23.8%), ligament (14.9%) all
. others < 10%
Retrospective M bod ion involved:
descriptive Age range: 11-22 years . ost common bodly region involved:
Wanke [26] Criptl n=169 & & Y Traumatic lower extremity (37%), cervical spine
epidemio- 99 females, 70 males 28.3% tremities (19.6%
logic (28.3%), upper extremities (19.6%),
thoracic spine (17.2%), lumbar
spine (10.9%)
Injury risk per 1000 h = 0.3
64 y/o female
Wojciuk [30] Case report n=1 8-year history of Overuse Bilateral upper limb arterial stenosis
an acrobat
Floor acrobat-
ics/tumbling most
common Most common type of injury: soft tissue
. n =4795, . mechanism Most common body region involved:
Wolfenden [7] Systematlc 8 studies I—?gh' schc;o% through (23-50.3%) spine and ankle
review included professional circus artists followed by Injury rate per 1000 exposures ranged
handstands (12%), from 7.4 t0 9.3
adagio (11%) and
Chinese pole (10%)

Of the 20 studies, 9 did not specifically report the mechanism of injury. There were five
studies reporting overuse conditions to be most prominent, five reporting traumatic injuries
to be most prominent, and one study noting that trauma occurred more frequently in ado-
lescents while overuse was more common in adults. One study used the recently developed
circus-specific extension of the International Olympic Committee injury recording guide-
lines [10], while two studies used and adapted version of the International Association
of Dance Medicine and Science (IADMS) Standard Consensus Initiative guidelines [2,17].
Outside of these studies, reporting differed across author groups.

Grouping of participant discipline for injuries varied between studies. Greenspan [2]
described circus athletes in the following groups: aerial acrobatics with ground elements,
aerial acrobatics, ground acrobatics with human propulsion, ground acrobatics with bal-
ance/control, manipulation, and character. A separate study used acrobat, non-acrobat,
and musician to broadly classify circus artists [24]. The authors used the terms acrobat to
describe a performer that required gymnastics, diving, martial arts, and aerial movements,
non-acrobat to describe dancers, jugglers, swimmers, clowns, and characters in a show that
do not perform gymnastic or martial arts or aerial movements, and musician to describe
people that play music. Alternatively, Orlando et al. [20] utilized the terms sudden load,
non-sudden load, and musicians to categorize circus injury.

The types of injuries encountered were more consistent across studies than the way
injuries were reported. Injury rates ranged from 1.89 to 9.7; however, studies varied rates
based on hours or exposures. Acrobats who performed ground elements were the most
commonly injured discipline. Although most injuries likely led to some time away from
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their sport, time lost (TL) injuries were explicitly detailed in 7/20 (35%) studies. When
considering the type of tissue injured, three studies reported joint injuries to be most
common while three studies noted muscle/tendon injuries to be most common. While all
body regions were prone to injury, the most commonly injured sites are shown in Figure 5.

Shoulder

Figure 5. Most frequently reported circus injury sites.

3.2. Risk Factors

Of the 49 studies included, 10 studies [9,10,17,20,25,28,31-34] were related to risk

factors (Figure 3) with a total of 4459 participants analyzed. Extracted data from individual
studies is presented in Table 2.

Table 2. Risk factors for circus artist injuries.

Study S:Sg); Sample Size Participant Characteristics Reported Risk Characteristics
. Injury risk reported to increase with
. Profess.1 onal coaches, . hig]hery worklogd. Busy daily schedule,
physiotherapists, athletic trainers ;
. o and performance medicine more cues, fewer rotgtlons.and backups,
Bolling [32] Qualitative n=_82 thzra ists and artists less rest/recovery time, higher mental
Participr;nt c,iemographics load, fatigue, improper technique, and
not reported external factors (weather, area, and
touring conditions) increased risk
Risk increases with higher volume and
frequency of circus performances, lack of
Narrative Not a true “off season”, certain cultural
Faltus [33] review applicable Circus artists considerations (e.g., language barriers and

pain ideologies), certain psychological
considerations (e.g., emotional, social and
cognitive loads)
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Table 2. Cont.

Study s:slsgﬁ Sample Size Participant Characteristics Reported Risk Characteristics
Adolescents:
Mean age: 14.7 (1.3) years
12 females
Mean circus experience: 5.1 years
Primary discipline: 35.9% aerial,
Prospective 21.4% ground, 42.9% mixed
Greenspan [17] cohort n=21 Adults: Higher age predictive of injury risk
Mean age: 30.7 (3.1) years
5 females, 4 males
Mean circus experience: 10.5 years
Primary discipline: 30% aerial,
40% ground, 20% mixed,
10% Chinese pole
ll\ge;;lo?;g:éeﬁf 388(5) )a}cllﬁltrz Extrinsic risk factors: Discipline (aerial
179 females ’29 males with ground elements), pre-professional
G Prospective B . ! . ) (less experience)
reenspan [10] n =201 Mean circus experience: T )
cohort 7.0 (4.2) years Intrinsic risk factors: Age (adu}ts more
130 pre-professionals, than adolescents?, female sex, disordered
71 professionals eating history
Injury risk dependent on injury definition
Sudden-load artists and age > 20 years
had increased risk across
injury classifications.
Hamilton [34] Seconde.lry n=1281 Circus artists Femfﬂe sex and.age >30 years had
analysis increased risk for medical
attention injuries.
European artists more likely to sustain
time-loss injuries than
North American artists.
Hamilton [31] Seconda}ry n=1281 Circus artists Previous injury not identified to be a
analysis casual risk factor.
208 females, 378 males
Mean age: females, 25.3 (9.4) years;
T}r,r;ilisf' sgﬁoigrfe)r' Injury risk is higher among sudden load
Orlando [20] Cohort n=>584 females—sudden load (71.4%), and non.—sudden .load art1§t§ fqr medical
non-sudden load (16.5%), attention and time loss injuries after
musician (12.1%); males—sudden breaks (2 days post activity)
load (66.7%), non-sudden load
(18.0%), musician (15.3%)
Suggests while circus artists sustain
Russell [28] Narrative Not Dancers, circus artists, theatre, film concussions, determining risk is limited
review applicable and television performers by barriers in reporting and injury
pattern definition.
Prior injury, emotional exhaustion,
self-efficacy, and fatigue were associated
Shri Retrospective _ Professional circus artists V\.nth an increased in tury risk. .
rier [9] cohort n =47 17 females. 30 males Conflicts or pressure not associated with
’ increased injury risk.
Low self-efficacy had the
strongest relationship.
Descriptive Professional artists Observed injury risk was not consistent
Shrier [25] epidemio- n =962 Mean age: not reported with theoretical injury risk in
logical 303 females, 659 males circus performers.
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Risk factors were analyzed in extrinsic and intrinsic categories. Extrinsic risk fac-
tors were broadly related to performance demands and environment (high performance
workload and frequency with a lack of rest [20,32,33]). Pre-professional artists had higher
injury rates (4.08/1000 sessions) compared to professional artists (3.49/1000) and those
requiring sudden-load discipline demands also were at higher risk than other disciplines
(5.93/1000 to 4.26/1000) [10,20]. Qualitative data identified poor touring conditions and
weather as a risk factor for injury [32]. Intrinsic risk factors included older age [10,17,34],
female sex [10,34], disordered eating [10], and psychological factors (e.g., self-efficacy,
emotional exhaustion, higher mental load) [9,32,33]. There were conflicting results related
to previous injury being a risk factor for a future injury [9,20,31], which is consistent with
Shrier et al. [25], who reported that observed injury risk was not consistent with theoretical
injury risk.

3.3. Screening

Of the 49 studies included, 10 studies [23,35-43] were related to screening tools
or principles in circus artists (Figure 3) reporting on a total of 913 participants,
with individual study data presented in Table 3. Studies included participants
across the expertise spectrum, from professionals with Cirque du Soleil through
pre-professionals/amateurs, although participant skill was unspecified in three stud-
ies. Two screening-related studies were narrative reviews which suggested screen-
ing for physical performance, hypermobility, training and lifestyle [36] or using a
movement system impairment classification [41]. Four of the studies [35,39,40,43]
completed physical performance testing relevant to participant screening. Circus
artists were found to have generally more than normal mobility although findings
were not discipline-specific. Not all physical testing may provide consistent results;
specifically, the Harvard step test, 60 s jump test, and dynamic balance test did not
have good reliability in circus athlete testing [35]. Four studies [23,37,38,42] screened
mental health, mood, lifestyle and perceptions of health. Studies found self-reported
outcomes were feasibly completed and students had different baseline measures com-
pared to professionals. Instruments identified different mood levels at different time
points (e.g., beginning versus end of a semester) although surveys can be perceived as
burdensome if distributed too frequently [42].

Table 3. Studies reporting on screening tools or principles in circus artists.

Study Sample Participant Instrument/
Study Design Size Characteristics Process Description Outcomef(s)
Acceptable test—retest reliability
. . over long periods of time for
Physical c.apa-aty handgrip, vertical jump, and
. . assessment which included
Professional circus . o pull-up assessments;
dynamic balance, modified .
performers Harvard step test. ori Harvard step test and 60 s jump
Burnstein 76 females, oP Test 8TP test had poor reliability with
Cohort n =238 strength, vertical jump test, : .
[35] 162 males ull-up test. and 60 s fum comparison of baseline but
Mean age: P tes E_j da ta, collecte d]a t P acceptable reliability otherwise;
28.7 (6.4) years ! Dynamic balance test never

baseline, 6, 12, and
18 months

reached a level of acceptability at
any time point; unclear if same
tester was used
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Table 3. Cont.

Study Sample Participant Instrument/
Study Design Size Characteristics Process Description Outcomets)
Suggested subjective
screening: artist identity and
participation level, injury
management, habitual
postures, fatigue, sleep,
nutrition, menstrual history,
support systems, other
activities and participation;
Suggested physical
Callahan Narrative Not Dancers and screening: The Beighton Not applicable
[36] review applicable circus artists Score, Brighton criteria, PP
5-point screening
questionnaire, The Lower
Limb Assessment Score, The
Upper Limb Hypermobility
Assessment Tool,
assessment of strength,
functional movements,
closed and open
chain activities
Significant fluctuations in fatigue,
wakefulness, and perceived
exertion over time points with
increased challenge to achieve
Circus students quiﬁed C.Zonsensus.SIeep dequate Si)efe}?e;f tecatend
32 females Diary, ratings of fatigue, Significant correlation between
Decker Longitudinal n=9 60 males / wakefulness and perceived wakefulness and other slee
[37] & M ) exertion; measures taken for ters (duration latencp
20.9 ean age: 7 consecutive days at parameters - Y
9 (2.4) years 4 different time points and quality). Sleep quality and
P perceived exertion related
to fatigue.
No significant differences
between disciplines, sex, or year
in program.
Mental health: Students scored
Sport Interference Checklist h%gher for anxiety and
Student Athlete professionals demonstre}ted lower
Relationship Instrument; Soci levels. of depre?ssmn.
. ocial health: Professionals scored
Professional circus Patient-Reported Outcot}les higher on informational and
artists (n = 88) and Measureme.nt Informatl.on emotional support and social
circus students Sys.tem (.anx1e.t Y depressmn, skills, and lower on social
Donohue Cross- (n=21) satlsfactlon'w'lt'h soc1a.l roles isol;tion than students.
[38] sectional n=109 42 females . apd act1V1t.1es, social Physical health: Students
67 males , 1so¥at10n, emotlonal support, reported higher fatigue.
Mean age: 1.nformat10na! support, Performance: Professionals
28.5 (7.3) years fatigue, sleep disturbance); reported less interferen
y ported less interferences

Social Skill in Work
Environment; satisfaction
with overall circus
performance

than students.
Professionals reported higher
overall satisfaction with
performance, social roles and
responsibilities than students.
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Table 3. Cont.

Study Sample Participant Instrument/
Study Design Size Characteristics Process Description Outcomets)
Mobility: Females had more
lumbar mobility, shoulder and
hip (except for external rotation)
passive range of motion,
hamstring and straddle flexibility,
males had more pectoralis minor
Professional flexibility; Younger participants
(n=71) and Physical examination generally had more mobility than
pre-professional battery of upper and lower older counterparts;
Greenspan Cross- n =201 (n =130) extremity flexibility, Strength: Males demonstrated
[39] sectional B 172 females, strength, and balance and more upper body strength,
29 males cardiorespiratory measures  females had greater hip abduction
Age range: to determine normative data strength; Professionals
13-69 years demonstrated more lower
abdominal and upper
body strength;
Professionals had lower recovery
heart rates than pre-professionals;
Findings were not
discipline-specific.
. Males and females demonstrated
Professional and S
significantly more shoulder range
amateur acrobats . .
of motion, except for flexion, than
157 females, ;
30 males established norms
Mean Acrobats had greater shoulder
Huberman Cross- Shoulder range of motion strength than the general
. n =189 age = 31.9 years . . .
[40] sectional Acrobatic and strength, grip strength population, while males had
. significantly less grip strength
subgroup: aerial )
than the general population.
(n =40), ground . e
_ No significant strength or range
(n =21), both . .
of motion differences across
(n=128)
age groups.
Circus artist
students - .
Positive correlation between
19 females,
14 males athlete and Oswestry
Self-reported training, injury disability indices.
Mean age: 21.2 ¢ ’ e -
. and low back pain history;  Athlete disability index positively
Rossini Cross- (2.5) years s . .. .
. n=33 Lo Oswestry Disability Index,  correlated with pain intensity and
[23] sectional Discipline: floor . . ..
. Athlete Disability Index, pain catastrophizing.
acrobatics (n = 11), . . S -
- . Pain Catastrophizing Scale No significant correlations
aerial acrobatics . .
. between pain duration and
(n =15), balancing
. . assessment tools.
(n =6), juggling
(n=1)
. . . . Suggestion based on expert
Scherb Clinical Not Circus artists with Movement system .
[41] suggestion  applicable low back pain impairment classification opinion to match the movement
needs of circus artists
State-Trait Anxiety Monitoring psychological states
. were generally successful
. . Inventory, Ways of Coping, o
Professional circus . regarding time to complete,
. . Profile of Mood States, Lo e
. Prospective artists . distribution, acceptability, and
Shrier o Likert scales to assess . . .
[42] longitudi- n =236 16 females, anxiety, sleep, confidence comprehension of questionnaires.
nal 21 males / ! / Respondents believed

Median age = 32.4

fatigue, well-being; assessed
at baseline, daily, weekly for
4 weeks

questionnaires could be
burdensome to complete at
expected rate.
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Table 3. Cont.
Study Sample Participant Instrument/
Study Design Size Characteristics Process Description Outcomets)
Acrobats generally demonstrated
more than normal range
. Isokinetic testing of knee L .Of motion.
Pre-professional Significant peak torque
. . and ankle, trunk strength, .
. circus artists . correlations noted between the
Smith Cross- lumbar range of motion, .
) n=15 15 females . . ankle and hip/knee.
[43] sectional lower extremity flexibility;
Mean age: 13.6 s Although the ankle was most
Modified SafeDance IV .
(2.3) years commonly injured, and often
survey report h . S
ypermobile, most injuries were
not related to
acrobatic participation.
3.4. Interventions
Of the 49 studies included, 9 were related to the physical therapy management of circus
artists (Figure 3) with a total of 57 participants included [33,36,41,44—49]. Intervention-
specific data is presented in Table 4. Narrative review and suggestion topics were related
to making interventions patient-specific, using a movement systems-based approach, and
using an interdisciplinary management strategy. Cohort design studies reported on the
use of telehealth to treat atraumatic shoulder instability or feasibility of a calf muscle
strengthening program. Case reports detailed the management of traumatic soft tissue
tears or symptoms associated with hypermobility. No randomized controlled trials or
comparative studies examining the effects of interventions for the circus artist were found
in this scoping review. Of the five studies including the management of patients, as
compared to suggestions, reviews, or feasibility studies, each reported clinically significant
improvement in pain and/or functional outcomes. However, only three of the five studies
(26 patients) reported on long-term follow-up [47-49].
Table 4. Studies related to the physical therapy management of circus artists.
Study Sample Participant . Frequency/ .
Study Design Size Characteristics Intervention Duration Comparison Outcome(s)
Suggested patient-specific
utilization of interventions
Hypermobility in  such as bracing, education
Callahan  Narrative Not aesthetic (self-management, pain Not Not Not applicable
[36] review applicable performing science, fatigue), posture applicable applicable PP
artists and movement retraining,
strength and
proprioceptive training
16 y/o female L Educatign regardmg Assessed at baseline, at
. movement impairments
Clinical . each phase of
diagnosis: 2. Home exercises and intervention, and
Chimenti Case ’ taping to minimize lumbar 16 visits over Not . !
n=1 lumbar . . . discharge;
[44] report . extension-rotation/ 16 weeks applicable . Lo
extension- . . Clinically significant
. improve abdominal and . . .
rotation 1 1 . d hi improvement in pain
drome gluteal recruitment and hip and function
syn flexor flexibility
Cir Suggested use of
Faltus Narrative Not erforf;l;nce trans-disciplinary approach Not Not Not applicable
[33] review applicable P for management of the applicable applicable pp

artist and acrobat

population
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Table 4. Cont.

Frequency/

Study Sample Participant . .
Study Design Size Characteristics Intervention Duration Comparison QOutcome(s)
15 y/o female { nl\:[}jn:ﬁl the;la%);é:)r Assessed at baseline,
Clinical Lmbar Aypomobtity 5th and 10th visit;
. . 2. Therapeutic exercise for y I
diagnosis: . . - Clinically significant
Fecteau Case " hip strengthening 16 visits over Not . . .
n=1 transitional - improvement in pain;
[45] report 3. Neuromuscular 8 weeks applicable .
vertebrae and - No functional measure
re-education for
lumbar - 1 or self-reported
retrolisthesis lumbopelvic stability questionnaire reported
4. Sport-specific training
Feasibility and
s endurance assessed at
13 females, 16 Feasibility Stud.y.for calf study completion;
muscle training . e - .
males . . 47 exercise injury questionnaire
Ganderton . . Maximal set of calf raises ) Not .7
[46] Cohort n=29 Active touring with proper form. each sessionsover .. o administered weekly;
professional 1th prop o 9 weeks PP High adherence
circus performers limb, once daily each and substantial
workday . .
improvement noted in
calf endurance
Mean age: 23.82
(2.88) . Assessed at baseline, 6
16 females, Telghealth (Elehvery mo@e and 12 weeks, 6 and
Phasic exercise progression
8 males, student emphasizine scapular 9 months;
Ganderton circus performers P § scapuia 12 visits over Not Statistically and
Cohort n=24 Ay control and strengthening . - ST
[47] Clinical . . 12 weeks applicable clinically significant
di . in increasing ranges of . :
iagnosis: . . improvement in
. motion towards circus .
atraumatic specific trainin function, strength and
shoulder P & kinesiophobia
instability
Phasic progression
consisting primarily of
16 v/o female 1. Manual therapy for Assessed at baseline,
};aoba t pain relief Not weeks 3, 6, 10 and
Roubea Case n=1 Clinical 2. Progressive wrist, elbow 10 visits over  applicable 3 months;
[48] report - diagnosis: partial and scapular strengthening, 8 weeks Not Clinically significant
tegr " Ht%CL core stability progressing to applicable improvements in pain
& closed chain activities, and function
plyometric and
sport-specific exercise
Suggestion to use
Clinical movement system
Scherb sugges- NOt Not applicable impairment classification in NOt NOt Not applicable
[41] ¢ applicable applicable applicable
tion management of
circus athletes
1. Wrist splinting Return to normal
42 y/o male x 6 weeks activity at 3 months,
rigger 2. Intermittent mobilization pain and grip assessed
Teo [49] rSaZi n=1 Clinical at 4 weeks ‘o 1\(1)(;; d a Iﬂgetlble at 6 months;
P P pp Clinically significant

diagnosis: flexor
carpi ulnaris tear

3. Progressive forearm
strengthening and loading
activities at 6 weeks

improvement in pain
and grip strength

3.5. Psychosocial Variables

Of the 49 studies included, 9 studies were related to psychosocial variables

(Figure 3) [5,8,9,11,50-54]. A total of 961 unique circus artists were included with relevant
study results presented in Table 5. There was a nearly equal range of expertise, as three
studies included professional or retired circus artists [5,9,11], three studies included pre-
professional circus artists [50,51,54], and three studies included professional and pre-
professional circus artists [8,52,53]. Eight of the studies reported on participants” mental
health or emotional perceptions of their body, career, or lifestyle. Four of these studies
reported on stress and negative emotions, two studies reported on fatigue, three studies
reported on anxiety and fear, one study reported on depression, and one study reported on
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overall mental health. Overall, results indicated high levels of fatigue, negative emotions,

increased anxiety, and low self-efficacy.

Table 5. Studies reporting on psychosocial variables in circus artists.

Study S::ﬂg}; Szr;;lzle C}I::;:cizl;iasr;itcs Instrument(s) Used Outcomes
4 themes of perceptions and beliefs of
injury identified:
1. The injured artists—circus training and
performance viewed as their whole life,
Professional circus artists nota JOb’;g‘:)g’E; S;g;’i)‘;e effect on
l\ief:rinaaé?/;?)rzzlrfge 2. Professionalism—work and the
Cayrol 27 _425 years Semi-structured, performance should take precedence over
5] Qualitative n=10 Mean performance individual interviews personal issues or injuries.
experience: 12 years (virtual or in-person) 3. Circus life—work perceived as
At leas.t one challenging, lack of a fixed address limited
iniury reported injury management, injuries often
juty rep self-managed or treated by other artists.
4. Artists’ experience of
healthcare—personalized and specialized
healthcare is required but not
typically available.
Highest scores of challenge level, state
anxiety, and fatigue at end of year
Schedule demands overall highest
challenge item.
Professional circus Circus Daily Challenges ~ Technical development, artistic expression,
Deck P i tudent Questionnaire; physical prep, and sleep 2nd highest
ecker rospective _ students - . .
[37] cohort n=92 32 females, 60 males Scales perceiving coping, . challenge 1jtem.
Mean age: 20.4 (2.4) years state anxiety, sleep Sleep, artistic expression, and fear of
T and distress injury were most frequently reported over
the year.
Increase in challenge level was associated
with an increase in anxiety state
and fatigue.
High measures of fatigue, emotional
exhaustion, injury, and low self-efficacy
. Retrospective _ Professional circus artists The Recovery-Stress were assoc1atgd w1th.a.2—3 * inerease m
Shrier [9] cohort n=47 17 females, 30 males Questionnaire risk for injury.
! High levels of social stress or a low level of
either success or personal accomplishment
may be a predictor of injury.
Oﬁ;ﬁzﬁfgg 2;?61 Higher prevalence of mental health
Questionnaire; problems during 3-month
Stress (0-100, 100 ~ more COVID-19 lockdown.
n=98 stresée d); Average stress 40.38 pre-COVID-19 and
Stubb P i total; Performing arts students 3l lit ’1_1 0 37.66 during lockdown.
uooe rospective circus 74 females, 24 males eep quality ( ! Average sleep quality 6.44 sleep quality
[51] cohort - R 10 = good sleep); .
artists Mean age: 19.9 (2) years Subiective mental health pre-COVID, 6.87 during lockdown.
n=25 (hi] her score = worse) Subjective mental health: 27.6% in March,
B e g 32.7% in April, 35.7% in May.
mental health Loneliness: 75.5% of people dealt with
I severe loneliness during lockdown.
nventory
No significant difference between circus
Expertise included Sensation seeking, Aeriz:la;ifgtf;iz ic))(r Zirifr??eilnﬁlore
amateurs, students, Emotional regulation, emotional regulI;tion agency,
professwna}s, retired and Agency Scale; conscientiousness and agreeableness than
van Rens  Explanatory professionals Ten Item object manipulators
n =248 188 females, 54 males, Personality Inventory; ’ .
[52] research Floor acrobats reported more near misses

6 other/prefer not to say
Mean age: 30.7 (8.4) years
Mean circus experience:
7.3 (6.7) years

Accidents and Close Calls
in Sport Inventory;
Perceived risk
of Activities

and accidents than both aerialists and
object manipulators.
Object manipulators had significantly
lower perceived risk than aerial and
floor acrobatics.
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Table 5. Cont.

Participant
Characteristics

Instrument(s) Used

Outcomes

Professional circus artists

who were formerly
gymnasts
4 female, 4 male

Mean age: 30.9 (4.4) years

Mean circus experience:
5.8 years

Semi-structured
individual interview

3 phases were identified in transitioning
from gymnastics to professional circus:
(1) realizing, (2) adaptation, (3) thriving.
Realizing phase included hard work,
motivation to accomplish the transition,
social support, optimism.
Adaptation phase included general stress,
loss of competence, social adjustment,
taking calculated risks, physical recovery.
Thriving phase included freedom,
personal development,
social connectedness.
Career transition process included an
emergence of a circus artist identity.

Expertise included
amateurs, students,
professionals, retired
professionals
415 females, 62 males,
23 transgender/
gender-diverse

Mean age: 31.1 (8.2) years

Mean circus experience:
7.6 (5.9) years

Depression Anxiety
Stress Scale-21;
The Flourishing Scale;
State Trait Assessment
of Resilience

Circus artists experience lower levels of
mental health than other populations
despite higher levels of
psychological resilience.

Circus artists had higher levels of
depression, anxiety, and stress, and lower
flourishing than other populations, with
object manipulators reporting worse
scores than other disciplines.
Higher state/trait resilience associated
with higher psychological well-being.
Transgender and gender-diverse
individuals had higher depression scores.

Expertise included
amateurs, students,
professionals, retired
professionals
415 females, 62 males,
23 transgender/
gender-diverse

Mean age: 31.1 (8.2) years

Mean circus experience:
7.6 (5.9) years

Circus Addiction
Inventory;
Eating Attitudes Test
short form;

State Trait Assessment
of Resilience

Exercise addiction positively related to
being at risk of eating disorders and
negatively related to experience.
Males scored lower on the circus addiction
inventory than female or
transgender/gender-diverse peers.
Aerial acrobatics were more likely to be at
risk for eating disorders than floor artists
and had higher addiction scores compared
to equilibrium and floor acrobatics.

Study Sample
Study Design Size
vanRens o - litativ n=8
[11] ualitative =
van Rens  Explanatory _
[8] research n =500
van Rens  Explanatory _
[53] research n =500
Walby - _
[54] Qualitative n=31

Circus aerialists
19 females, 12 males
Age range: 22-37 years

Semi-structured
individual interview

Primary emergent themes included
training with pain, body image,
performance, aerialism and risk, injury
and the erosion of body capital, and
aging out.

Recognizing the circus performance span
is brief, artists often push their bodies
through pain and risk boundaries.

4. Discussion

This scoping review sought to describe injury characteristics and management strate-
gies for circus artists. Circus arts participation is becoming more popular across the lifespan,
and research is helping to identify injury trends and those at risk for injury. However,
based on the results of this review, there appears to be substantial variation in reporting,
few appropriate screening instruments for injury risk mitigation, and minimal evidence

guiding the treatment of circus artist injuries.

Based on the results of this scoping review, the largest proportion of retained arti-
cles were related to the injury patterns and trends of circus artists. In a 2017 systematic
review of circus artist injuries, Wolfenden and Angioi identified eight studies reporting
on 4795 participants (1281 of which were duplicated from two studies) [7]. This scoping
review found 11 new studies on injury patterns since that publication, suggesting a growing
scholarly interest in the topic. Despite reporting variability, this review identified acrobats
performing ground elements to be the most commonly injured discipline, the shoulder,
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ankle and spine to be common regions of injury, joint and muscle/tendon tissues to be
commonly injured, and traumatic and overuse injuries to be equally common. Physi-
cal therapists are well-positioned to manage the gamut of circus injuries, but knowing
the task-specific demands and mechanism of injury can allow for comprehensive and
individualized care.

Variability and inconsistency across studies can make synthesis of findings difficult.
Although a circus-specific reporting extension of the IOC consensus statement was pub-
lished in 2022 [6], knowledge translation can take time, and only one study implemented
the reporting methodology [10]. The lack of standardized surveillance, in part due to
heterogeneity among study design and injury definitions, should be rectified for future
prospective protocols across circus disciplines. Additionally, the potential for underreport-
ing should be considered. In a recent systematic review, between 20 and 91% of workers
failed to report their injury to their supervisors or worker’s compensation, with a variety
of socioeconomic and employment characteristics, psychosocial variables, and healthcare
providers often cited as contributing factors [55]. Circus artists may have pessimistic views
of healthcare for their conditions and substantial internal and external pressure to push
through injuries [5]. The quantitative results of this review related to injury patterns should
be considered in context of possible underestimation.

This review identified intrinsic (personal) and extrinsic (environmental) risk factors
that impact injury. Intrinsic risk factors identified were chronological age, history of eating
disorder, and sex at birth, while extrinsic risk factors were type of performer, level of
performer, and rest time between performances [17]. Greenspan [10,17] and Hamilton [34]
found chronological age and age over 30 were associated with increased risk of injury.
This contrasts with injury trends in gymnastics, where adolescents face a higher risk.
The discrepancy may stem from differences in participation patterns, as adults are more
likely to engage in circus arts, whereas gymnastics is predominantly practiced by younger
individuals [56]. Individuals with an eating disorder averaged increased injury rates than
individuals without an eating disorder [10], which is consistent with previous work in
high school athletes [57]. This may be related to body image and esthetic expectations
of circus performers [54] and possible exercise addiction [53] with implications for injury
for sudden-load disciplines. Three of the studies noted discipline type as a risk factor.
Greenspan [17] identified aerial with ground elements to have higher instances of injury
per 1000 exposures, whereas Hamilton identified sudden load to have higher rate of time
loss injuries [34]. Although higher workload and less rest between practice or performance
were identified as risk factors for circus injuries [32,33], so too was being a pre-professional
or less experienced artist [10]. Given the highly specialized and intricate physical demands
of circus artists, good technique and appropriate rest are important factors in reducing
injury risk. If clinicians are aware of common risk factors for injury in circus artists, they
can create and implement screening and prevention strategies and create physical therapy
plans of care that minimize risk of reinjury.

This review identified various screening tools and processes utilized for circus artists.
Professional circus artists made up 68% of the studies included and pre-professional circus
artists made up 32% of the studies. There was variation in assessment timing, which
was collected at a single time point [35] or serially [23] at different points during a circus
artists’ career. Callahan et al. [36] emphasized the importance of posture and movement
retraining, education on when to use a mid versus full range of motion, and strength
training to manage hypermobility. Although the authors did not suggest a specific strength
training program, high-load strength training was superior in the short term to low-load
training for individuals with hypermobile shoulders [58]. Long-term effectiveness was not
different and the study did not include elite-level athletes, which limits generalizability
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to this population. Various testing modes including functional tests, manual muscle tests,
dynamometers, and isokinetic testing were used to assess muscle performance [36,39,40,43].
The authors found that female circus artists tend to have greater passive range of motion
compared to males, and professionals had greater muscle performance compared to pre-
professionals. This may be a contributing factor associated with the greater injury risk of
female athletes and pre-professionals.

Despite the substantial amount of evidence detailing injury patterns in the circus
athlete population, there is a relative dearth of literature guiding the physical therapy man-
agement of this unique group. While some task-specific movements mimic those required
in other well-researched sports (e.g., gymnastics, dance, cheerleading), the management
of this group compared to its similar activities is nearly non-existent. The treatment of
only 57 unique participants was identified with this review, approximately 0.5% of the
total population assessed. Available evidence is limited to small cohorts, case studies,
or suggestions, preventing the assessment of treatment effectiveness. From the limited
evidence, clinicians can imply that circus artists who have substantial and unique physical
and psychological demands require multimodal and tailored rehabilitation programs. One
could postulate that the limited data describing circus athlete management parallels the
psychosocial findings of this review, identifying a lack of willingness of circus artists to
report injuries or perceived challenges with obtaining appropriate sport-specific care [5].
Recognizing that circus artists may be required to travel for performances, it may be dif-
ficult to establish continuous care. While telehealth options may be appropriate [46,47],
classic in-person physical therapy care may be challenging and should be reconceptual-
ized for this population. The discrepancy between rising circus performance popularity
and injury research compared to intervention studies highlights the need for additional
high-quality research.

This review found that circus artists and circus students reported high rates of mental
health issues, including depression, anxiety, sleep deprivation, and stress. While none of
the psychological studies included a control group of non-circus participants, 88.8% of the
studies on psychological variables found emergence of negative emotions surrounding their
craft [5,8,9,50-54]. Circus artists’ livelihood is dependent on how they are able to physically
perform both during training and performances. Shrier [9] reported that high fatigue,
emotional exhaustion, injury, and low self-efficacy put an individual at a 2-3 x increased
risk for injury. High stress and/or anxiety was reported in 55.5% of the psychological
studies for circus artists [8,9,11,50,51]. Being impeded from doing one’s job can result in a
mass of negative emotions, whereas having a more positive disposition has been found
to improve long-term recovery and survival [59]. While circus artists experience many
negative emotions, they also report a high amount of resiliency and motivation in their
craft [8,11]. Poor sleep quality and high fatigue levels were another major theme reported
among circus artists [9,50,51]. Previous research has suggested that a lack of sleep may put
an individual at a greater risk of injury [60]. If an artist is stressed or anxious, this may lead
to poor sleep, which in turn may predispose them to a higher likelihood of injury, which
will begin a perpetuating cycle. This cycle has been previously discussed in the context of
elite athletes [61]. Poor sleep hygiene also imposes a delay in injury recovery [62,63]. While
impaired sleep and anxiety were not compared to one another in the included studies, these
characteristics were reported in as high in 100% of the population in studies that reported
data on those variables [9,37,51]. Evaluating negative psychosocial and lifestyle variables
involved in an individual’s healthcare experience is essential, and physical therapists
should recognize the prevalence of these problems in circus athletes.

While this review is novel and carries important clinical and research implications,
there are limitations. The literature search included numerous databases and gray literature,
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and was created collaboratively by authors with systematic review experience and a
research librarian. However, it is possible that potentially relevant work was not retained
by the search itself or during the screening process. Specific clinical guidance offered
from this report is limited, in large part due to limited evidence and variable reporting.
However, the synthesis of key concepts related to the management of circus artists identified
important information and opportunities for investigation. While not required for scoping
reviews, if quality assessment was formally completed for the included studies, additional
information could be provided regarding the topic.

While this review identified and synthesized key aspects of injury patterns and man-
agement strategies, a number of evidence gaps were recognized. The average age range
across studies varied from 11 to 34 years old. According to the 2022 Circus Census Re-
port, circus performers ranged in age from 6 to 55 and beyond [1]. Additional data on
participants aged 6-11 and adults over 34 would help create a more comprehensive un-
derstanding of the entire circus artist community. Although the synthesized results of this
review help understand injury patterns, it is clear that screening tools and management
strategies are limited. Developing and validating sport- and discipline-specific physical and
holistic screening instruments can allow clinicians to identify pre-participation injury risk
and implement preventative programs to minimize or mitigate the risk. Finally, it is clear
that although much is known about how circus artists get injured, and what their injury
experience entails, the management of circus injuries is absent. Studies evaluating and
describing the effectiveness of intervention strategies are needed. Specifically, comparative
studies including multiple treatment options or patient populations would be useful.

5. Conclusions

The purpose of this review was to describe the evidence related to the injury char-
acteristics and management strategies for circus artists. This review found injury trends
and characteristics are well-researched but variably reported. Acrobats, particularly those
incorporating ground elements, are most often injured, with shoulder, ankle, and spine in-
juries commonly reported. Although some risk factors are known and can predict who may
develop injury, few sport-specific screening tools are available or used for this unique pop-
ulation. Further proactive assessment of psychological variables and screening instruments
for this population appear warranted. Importantly, the physical therapy management
of circus injuries is limited to few studies of low-level evidence and should be a point
of emphasis in this scholarly area. While a growing population globally, the evidence
related to physical therapy evaluation and management of circus artists would benefit from
consistent reporting and high-quality prospective and comparative studies.
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Abstract: Frozen shoulder (FS) is a complex and multifactorial condition characterized by
persistent inflammation, fibrosis, and metabolic dysregulation. Despite extensive research,
the underlying drivers of FS remain poorly understood. Recent findings indicate the
coexistence of pro-inflammatory and fibrosis-resolving macrophages within affected tissues,
suggesting a dysregulated immune response influenced by metabolic and neuroendocrine
factors. This review proposes that leptin resistance, a hallmark of metabolic syndrome and
chronic inflammation, may play a central role in FS pathogenesis by impairing macrophage
polarization, perpetuating inflammation, and disrupting fibrosis resolution. The JAK-STAT
signaling pathway, critically modulated by leptin resistance, may further contribute to
immune dysregulation by sustaining inflammatory macrophage activation and interfering
with tissue remodeling. Additionally, FS shares pathogenic features with fibrotic diseases
driven by TGF-f3 signaling, mitochondrial dysfunction, and circadian disruption, further
linking systemic metabolic dysfunction to localized fibrotic pathology. Beyond immune
and metabolic regulation, alterations in gut microbiota, bacterial translocation, and chronic
psychosocial stress may further exacerbate systemic inflammation and neuroendocrine
imbalances, intensifying JAK-STAT dysregulation and leptin resistance. By examining the
intricate interplay between metabolism, immune function, and fibrotic remodeling, this
review highlights targeting leptin sensitivity, JAK-STAT modulation, and mitochondrial
restoration as novel therapeutic strategies for FS treatment. Future research should explore
these interconnections to develop integrative interventions that address both the metabolic
and immune dysregulation underlying FS, ultimately improving clinical outcomes.

Keywords: frozen shoulder; metabolism; immunology; psychology; rehabilitation

1. Introduction

Frozen shoulder (FS), also known as adhesive capsulitis, is a musculoskeletal condition
characterized by progressive pain and significant limitation in the range of motion of
the shoulder joint. Affecting approximately 2% to 5% of the general population, FS is
particularly prevalent among individuals between the ages of 40 and 60, with a higher
incidence observed in women compared to men [1-3]. The condition can be classified into
primary or idiopathic and secondary forms, with the latter often associated with trauma,
surgery, or systemic diseases such as diabetes mellitus. FS not only impacts patients’ quality
of life, but also has considerable socioeconomic implications, including high healthcare costs
and significant work-related disability. Studies have shown that up to 50% of individuals
with FS experience a reduction in their capacity to perform work-related tasks, leading to
decreased productivity and increased absenteeism [4]. The long duration of the disease,
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which can last from 1 to 3 years or more, further exacerbates these socioeconomic burdens,
as patients often require prolonged treatment and rehabilitation [5].

The etiology of FS remains largely unclear, though it is generally accepted to be a mul-
tifactorial condition involving both mechanical and biochemical components [6]. Systemic
diseases such as diabetes mellitus, cardiovascular disease, and metabolic syndrome have
been strongly associated with an increased risk of developing FS [7]. These conditions,
characterized by chronic low-grade inflammation and insulin resistance, contribute to
altered tissue repair mechanisms, leading to fibrosis and thickening of the joint capsule [4].
In particular, metabolic disturbances, including the dysregulation of adipokines, have
been proposed as central to the inflammatory processes driving FS [8,9]. One of the key
adipokines involved is leptin, a hormone produced by adipose tissue that plays a sig-
nificant role in both energy metabolism and immune regulation. Elevated leptin levels
and leptin resistance may be linked to the chronic inflammation and fibrosis observed
in FS, suggesting a possible metabolic pathway contributing to the disease’s progression,
and positioning it as a pivotal player in the emerging field of immunometabolism [10].
Leptin receptors are widely expressed throughout the immune system, and their regulatory
effects encompass both innate and adaptive immune cells. Leptin is among the adipokines
contributing to the chronic inflammatory state associated with obesity, which predisposes
individuals not only to type 2 diabetes, metabolic syndrome, and cardiovascular disease,
but also to autoimmune and allergic disorders [11].

In this regard, it has been hypothesized that the GABAergic system may play a crucial
role in the development of FS, suggesting a potential link between type 1 diabetes, autoim-
mune endocrine disorders, and FS through shared pathophysiological mechanisms [9].
According to Nataf et al., antibodies against GAD65, which are implicated in both type
1 diabetes and central nervous system disorders, often arise from two synergistic risk
factors: immune challenges and psycho-emotional stress. This combination increases the
likelihood of T cell priming against GAD65, potentially leading to both type 1 diabetes
and central nervous system disorders [12]. Antibody spreading is a known mechanism
in autoimmune diseases, and the propagation of GAD65 antibodies has been observed
in individuals with type 1 diabetes, although antibody levels were not consistently high
enough to predict autoreactivity in infiltrated tissues [13]. Proteomics could be employed
to test this hypothesis regarding why type 1 diabetes (DM1) is more closely associated with
FS than type 2 diabetes (DM2). Such research aims to identify immune-related proteins,
including T lymphocyte markers and the presence of GADG65 or other superantigens, along
with their corresponding antibodies. Nonetheless, disturbances in the GABAergic system
could contribute to a fear of physical activity, and movement neglect has been identified as
a significant risk factor for the development of FS [8].

A study by Kawahara et al. analyzed the proteomic profiles of FS in different re-
gions of the shoulder capsule across various patient groups. Their analysis compared
twelve patients with severe primary FS to seven patients with FS and rotator cuff tears,
who served as a control group. Significant proteomic differences were found between the
two groups, with several proteins highlighted for their clinical relevance [14]. Notably,
proteins involved in the PI3K-Akt and PPAR signaling pathways—key components of
insulin and leptin metabolism—were more prominent in patients with primary FS [15,16].
This increased signaling activity suggests the heightened involvement of insulin and leptin
pathways in the pathophysiology of primary FS, potentially linked to insulin and leptin
resistance [16,17]. Conversely, the proteome of patients with rotator cuff damage was more
closely related to direct tissue injury rather than metabolic disturbances. These findings
were supported by the detection of proteins indicating Staphylococcus aureus infection,
antigen processing and presentation, and lysosome/phagosome activity [14]. The involve-
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ment of phagosomal and lysosomal activity suggests the presence of damage-associated
molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) [18,19].
In cases of FS following rotator cuff damage, barrier disruption between the blood and
capsule may underlie symptomatology. This distinction implies that patients with primary
FS may benefit from treatments targeting lifestyle modifications and metabolic interven-
tions to address insulin and leptin resistance, while those with traumatic FS may require
more orthopedic-focused approaches. The study also concluded that primary and sec-
ondary FS have distinct etiologies and pathophysiologies, necessitating differentiated
therapeutic strategies [9,14].

Additionally, Hand et al. identified immune cell infiltration in the shoulder capsules
of 22 patients with refractory primary FS. Mast cells were the most prevalent, followed by
T lymphocytes, B lymphocytes, and macrophages, indicating a chronic inflammatory
state in primary FS. The interaction between mast cells and fibroblasts suggests that
inflammation drives fibrosis through mast cell-mediated mechanisms [20]. The presence of
T and B lymphocytes, components of the adaptive immune system, raises the possibility
of an autoimmune reaction targeting fibrotic tissue in FS, although alternative hypotheses
may exist. Latest studies utilizing single-cell RNA sequencing (scRNA-seq) to map the
cellular landscape of frozen shoulder tissue identified key cell types and their roles in the
resolution of inflammatory fibrosis. The main findings suggest that FS differs from other
fibrotic conditions because it is a self-limiting disease, with pro-inflammatory and fibrosis-
resolving macrophages (MERTK+ macrophages) coexisting in the affected tissues. These
macrophages interact with specific fibroblast subtypes (DKK3+ and POSTN+ fibroblasts)
to promote matrix remodeling and inflammation resolution. Moreover, the study found
similarities in the gene expression profiles of MERTK+ macrophages in FS and those in
synovial tissues from rheumatoid arthritis patients in remission, supporting the hypothesis
that these macrophages facilitate the resolution of inflammation. The study suggests that
the cellular mechanisms for resolving FS fibrosis may be pre-established during human
shoulder development. These findings open avenues for new therapeutic strategies aimed
at promoting resolution of fibrosis in chronic inflammatory diseases by targeting the
interactions between specific macrophage and fibroblast populations [21].

Despite growing evidence linking metabolic dysfunction with FS pathophysiology,
the precise mechanisms remain unclear. The interplay between leptin resistance, JAK-STAT
signaling, and immune responses has not been thoroughly investigated in FS, leading to a
gap in understanding its systemic nature. This review aims to: (1) explore the link between
metabolic dysregulation and immune dysfunction in FS, (2) examine the role of JAK-STAT
signaling in chronic inflammation and fibrosis, (3) compare JAK-STAT signaling with other
fibrotic pathways such as TGF-3, and (4) propose novel therapeutic strategies targeting
metabolic-immune interactions in FS.

2. Scoping the Role of JAK-STAT Signaling and MERTK+ Macrophages
in Inflammatory Fibrosis Resolution

The aforementioned discovery aligns with the hypothesis that metabolic signals, po-
tentially mediated by leptin, influence the activity of these immune cells. Leptin’s role
in energy regulation may extend to regulating the metabolic energy requirements of im-
mune cells, particularly macrophages and fibroblasts, thereby influencing their capacity
for fibrosis resolution. Given leptin’s dual role in metabolism and immunity, it is plausi-
ble that disruptions in leptin signaling—such as those observed in metabolic syndrome
and obesity—contribute to prolonged inflammation and delayed fibrosis resolution in
FS [22,23]. The cellular energy demands of MERTK+ macrophages and fibroblasts during
matrix remodeling may be influenced by leptin sensitivity and overall metabolic health.
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Hypothetically, enhancing leptin sensitivity or targeting its downstream signaling path-
ways could improve the efficiency of these immune cells in resolving fibrosis, providing a
potential therapeutic target. Thus, leptin may act as a bridge between metabolic dysfunc-
tion and impaired immune responses, perpetuating conditions like FS unless metabolic and
immune homeostasis are restored [24]. The role of leptin and metabolic signals becomes
even more pronounced when considering the JAK-STAT signaling pathway, as discussed in
Sarapultsev et al. [25]. JAK-STAT is a key signaling mechanism in both immune and
metabolic regulation, with direct implications for inflammation and cellular stress re-
sponses [26]. Dysregulation of this pathway, such as through leptin resistance, can per-
petuate chronic inflammation and hinder the resolution of fibrosis, as seen in conditions
like FS [10]. This pathway interacts with the immune system at various levels, promoting
or dampening inflammatory responses based on metabolic inputs, such as leptin levels
and signaling [27].

The presence of leptin resistance in FS patients may impair the proper functioning
of the JAK-STAT pathway, leading to prolonged inflammation and delayed resolution
of fibrosis [28]. This highlights the need for therapeutic interventions targeting both
metabolic dysfunction and immune regulation, such as enhancing leptin sensitivity or
directly modulating the JAK-STAT pathway to restore immune and metabolic balance in
affected tissues [29]. Future research should focus on the combined role of metabolic regu-
lators, like leptin, and immune-modulating pathways, like JAK-STAT, in promoting tissue
repair and fibrosis resolution in frozen shoulder [9]. The JAK-STAT signaling pathway,
a critical mediator of immune responses and leptin signaling, may also be implicated in
FS pathophysiology. In the context of leptin resistance, dysregulation of the JAK-STAT
pathway exacerbates inflammatory responses, activating transcription factors involved in
fibrosis and tissue remodeling [30]. This suggests that therapies targeting JAK-STAT signal-
ing could potentially mitigate the chronic inflammation and fibrosis characteristic of FS [31].
In this regard, a key aspect of fibrosis progression is the dysregulation of transcription
factors, which are downstream targets of the JAK-STAT pathway [32]. Activation of STAT
proteins, such as STAT3, has been implicated in promoting fibroblast proliferation and
collagen production, exacerbating fibrotic responses [33]. The continuous stimulation of
STAT3 in response to cytokines and growth factors, such as TGF-3, leads to unchecked ECM
accumulation, a process that is central to the fibrotic pathology observed in FS [34]. Recent
transcriptomic analyses from patients with FS reveal the upregulation of genes involved
in immune responses and extracellular matrix modification, such as MMP9 and MMP13,
which are closely associated with collagen degradation and fibrosis progression [35]. These
findings suggest that metabolic dysregulation, mediated by leptin resistance, may directly
influence the cellular processes that perpetuate inflammation and fibrosis in FS.

3. JAK-STAT, TGF-f3, and Leptin Signaling in Frozen Shoulder

The TGF-f signaling pathway is well recognized as a central driver of fibrosis across
multiple organ systems, including the musculoskeletal system. Elevated TGF-3 activity
has been implicated in fibroblast proliferation, extracellular matrix (ECM) deposition, and
persistent myofibroblast activation, all of which contribute to joint capsule fibrosis and
stiffness [36,37]. However, recent evidence suggests that the JAK-STAT pathway may also
modulate fibroblast function and ECM production, establishing an important link between
immune-mediated inflammation and fibrotic progression [38,39].

Notably, leptin signaling appears to intersect with both JAK-STAT and TGF-f3 path-
ways. Leptin promotes TGF-f3-induced fibroblast differentiation into myofibroblasts in
various fibrotic conditions, including pulmonary and hepatic fibrosis [40,41]. Moreover,
studies suggest that STAT3 activation can directly upregulate TGF-3 expression, amplify-
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ing fibrotic responses [42]. In contrast, leptin resistance may lead to a dysregulated JAK-
STAT response, potentially altering its interaction with TGF-f3 and promoting a sustained
fibrotic environment [43].

Both TGF-p and JAK-STAT pathways contribute to fibrosis progression, but through
distinct and complementary mechanisms. TGF-f primarily drives fibrosis via SMAD-
dependent pathways, promoting fibroblast-to-myofibroblast differentiation, ECM produc-
tion, and tissue remodeling [36,37]. The JAK-STAT pathway, on the other hand, is primarily
involved in immune regulation, but also plays a role in fibroblast activation and ECM
remodeling, particularly through STAT3-mediated transcriptional regulation of fibrotic
genes [38,39]. The crosstalk between these pathways is evident in various fibrotic condi-
tions, where persistent STAT3 activation has been linked to increased TGF-f3 expression,
reinforcing the fibrotic response [42].

The interplay between leptin resistance, JAK-STAT signaling, and TGF-{ in FS remains
an area of significant interest. Leptin resistance disrupts homeostatic metabolic signaling,
which in turn influences immune and fibrotic pathways, creating a chronic inflammatory
state that favors fibrosis progression. The effects of leptin on TGF-f signaling could
be direct, through its influence on fibroblast activation, or indirect, by modulating the
inflammatory microenvironment that sustains TGF-{3 activity [40,41]. Given that leptin
resistance is closely linked to metabolic dysfunction, obesity, and chronic inflammation,
its impact on both JAK-STAT and TGF-f3 could provide a unifying explanation for the
metabolic-immune dysregulation observed in FS [43].

While JAK-STAT and TGF-f3 function as independent pathways, their interaction in
the fibrotic progression of FS remains underexplored. Given the evidence that leptin influ-
ences both pathways, further research is warranted to determine whether leptin resistance
disrupts this balance and fosters a chronic inflammatory-fibrotic state in FS. Targeting both
pathways simultaneously—through JAK-STAT inhibitors, TGF-3 modulators, or metabolic
interventions aimed at improving leptin sensitivity—could provide a novel therapeutic
strategy for FS patients.

4. Chronic Neuroinflammation, Leptin Resistance, and
JAK-STAT Signaling

The coexistence of both pro-inflammatory and fibrosis-resolving macrophages
(MERTK+) within the fibrotic tissues of frozen shoulder (FS) may be further explained
through the lens of neuroinflammation and leptin resistance, particularly regarding the
JAK-STAT signaling pathway [21]. Neuroinflammation, a state of chronic inflammation
within the central nervous system (CNS), often results from a dysregulated immune re-
sponse, driven by the JAK-STAT pathway [44]. This pathway is activated by various
cytokines that promote both immune and inflammatory responses, playing a crucial role in
diseases such as multiple sclerosis and Parkinson’s disease [34].

Leptin resistance at the hypothalamic level, which is often present in individuals
with metabolic syndrome, can exacerbate neuroinflammation by disrupting the normal
regulation of energy balance and immune responses [45]. Leptin normally acts on hypotha-
lamic receptors to regulate appetite and energy expenditure, but when leptin signaling is
impaired, a state of chronic low-grade inflammation ensues [46]. This inflammatory state
may spill over into peripheral tissues, such as those involved in FS, creating an environment
where pro-inflammatory and fibrosis-resolving macrophages coexist [47]. The JAK-STAT
pathway plays a central role in both the central and peripheral inflammatory processes,
amplifying the inflammatory signals in response to neuroinflammation [34,48].
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In FS, this disrupted signaling could manifest as a failure to effectively transition
macrophages from a pro-inflammatory to a pro-resolving phenotype, leading to the per-
sistence of fibrosis [38,49]. The involvement of JAK-STAT signaling in neuroinflammation
suggests that targeting this pathway could mitigate not only the peripheral fibrotic re-
sponse, but also the central neuroinflammatory drivers of FS [26,50]. The pathway’s role
in activating transcription factors associated with fibrosis and inflammation further un-
derscores its importance [51,52]. Future research should explore the potential cross-talk
between neuroinflammation, JAK-STAT signaling, and leptin resistance in FS, as this might
unveil novel therapeutic strategies aimed at resolving both neuroinflammation and periph-
eral fibrosis [47]. Furthermore, in FS, the role of leptin may be further complicated by the
inhibition of its signaling by SOCS3, which binds to the leptin receptor, particularly at sites
necessary for STAT3 activation [53]. This attenuation of leptin signaling may exacerbate
both peripheral inflammation and fibrosis because it disrupts the balance of macrophage
activation [54]. SOCS3, by inhibiting the JAK-STAT signaling pathway, prevents effec-
tive immune resolution and promotes sustained inflammation. Moreover, SOCS3’s role
extends beyond leptin resistance [55]. It is also implicated in insulin resistance, which
contributes to the broader metabolic dysregulation observed in FS patients [7]. In these
individuals, overexpression of SOCS3 in both hypothalamic and peripheral tissues reduces
the effectiveness of insulin signaling, further fueling systemic inflammation [54]. The link
between metabolic disorders and fibrotic diseases, like FS, may thus be mediated, in part,
by the SOCS3-induced blockade of both leptin and insulin pathways, perpetuating chronic
inflammation and tissue fibrosis.

This insight prompts further investigation into the metabolic regulation of immune
cell functions in FS and other chronic fibrotic diseases. It suggests that therapies aimed at
improving metabolic health—particularly those enhancing leptin sensitivity—could also
facilitate immune resolution processes, opening new avenues for treating FS by targeting
both the metabolic and immune aspects of the disease.

The role of chronic psychosocial stress in FS pathophysiology is an emerging area of
interest, particularly in its interaction with metabolic and immune dysregulation. Psycho-
logical factors such as pain-related fear, anxiety, and depression have been identified as
key prognostic markers in FS, influencing functional disability, pain intensity, and recovery
duration [56]. Stress-induced activation of the hypothalamic—pituitary-adrenal (HPA) axis
and the resultant low-grade systemic inflammation may create a metabolic and immuno-
logical context that predisposes individuals to FS [9]. Chronic exposure to stressors not only
contributes to increased circulating levels of pro-inflammatory cytokines, but also disrupts
the homeostatic regulation of leptin and insulin signaling, further exacerbating immune
dysregulation and fibrotic remodeling in FS. In this context, leptin resistance may serve
as a metabolic link between chronic psychosocial stress and the inflammatory processes
driving FS, as persistent stress is known to impair leptin signaling, fostering behavioral
patterns characterized by reduced physical activity and heightened pain perception [8].
These findings suggest that targeting stress-related metabolic dysregulation, alongside
immune and fibrotic pathways, could offer a more integrative therapeutic approach to
FS management. Future studies should explore the potential of interventions aimed at
mitigating stress-induced immune activation and leptin resistance as a novel strategy to
improve both clinical outcomes and patient quality of life in FS (See Figure 1).
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Figure 1. Note. Pathophysiological mechanisms and integrative treatment approaches in frozen
shoulder. This figure provides a comprehensive overview of the multifactorial pathophysiology
of frozen shoulder (FS) and the proposed integrative treatment strategies. On the left side of the
figure, key lifestyle and environmental factors, such as circadian rhythm desynchronization and
modern lifestyle influences (chronic psychosocial stress, sedentary behavior, poor dietary habits, and
pollution), are depicted as major contributors to systemic dysregulation. When sustained over time,
these factors promote low-grade inflammation, neuroinflammation, and a state of insulin and leptin
resistance, disrupting normal metabolic and immune homeostasis. This condition fosters the weaken-
ing of physiological barriers, alterations in gut microbiota composition, and bacterial translocation,
further amplifying systemic inflammation and immune dysregulation. In the central portion of the
figure, the interconnected pathways of metabolic, immune, and neuroendocrine dysfunctions are
highlighted. Chronic psycho-emotional stress and circadian rhythm disruption lead to persistent acti-
vation of the sympathetic nervous system (SNS) and the hypothalamic—pituitary—adrenal (HPA) axis,
which, over time, results in cortisol resistance and SNS sensitization. This prolonged neuroendocrine
dysfunction fosters low-grade inflammation and neuroinflammation, further impairing insulin and
leptin signaling. Leptin resistance, in particular, contributes to a sustained activation of the JAK-STAT
signaling pathway, which is known to promote chronic inflammation and fibrotic processes. The
dysregulation of this pathway is likely responsible for the coexistence of pro-inflammatory and
fibrosis-resolving macrophages in FS, perpetuating a pathological state where fibrosis is initiated but
not efficiently resolved. Furthermore, gut microbiota dysbiosis and bacterial translocation contribute
to the systemic immune activation, exacerbating the inflammatory environment and fibrosis progres-
sion in FS. On the right side of the figure, a multi-targeted, integrative treatment strategy for FS is
proposed, addressing both systemic metabolic-immune imbalances and localized tissue pathology.
These interventions include physiotherapy, exercise, dietary habits, oral health, mental health, and
sleep quality.

5. Low-Grade Infections, Altered Microbiota, and Leptin Resistance

Interestingly, systemic leptin levels are known to decrease in states of malnutrition and
starvation, which underscores leptin’s role as a mediator between nutritional status and
immune function [57]. Leptin deficiency is linked to heightened vulnerability to various
infections [58]. Furthermore, certain infections can mimic malnutrition by downregulating
leptin levels, contributing to an immune-compromised state [59]. For example, a significant
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drop in leptin levels during starvation has been associated with increased sensitivity to
endotoxins like lipopolysaccharides (LPS) and TNF-« in animal models. However, leptin
replacement has been shown to reverse these effects, protecting against fasting-induced
immune deficiencies, such as lymphopenia [60,61].

Phagocytosis, a key immune mechanism for eliminating pathogens, is enhanced by
leptin, which stimulates macrophage activity and prevents apoptosis in multiple immune
cells involved in both innate and adaptive immunity [62]. Numerous studies support
the idea that leptin supplementation can reduce infections caused by pathogens such as
Listeria monocytogenes, Klebsiella pneumoniae, Escherichia coli, and Mycobacterium tuberculosis
by boosting macrophage phagocytosis [10,59,63]. Leptin also plays a crucial role in com-
bating sepsis, a severe inflammatory response that can lead to organ failure and death.
In leptin-deficient mice, exogenous leptin administration improved survival rates during
sepsis by reducing systemic IL-6 levels and controlling inflammation [10,64]. In humans,
higher leptin levels have been observed in survivors of sepsis compared to non-survivors,
underscoring leptin’s protective role in immune responses during infection [59].

Obesity, on the other hand, is associated with elevated leptin levels, which can promote
chronic low-grade inflammation by activating both innate and adaptive immune cells [65].
This pro-inflammatory environment contributes to the breakdown of immune tolerance,
priming immune cells for a Th1-dominated response [10,66]. This persistent inflammation
heightens the risk of developing metabolic diseases such as cardiovascular disease and type
2 diabetes, as well as autoimmune conditions like multiple sclerosis, thyroiditis, rheumatoid
arthritis, and inflammatory bowel disease [67].

Chronic inflammation, whether due to infection or autoimmune disease, can lead
to leptin resistance, particularly in the hypothalamus [68]. This leptin resistance impairs
appetite regulation and energy expenditure, further exacerbating obesity [69]. In obesity, the
interaction between hypertrophic adipocytes and immune cells, such as macrophages, leads
to an overproduction of pro-inflammatory cytokines and adipokines, like leptin [70]. These
molecules perpetuate local and systemic inflammation, contributing to leptin resistance
at both the peripheral and central levels [71]. Inflammatory cytokines activate signaling
pathways, such as NF-«B, which induce suppressors of cytokine signaling (SOCS3) and
protein tyrosine phosphatases (PTP1B), further inhibiting leptin receptor signaling via the
JAK/STAT pathway [26,72,73].

Emerging research highlights the role of gut microbiota in regulating systemic
metabolism, particularly energy balance, glucose homeostasis, and low-grade inflam-
mation associated with obesity [74-76]. Alterations in the gut microbiota, such as those
caused by a high-fat diet, have been linked to a reduction in beneficial bacterial popula-
tions, like Bifidobacterium spp., Lactobacillus spp., and Roseburia spp. [77-79]. The interaction
between gut microbiota and the immune system is mediated by pattern recognition re-
ceptors like Toll-like receptors (TLRs), which detect microbial components such as LPS.
Fatty acids can stimulate innate immunity by interacting with the TLR4/CD14 complex,
further promoting inflammatory responses [80]. Alterations in the gut microbiota have
been implicated in the development of obesity and its related metabolic disorders, with
evidence suggesting that modulating the gut microbiota can influence leptin sensitivity
and metabolic outcomes [81-83].

Interestingly, the gut microbiota also appears to regulate leptin action, with studies
showing that dietary interventions, like prebiotics, can improve leptin sensitivity in obese
and diabetic mice [84]. This suggests that gut microbiota modulation may offer a novel
therapeutic strategy for restoring leptin sensitivity and addressing metabolic dysregulation
in FS.
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Additionally, recent findings suggest a possible infectious etiology in frozen shoulder
(FS), linked to bacteria that commonly inhabit human skin, such as Propionibacterium acnes
(P. acnes) [85-87]. Although some studies argue against this hypothesis, others have found
evidence of infection in FS patients. For instance, markers such as HMGB1, IL-33, S100AS,
and S100A9 were elevated in the joint capsules of FS patients, supporting the notion
of a low-grade infection contributing to the pathology [88]. P. acnes, often dismissed as
a contaminant due to its slow growth in anaerobic conditions, has been implicated in
post-surgical infections and other conditions, like disk herniation [89-91]. The systemic
spread of these bacteria, along with species like Streptococcus epidermis and Corynebacterium
propinquum, could contribute to persistent low-grade infections that play a role in the
chronic inflammation observed in FS [92].

Bacterial infiltration can occur through daily activities, such as tooth brushing, leading
to microbial dissemination via the bloodstream [93]. These bacteria may enter tissues
with low oxygen levels, such as the intervertebral disks and possibly the shoulder joint,
particularly in areas with reduced movement [8,94]. Such low-grade infections may be an
under-recognized factor in the development of FS and other inflammatory conditions [95].

6. Discussion

This review highlights the complex interplay between leptin resistance, JAK-STAT sig-
naling, metabolic dysregulation, and immune dysfunction in the pathophysiology of frozen
shoulder (FS). We summarize evidence suggesting that FS shares common inflammatory
and fibrotic pathways with metabolic disorders, particularly in conditions characterized
by chronic low-grade inflammation, insulin resistance, and dysregulated adipokine sig-
naling. Leptin, traditionally recognized for its role in energy homeostasis, emerges as a
key immunometabolic regulator, influencing fibroblast activation, macrophage polariza-
tion, and immune cell recruitment within the joint capsule. Moreover, we discuss how
JAK-STAT dysregulation, particularly through leptin resistance and SOCS3 overexpression,
may perpetuate chronic inflammation and fibrosis in FS, similar to its role in other fibrotic
conditions. Recent findings demonstrate the coexistence of both pro-inflammatory and
fibrosis-resolving macrophages (MERTK+) in FS tissue, suggesting that metabolic and im-
mune cross-talk influences the progression and resolution of fibrosis, a concept that aligns
with recent transcriptomic and proteomic studies. Additionally, the review explores the
potential role of chronic psychosocial stress as a driver of immune-metabolic dysregulation
and discusses emerging evidence linking gut microbiota alterations and bacterial translo-
cation to systemic inflammation and immune priming in FS. These insights broaden the
traditional understanding of FS as a purely orthopedic condition, instead positioning it as
a multisystem disorder influenced by metabolic, inflammatory, and immune dysfunctions.

A recent study reveals the coexistence of both pro-inflammatory macrophages and
fibrosis-resolving MERTK+ macrophages within the same affected tissue in FS, raising
important questions regarding the underlying metabolic and signaling mechanisms that
allow such cellular dynamics [21]. In traditional models of inflammation, pro-inflammatory
macrophages (often referred to as M1) dominate the early stages of the immune response,
followed by a transition to pro-resolving macrophages (M2) as the inflammation sub-
sides [96]. However, the coexistence of these two distinct macrophage phenotypes in the
fibrotic tissue of FS suggests a more complex regulatory environment, which is potentially
driven by metabolic and immunological factors [97].

One possible explanation for this paradox may lie in the metabolic state of the tissue,
particularly in relation to leptin resistance [98]. Leptin, a key regulator of both metabolism
and immune responses, plays a crucial role in macrophage polarization [99]. In the context
of leptin resistance, which is commonly observed in metabolic syndromes such as obesity
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and type 2 diabetes, macrophages may exhibit a dysregulated response [98]. This dysregu-
lation could impair the typical transition from pro-inflammatory to pro-resolving states,
allowing both phenotypes to coexist within the same tissue [100]. Specifically, leptin resis-
tance may impair the energetic capacity of macrophages, altering their metabolic flexibility,
which is required for the shift toward a fibrosis-resolving phenotype [101]. The inability to
efficiently switch from glycolysis (which favors M1 polarization) to oxidative phosphoryla-
tion (which supports M2 activity) could result in the persistence of both pro-inflammatory
and pro-resolving macrophages in the fibrotic environment of FS [102].

Moreover, the JAK-STAT signaling pathway, which is critically involved in both im-
mune regulation and leptin signaling, may further contribute to this phenomenon [103].
Dysregulation of the JAK-STAT pathway due to leptin resistance can exacerbate chronic
inflammation by promoting the persistence of inflammatory macrophages while simul-
taneously activating downstream signals that encourage tissue remodeling and fibrosis
resolution [27]. In the presence of leptin resistance, the failure to adequately suppress
the pro-inflammatory arm of the JAK-STAT pathway may lead to an environment where
fibrosis-resolving processes are initiated but not fully effective, thereby allowing these
seemingly opposing macrophage populations to coexist [51].

Thus, the coexistence of pro-inflammatory and fibrosis-resolving macrophages in FS
tissue may be indicative of a metabolic and signaling imbalance, where leptin resistance
and JAK-STAT pathway dysregulation prevent the efficient resolution of inflammation
while simultaneously promoting fibrosis. This dynamic highlights the need for further
research into how metabolic interventions, particularly those targeting leptin sensitivity
and JAK-STAT modulation, could restore proper immune balance and improve fibrosis
outcomes in FS.

7. Current Treatments and Future Directions

The treatment of FS remains a challenging and complex endeavor due to the multi-
factorial nature of the disease, involving both metabolic and inflammatory components.
Current therapeutic approaches range from non-surgical interventions, such as physical
therapy, corticosteroid injections, and manual mobilization, to more invasive procedures,
like arthroscopic capsular release and hydrodilation [3]. However, these methods primarily
focus on symptom relief and improving shoulder mobility, with limited effectiveness in
addressing the underlying inflammatory and fibrotic processes [104].

Conventional Therapies and Their Limitations

Non-surgical approaches, such as corticosteroid injections, have demonstrated effec-
tiveness in reducing pain and improving joint function during the early “freezing” phase
of FS. Nonetheless, the long-term impact of corticosteroids remains limited, as they do
not target the underlying causes of fibrosis and inflammation [3,104]. Similarly, physical
therapy and manual mobilization are beneficial for improving the range of motion, particu-
larly in the later stages of FS, but they also fall short in addressing the root metabolic and
inflammatory factors driving disease progression [8,105].

Among non-surgical treatments, corticosteroid injections are widely used to reduce
pain and improve joint function during the early “freezing” phase of FS [106]. Despite
their short-term efficacy, long-term corticosteroid use does not modify the disease course
and is associated with significant risks, including joint deterioration, cartilage degenera-
tion, and systemic metabolic side effects, such as hyperglycemia and insulin resistance,
particularly in patients with pre-existing metabolic disorders [107]. Similarly, physical
therapy and manual mobilization remain the mainstay of conservative treatment, with
benefits in the range of motion improvement, particularly in the later stages of FS [108,109].
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However, overly aggressive mobilization may worsen pain and inflammation, potentially
prolonging recovery [110].

For patients with persistent symptoms, surgical interventions such as arthroscopic
capsular release and hydrodilation are considered. While capsular release is effective in
improving mobility, it carries risks such as postoperative stiffness, adhesion reformation,
and persistent pain [111]. Hydrodilation, which involves the injection of large fluid volumes
into the joint capsule to increase capsular distension, has shown variable success rates and
does not target the fibrotic and metabolic dysfunction underlying FS [112].

8. Emerging Therapeutic Approaches

Recent insights into metabolic dysregulation, particularly leptin resistance, sug-
gest that FS should not only be viewed as a mechanical disorder, but also as a
metabolic-immunological condition. Given the role of leptin in immune regulation and
fibrosis, novel therapeutic strategies targeting leptin sensitivity, JAK-STAT signaling, and
microbiome modulation have gained attention [8].

8.1. Targeting Leptin Resistance and Metabolic Dysregulation

Given the potential role leptin may play in FS pathophysiology, therapeutic interven-
tions aimed at improving leptin sensitivity could prove beneficial. Studies have shown
that exercise, particularly resistance and aerobic training, can improve leptin sensitivity
and reduce systemic inflammation [8,105]. In addition, dietary modifications, such as
time-restricted feeding or intermittent fasting, have been found to modulate leptin lev-
els, offering a potential avenue for metabolic correction in FS patients [105]. However,
while restoring leptin sensitivity could theoretically ameliorate fibrosis and inflammation,
potential risks remain. Excessive leptin modulation could impact systemic metabolism,
potentially influencing appetite regulation, insulin sensitivity, and immune function [113].
Further research is required to determine the optimal balance between therapeutic benefits
and metabolic stability in FS treatment.

8.2. JAK-STAT Pathway as a Target

Persistent activation of this pathway contributes to the overproduction of pro-
inflammatory cytokines, macrophage polarization, and fibroblast activation, leading to
excessive extracellular matrix deposition and fibrosis [34,48]. Thus, the JAK-STAT signaling
pathway, activated by inflammatory cytokines and impaired leptin signaling, may play a
crucial role in both immune regulation and fibrotic progression in FS. Therapies aimed at
modulating the JAK-STAT pathway could reduce inflammation and promote tissue repair,
making it a promising target for FS treatment [8,105]. However, JAK-STAT inhibitors, which
are already in clinical use for autoimmune and inflammatory conditions like rheumatoid
arthritis, have shown promise in reducing fibrosis by modulating macrophage activity and
fibroblast proliferation [114]. Moreover, their immunosuppressive effects pose significant
risks, including increased susceptibility to infections, impaired immune surveillance, and
potential long-term metabolic alterations [115]. Future research should aim to determine
whether selective JAK-STAT modulation can provide anti-fibrotic benefits while minimizing
immune suppression, potentially making it a viable therapeutic option for FS.

8.3. Gut Microbiota Modulation

Recent studies have highlighted the role of the gut microbiota in regulating systemic
inflammation and metabolic health, including leptin sensitivity [116]. Alterations in gut
microbiota composition, often observed in obesity and metabolic syndrome, can exacerbate
leptin resistance and inflammatory processes via bacterial translocation and LPS-mediated
activation of the JAK-STAT pathway [117]. Probiotic and prebiotic interventions may
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offer a novel therapeutic strategy to improve metabolic and immune regulation in FS
patients, potentially reducing the chronic inflammation and fibrosis associated with the
condition [8,118]. However, the precise role of microbiota-driven inflammation in FS
remains to be fully elucidated, warranting further clinical investigation.

9. Future Research Directions

Given the complex interplay of metabolic, inflammatory, and fibrotic processes in FS,
future research must explore novel pathways that may provide insight into the underlying
mechanisms of this condition. One promising area of investigation involves the relationship
between mental health, mitochondrial dysfunction, circadian rhythm disruption, leptin
resistance, and the JAK-STAT signaling pathway, which together could play a pivotal role
in FS progression.

9.1. Lifestyle Interventions as a Potential Therapeutic Approach in FS

In light of the growing evidence linking chronic psychosocial stress, metabolic dysregula-
tion, and immune dysfunction in FS, lifestyle interventions emerge as a promising avenue
for disease management [24]. Modern lifestyle factors, including sedentary behavior, poor
dietary habits, and chronic exposure to psychosocial stressors, have been implicated in the
disruption of homeostatic regulatory systems, including the hypothalamic—pituitary—adrenal
(HPA) axis and the autonomic nervous system [24]. These disruptions, in turn, contribute to
chronic low-grade inflammation, gut barrier dysfunction, and neuroimmune activation,
which have been proposed as key drivers of immune-mediated musculoskeletal condi-
tions such as FS [119]. From a psychoneuroimmunological perspective, interventions that
promote physical activity, circadian alignment, and metabolic flexibility could mitigate
the sustained immune activation and metabolic disturbances associated with shoulder
pain [120]. Regular exercise has been shown to improve leptin and insulin sensitivity,
while also exerting anti-inflammatory effects through modulation of the gut microbiome
and systemic cytokine profiles [121]. Additionally, circadian rhythm regulation through
light exposure, sleep hygiene, and structured feeding patterns has been proposed as an
essential component in restoring immune-metabolic balance, particularly in individuals
experiencing stress-related immune dysfunction [122]. Given the interplay between envi-
ronmental stressors, immune dysregulation, and FS progression, future research should
focus on integrative lifestyle-based interventions that address both the physiological and
psychosocial dimensions of the disease. These approaches may hold significant potential
in improving patient outcomes while reducing reliance on pharmacological therapies that
primarily target symptom relief rather than the underlying pathophysiology of FS.

9.2. Mitochondrial Dysfunction and FS Progression

Mitochondrial health is critical for maintaining cellular energy homeostasis and regu-
lating immune responses. Mitochondrial dysfunction, often a result of chronic inflammation
and metabolic stress, is associated with decreased ATP production, increased oxidative
stress, and impaired tissue repair [123]. In the context of FS, mitochondrial dysfunction
may exacerbate the chronic inflammation and fibrosis observed in the joint capsule [8].
As immune cells, such as macrophages, rely on mitochondrial energy production to facili-
tate their transition from pro-inflammatory (M1) to fibrosis-resolving (M2 or MERTK+),
mitochondrial dysfunction could delay this transition, prolonging inflammation and fibro-
sis [21]. Understanding how mitochondrial impairment influences macrophage function
and fibroblast activity in FS could provide valuable insight into the disease’s metabolic
underpinnings and suggest potential therapeutic targets aimed at restoring mitochondrial
function to improve tissue repair.
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9.3. Disruption of Circadian Rhythms

Circadian rhythms regulate a wide array of physiological processes, including immune
function and energy metabolism. Disruption of these rhythms, whether due to sleep disorders,
shift work, or other environmental factors, has been linked to metabolic diseases and chronic
inflammation [124]. In shoulder disorders, the dysregulation of circadian rhythms could
further impair the already-compromised metabolic pathways, such as leptin signaling, thereby
perpetuating the disease state [120]. Leptin levels are known to follow a circadian pattern,
and disruptions in these rhythms may worsen leptin resistance, impairing the body’s ability
to regulate energy balance and immune responses effectively [125,126]. Investigating how
circadian rhythm disturbances contribute to metabolic dysregulation and inflammation in
FS could open new avenues for chronotherapy-based interventions that realign circadian
patterns to improve metabolic outcomes and reduce inflammation [127,128].

9.4. Leptin Resistance and JAK-STAT Pathway

Leptin resistance may play a central role in the chronic inflammation and metabolic
disturbances observed in FS [24,129]. The JAK-STAT pathway, activated by inflammatory
cytokines and impaired leptin signaling, is a critical mediator of immune responses and
fibrosis [38]. In FS, persistent activation of the JAK-STAT pathway due to leptin resistance
may promote the sustained activation of pro-inflammatory macrophages and fibroblasts,
leading to excessive extracellular matrix deposition and tissue fibrosis [38]. Future research
should focus on the precise mechanisms by which leptin resistance amplifies JAK-STAT
signaling and how this contributes to the maintenance of a chronic inflammatory state in
FS [129]. Targeting the JAK-STAT pathway in conjunction with restoring leptin sensitivity
may provide a dual approach to reducing inflammation and fibrosis in FS patients.

10. Conclusions

This review highlights the potential critical role of metabolic-immune dysregulation,
particularly leptin resistance and JAK-STAT signaling, in the pathophysiology of FS. The
persistence of both pro-inflammatory and fibrosis-resolving (MERTK+) macrophages within
FS tissue suggests a disrupted immune resolution process, potentially driven by metabolic
impairments. Leptin resistance, a hallmark of metabolic disorders, not only contributes
to sustained inflammation, but also disrupts macrophage polarization, delaying fibrosis
resolution. This metabolic dysfunction is further amplified by chronic neuroinflammation,
mitochondrial dysfunction, and circadian rhythm disruption, which collectively impair the
transition from acute to resolving phases of inflammation.

The JAK-STAT pathway, as a central mediator of immune and metabolic responses,
likely plays a pivotal role in maintaining this dysfunctional environment.

Given the complexity of FS pathogenesis, effective therapeutic strategies should
move beyond symptom management and target the root causes of metabolic and immune
dysregulation. Restoring leptin sensitivity, modulating JAK-STAT signaling, improving
mitochondrial function, and aligning circadian rhythms emerge as promising avenues
for intervention. Additionally, integrative approaches, including exercise, dietary modi-
fications, gut microbiota-targeted therapies, and psychological stress management, may
enhance immune resilience and metabolic homeostasis.

Future research should prioritize investigating the mechanistic links between
metabolic dysfunction, immune dysregulation, and fibrosis progression in FS. A deeper un-
derstanding of how chronic stress, neuroendocrine alterations, and systemic inflammation
intersect in FS pathophysiology may open new therapeutic opportunities, not only for FS,
but also for other chronic inflammatory and fibrotic conditions. Addressing these inter-
connected mechanisms through precision medicine and personalized metabolic-immune
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interventions could transform FS management, offering long-term solutions that go beyond
conventional orthopedic treatments.
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Abstract: Background: Musculoskeletal disorders associated with excessive smartphone
use represent a significant health issue. Text neck syndrome is one such disorder within
that group, increasingly affecting individuals worldwide across various age groups. The
phenomenon of text neck may occur in individuals who frequently and for prolonged
periods adopt a forward-flexed neck and head position while looking at the screens of
mobile electronic devices. Various therapeutic methods are used in the treatment of text
neck syndrome. However, there is no consensus on text neck rehabilitation, which poses
a challenge for physiotherapists. Objective: The aim of this study is to analyze the
phenomenon of text neck, with a particular emphasis on current scientific reports regarding
the rehabilitation of text neck syndrome. The scoping review was conducted to determine
the physiotherapy methods currently used in the treatment of individuals with text neck,
assess their impact on symptom reduction, and identify existing knowledge gaps and
limitations in the current literature on the rehabilitation of text neck syndrome. Design: A
scoping review was conducted on the treatment of text neck syndrome based on electronic
databases: PubMed, ResearchGate, Physiotherapy Evidence Database (PEDro), and the
Cochrane Library. The databases were searched up to 1 December 2024. The inclusion
criteria comprised studies investigating physiotherapy interventions for individuals with
text neck, published between 2018 and 2024 and written in English. Results: A total of
fifteen papers were reviewed, focusing on various methods used in text neck rehabilitation,
including postural correction exercises, stabilization exercises, strengthening and stretching
exercises, Pilates, PNF (Proprioceptive Neuromuscular Facilitation), kinesiology taping,
Bowen therapy, and manual therapy. Nearly all studies were conducted in the adult
population (93%), with the majority of studies taking place in India (60%). Conclusions: In
summary, all studies suggest that appropriate physiotherapeutic interventions can provide
significant benefits, including pain reduction, posture correction, and improved range of
motion in the cervical spine. The best outcomes appear to be achieved by combining various
therapeutic techniques. However, further high-quality research is needed to strengthen
the evidence and offer reliable recommendations for clinical practice. Additionally, there is
limited research on physiotherapy for text neck in the pediatric population, presenting a
potential area for future studies.

Keywords: text neck syndrome; physiotherapy; rehabilitation; smartphone overuse;
musculoskeletal disorders; neck pain; mobile phone users

J. Clin. Med. 2025, 14, 1386

168

https://doi.org/10.3390/jcm14041386



J. Clin. Med. 2025, 14, 1386

1. Introduction

The advancement of technology has made nearly everyone an owner of a device such
as a mobile phone [1]. In 2022, approximately 83% of people worldwide were estimated to
own a mobile phone [2]. In 2024, 7.21 billion people are indicated to be smartphone users,
accounting for 90% of the global population [3]. In the United States, as many as 97% of
residents aged 18-29 are smartphone owners [3]. According to statistics, approximately
79% of people aged 18—44 virtually never part with their mobile phones, and 3.5 billion
smartphone owners exhibit signs of addiction to those devices [4-6].

Undoubtedly, smartphones offer many attractive features. Mobile phones are no longer
used solely for communication. They have become devices that provide entertainment,
enable photography, allow users to stay updated with the latest news, and serve as tools
for work and learning [7-9]. Unfortunately, despite their many advantages, prolonged
screen time on smartphones may lead to numerous adverse health consequences [10].
Excessive use of smartphones may negatively affect sleep quality, cause vision problems
(e.g., eye strain, blurred vision), lead to symptoms related to the peripheral nervous system,
contribute to psychosocial issues (e.g., addiction, social isolation, depression), and also
adversely impact posture [11-16].

Almost every day, one can observe people who, while using electronic devices, thrust
their heads forward or maintain their cervical spine in a flexed position, staring at a
smartphone screen for many hours throughout the day. Unfortunately, such behavior may
adversely impact human health, leading to adverse consequences, such as musculoskeletal
strain and the onset of neck and cervical pain [17,18]. Neck pain radiating to the upper
limbs and headaches constitute a significant problem that affects the quality of life and
limits daily functioning [19]. Neck pain affects many people worldwide across various
age groups [20]. That issue also affects increasingly younger individuals, partly due to
the more frequent and prolonged use of smartphones [21]. The prevalence of spinal pain
among young adults is on the rise [22]. That phenomenon is influenced by many factors,
one of which is the excessive use of computers and smartphones during leisure time [22]. It
is estimated that the prevalence of neck pain in groups aged 7-11 years who are spending
around 5-8 h daily using electronic devices is around 70% [23].

According to statistical data, nearly half of the people in the USA in 2024 spent about
5-6 h daily using a smartphone, which translates to 1825-2190 h annually (2.5-3 months per
year spent solely on smartphone usage) [3]. A reduction in the time dedicated to physical
activity, a sedentary lifestyle, lack of movement, and prolonged maintenance of static
positions contribute to the occurrence of musculoskeletal disorders and spinal pain [19,20].
It is estimated that the prevalence of musculoskeletal disorders among smartphone users
ranges from 50% to 84%, particularly affecting areas such as the neck, shoulders, upper
back, and upper body [19]. One such disorder is the so-called “text neck syndrome” [24].
The prevalence of text neck syndrome ranges from 16.7% to 93.2% [20,23,25-33].

The findings highlight the urgent need to address the issue of text neck syndrome.
Various therapeutic methods are used in the treatment of text neck syndrome. However,
there is no consensus on text neck rehabilitation, which poses a challenge for physiothera-
pists. The aim of this study is to analyze the phenomenon of text neck, with a particular
emphasis on current scientific reports regarding the rehabilitation of text neck syndrome.
The scoping review was conducted to determine the physiotherapy methods currently
used in the treatment of individuals with text neck, assess their impact on symptom reduc-
tion, and identify existing knowledge gaps and limitations in the current literature on the
rehabilitation of text neck syndrome.

Conducting a scoping review allows for the collection and summary of available
studies related to the rehabilitation of text neck syndrome, providing a better understanding
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of the current state of knowledge regarding physiotherapeutic methods for treating this
condition. This review helps identify areas where research is lacking or requires further
exploration. It can guide future studies towards the most important aspects of text neck
syndrome treatment that have not yet been sufficiently examined.

2. Text Neck Syndrome
2.1. Definition

Staring at the screen of a mobile device, such as a smartphone, for many hours a
day with a flexed head and neck position predisposes to the development of text neck
syndrome [24]. The term “text neck’ was first used by chiropractor Dr. L. Fischman [24]. Dr.
Fischman noted that the tension associated with prolonged, repetitive, and frequent mainte-
nance of a flexed neck and head position while using electronic devices such as smartphones
or tablets leads to strain, injuries, and stiffness in the cervical spine area [8,34,35]. Text neck
syndrome may be referred to as: ‘turtle neck posture’, ‘smartphone neck syndrome’, ‘tech
neck’, ‘SMS neck’, or ‘iNeck’ [8,36]. The text neck posture is characterized by an increased
flexion of the cervical spine and is caused by activities that require looking down, below
eye level, such as when typing text messages [12]. Depending on the degree of progression,
the text neck syndrome may present with a varied clinical picture [37].

The diagnosis of text neck syndrome is based on subjective (interview) and objec-
tive examinations, which include, among others, assessment of posture, pain intensity
(e.g., using the Numerical Pain Rating Scale—NPRS or Visual Analogue Scale—VAS),
disability (e.g., using the Neck Disability Index), muscle tension, and joint range of mo-
tion [5,38]. In some cases, imaging studies are recommended to rule out the presence of
other medical conditions [38]. When diagnosing text neck syndrome, it is important to
exclude the following conditions and diseases as the cause of the symptoms: osteoporosis,
stenosis, scoliosis, spondylolisthesis, torticollis, spinal infections or inflammatory disorders,
malignancies, herniation, and trauma [19,39].

In order to diagnose text neck syndrome, the following criteria are taken into account:

e  Using the phone for 3 h or more per day;

e  The presence of 3 out of the following 6 symptoms: neck pain, upper back pain,
shoulder pain, headache, insomnia, tingling and numbness in the upper limbs;

e  Using the phone with a neck flexion of approximately 15 degrees or greater [6].

These diagnostic criteria are taken into account when diagnosing text neck syndrome.
However, it should be noted that clear diagnostic criteria for text neck syndrome have not
yet been established.

2.2. Symptomatology

Correct posture ensures proper balance and functioning of the body. However, when
there is a disturbance in one segment, it may lead to abnormalities and disorders in other
parts of the body. Frequent use of smartphones causes the head and neck to often tilt
forward toward the screen of the mobile device. That frequent adoption of an incorrect
and burdening position may contribute to an increased risk of musculoskeletal problems
in the neck and upper torso [19,40]. The set of symptoms associated with smartphone use
is referred to as text neck syndrome [41]. In that musculoskeletal disorder, a muscular
imbalance occurs. A correlation has been observed between smartphone addiction and
a decrease in muscle strength and endurance [19]. Particularly, the deep neck flexor
muscles become weakened [19]. Such a static flexed position leads to the overloading of
the suboccipital muscles, the erector spinae, the levator scapulae, the trapezius, and the
semispinalis muscles [37]. Tension in the suboccipital muscles may result in the onset of
tension-type headaches [37].
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In individuals with text neck syndrome, changes in posture and structural overload
may occur. However, these are usually functional changes rather than structural ones
in the sense of permanent, irreversible deformities. Prolonged strain on the neck can
lead to excessive muscle tension, changes in the natural curvature of the cervical spine
(e.g., flattening of cervical lordosis), pain and discomfort, and, in the long run, possible
damage to spinal structures [5,23,42]. With prolonged flexion, continuous stress may
result in the loosening of the posterior ligaments, instability of the vertebral segments,
and degenerative joint disease, potentially causing plastic changes within the nervous
system and resulting in clinical symptoms [12]. Neurological symptoms are additional
manifestations that can occur in text neck syndrome. These may include tingling, numbness,
or weakness in the arms or hands, often due to nerve compression or irritation in the cervical
spine. While these symptoms are less common, they may indicate that the condition has
progressed to affect the nerves [12,43].

The reinforcement of poor movement habits and the lack of correction of incorrect
posture over time may lead to limited mobility in the cervical spine and further segments,
disturbances in spinal curvature, reduced lung capacity, as well as the onset of neck pain,
radiating pain to the upper limbs, and even numbness in the hands [24,34,35,44,45]. An
unnatural, forced position with a tilted head puts excessive strain on the spine structures,
eventually leading to the development of a herniated disc and degenerative changes [19,46].
Untreated text neck syndrome may lead to inflammation in the ligaments, muscles, or
nerves [8]. The consequence in the future may be permanent changes in the musculoskeletal
system [7]. Table 1 presents the symptoms and consequences of text neck syndrome.

Table 1. Symptoms and consequences of text neck syndrome.

Typical Symptoms Additional Symptoms Health Consequences
- Pressure on spinal nerves
- Radiating pain in the upper - Nerve and muscle damage
limbs - Cervical proprioception disturbances
- Muscular tension imbalance - Upper baclf pain - Impan'.ed range of motion in the
- - Shoulder girdle pain thoracic spine
- Neck pain .
. - Headaches - Degenerative changes
- Neck stiffness R . .
- Tingling in the hands - Herniated discs
- Neck soreness . . . ., . .
. . - Numbness in the hands - Disruption of the spine’s physiological
- Flattening of the cervical
lordosis - Muscle weakness curves
- Sleeplessness - Reduced lung capacity
- Impaired range of motioninthe -  Cervical-origin dizziness
cervical spine. - Early-onset arthritis

- Disorders in the temporomandibular joint.

Own elaboration based on [6,7,19,25,34,37,39,40,47-50].

2.3. Pathophysiology

Thanks to the specific structural formation of the spine, it is possible to perform the
appropriate functions [7]. The intervertebral disc is thicker at the front than at the back [2,5].
That structure of the disc, combined with the shape of the cervical vertebral bodies, creates
cervical lordosis [46]. Thanks to the intervertebral discs and cervical lordosis, a cushioning
function and a greater range of backward flexion are possible [35]. In an adult person in a
neutral anatomical position, the cervical spine supports the weight of the head, which is
approximately 5 kg [11]. The greater the flexion in the cervical spine, the greater the load
placed on the spine [11]. Figure 1 shows the distribution of the load exerted on the cervical
spine depending on the angle of neck flexion.
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Figure 1. Distribution of the load exerted on the cervical spine depending on the angle of neck flexion.
Own elaboration based on [4,11,40].

Prolonged, repetitive maintenance of a flexed position while using a mobile phone
leads to the forward shift of the head’s center of gravity [7,8]. Incorrect head positioning
and prolonged positions with the head jutting forward, such as when using a mobile
phone, increase the load on the spine joints and affect the length and endurance of the
muscles [9]. Frequent, repetitive positioning of the neck in a flexed position with forward
head protrusion may excessively stimulate the muscles, leading to muscular imbalance,
functional changes, and overload [51]. Increased tension in specific muscles and a greater
angle of neck flexion may lead to proprioceptive disturbances, limited mobility in the
cervical spine, and referred pain to certain parts of the body, which may be caused, among
other factors, by trigger points within the affected muscles [1]. In text neck syndrome,
increased strain and stiffness are observed in the upper part of the trapezius muscle, the
neck extensor muscles, and weakness of the deep neck flexor muscles [9,12,52]. Muscle
imbalance and incorrect curvature of the cervical spine may lead to microdamage of soft
tissues, overload of spinal structures, and the onset of pain [53,54].

2.4. Risk Factors

Risk factors that predispose to the onset and intensification of symptoms of text neck
syndrome include the following:

Frequency and duration of time spent in an improper position while using the phone;
Position while using the smartphone;

Height at which the mobile device is held;

Lack of physical activity;

Smartphone addiction;

Female gender [12,39,55,56].

As reported by Elvan A. et al. [57], using a mobile phone for more than 3 h a day is a

significant risk factor for the development of text neck syndrome. Studies conducted by
Paek K.S. [58], Gong W. et al. [59], and Choi J.H. et al. [60] have indicated that a prolonged
flexed position in the cervical spine negatively affects the endurance of the deep neck
flexor muscles. Ayhualem S. et al. [1], in their publication, draw attention to the increased
risk of neck pain in individuals who spend much time using smartphones. Shahzad Y.
etal. [46] and Khan S. et al. [2] have demonstrated that neck pain occurs more frequently in
individuals who spend more than 4 h a day using a mobile phone. De Vitta A. et al. [61], in
a study conducted with a group of 1143 students, have also observed a correlation between
the duration of smartphone use and the frequency of neck pain.
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A study conducted by Sarraf F. and Varmazyar S. [18] confirms that the position
adopted while looking at the screen of a mobile device affects the activity and degree of
muscle strain. Researchers have shown that the best head and neck position is achieved
when sitting with back support, while the worst position is sitting without back support [18].
The posture has an impact on the amount of strain placed on the cervical spine [18].
The lack of arm support while using a phone negatively affects the alignment of the
cervical spine [62,63].

A study conducted by Raihan H.A. and Rahman F. [52] has demonstrated the relation-
ship between the occurrence of text neck syndrome and the height at which the phone is
held during use. According to Kokiwar PR. et al. [34], neck pain symptoms are most com-
monly reported by individuals who hold their smartphones at the level of their abdomen.
A similar correlation has been observed in studies conducted by Rashid M.K. et al. [26],
where neck pain had been more commonly observed in individuals holding their smart-
phones with their necks bent at approximately 60 degrees. In turn, Correia LM.T. et al. [64]
have not confirmed any correlation between the body posture associated with text neck
syndrome and the occurrence of neck pain in their study. Bertozzi L. et al. [65] also did not
find a correlation between the angle of neck flexion while using a mobile phone and the
occurrence of neck pain.

The differences in the above studies may stem from factors such as cultural or age-
related differences among the participants. The studies by Raihan H.A. and Rahman F. [52]
and Rashid M.K. et al. [26] were conducted in a population of adolescents and young
adults attending Asian schools, while the studies by Correia LM.T. et al. [64] and
Bertozzi L. et al. [65] were conducted in a population of adult Europeans. Conducting
research in a population that accounts for cultural differences could provide an inter-
esting addition to the existing gap regarding the risk factors for the occurrence of text
neck syndrome.

The relationship between smartphone addiction, the severity of neck pain, and the occur-
rence of text neck syndrome is confirmed by the study conducted by Mustafaoglu R. et al. [66].
A similar correlation has been found by Fatima S. et al. [67] and Shamsi R.F. et al. [17].
Gupta N. et al. [68], in a study of 957 students, have demonstrated that 22.4% of students
have been found to be addicted to using electronic devices. In a study conducted by
Paek K.S. [58] among 286 students, 15% were addicted to smartphones, and a trend was
observed between addiction and the occurrence of neck pain. On the other hand, the study
conducted by Alshahrani A. et al. [69] has demonstrated that as many as 60.3% of students
at Qassim University were addicted to using smartphones, and a correlation has also been
observed between addiction and the occurrence of cervical spine pain.

It is worth noting that neck pain affects women three times more often than men [61].
In turn, the analysis carried out by Chen Y.L. et al. [70] has proven that neck pain signifi-
cantly more often affects women than men. Studies show that neck pain related to the text
neck syndrome occurs more frequently in women [61,70]. An inverse relationship has been
noted in the study by Kokiwar P.R. et al. [34] conducted among 306 students. Their study
has shown a higher incidence of neck pain among men.

3. Occurrence of Text Neck

Approximately 30-50% of the adult population experiences neck pain [71]. The
occurrence of neck pain has a tendency to increase [72]. However, those complaints are
increasingly observed in adolescents and young adults. In the young adult population, the
annual occurrence of neck pain ranges from 42% to 67% [72]. Epidemiological data indicate
that pain syndromes in the cervical spine are one of the most common causes of disability
and reduced quality of life in individuals aged 20-24 years [72]. Factors such as improper,
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forced body posture adopted while using electronic devices may contribute to an increased
risk of neck pain [73].

Ayhualem S. et al. [1], in their publication, highlight that the risk of cervical spine pain
is increased among students who spend much time using smartphones. They report that in
a study conducted in Canada, 68% of students complained of musculoskeletal pain in the
cervical spine related to smartphone use [1]. In a study conducted by Hassnain S. et al. [27]
among 118 students in Lahore, the prevalence of text neck syndrome was very high, with
93.2% of the participants exhibiting symptoms of the syndrome. A high prevalence of text
neck syndrome has also been noted in the research conducted by Javed A. et al. [28] and
Khalid R. et al. [25].

Kumari S. et al. [20] have demonstrated the occurrence of text neck syndrome in 64.3%
of the participants. A similar result has been obtained by Alsiwed K.T. et al. [29]—the
text neck syndrome was present in 68.1% of the participants and in a study conducted by
Rashid M.K. et al. [26]—64.5%. A low prevalence of text neck syndrome was observed in
the study conducted by Kamaraj P.N. et al. [30] on a group of 354 individuals aged 18-22,
where only 16.7% of the participants showed signs of smartphone-related neck syndrome.
In turn, in a study conducted by Parmar N. et al. [31] among 428 individuals aged 17-24,
29.2% of them had text neck syndrome. A similar result was obtained in the study by
Sathya P. and Tamboli S.A. [32], where among 100 physiotherapy students from Mumbeai,
aged 18-25, the occurrence of text neck syndrome was found in 32% of the students.

Atakla H.G. et al. [33] conducted a study in a significantly larger group than in the
aforementioned studies. The researchers conducted a study among 1835 students at the
University of Abomey Calavi in Benin. It has been found that 850 participants in the study
exhibited symptoms of text neck syndrome. As shown by the cited studies, the prevalence
of text neck syndrome in the adult population ranges from 16.7% to 93.2% [20,25-33].

4. Text Neck in Children

Due to the widespread availability of electronic devices, it is increasingly common
for children to own mobile phones, giving them easier access to use those devices more
frequently. According to Warda D.G. et al. [12], children aged 8-12 spend 41% of their time
using electronic devices on smartphones, while adolescents aged 13-18 spend 46% of this
time on smartphones.

Excessive smartphone use can be particularly harmful to children. While the young
body is still developing, it receives inappropriate stimuli. Children may experience speech
development issues, psychosocial disorders, vision problems, sensory integration disorders,
or musculoskeletal disorders [11,12]. The last group includes, among others, text neck
syndrome. The ratio of a child’s head size to body size is greater than in adults, which
means the load placed on the cervical spine is higher in children than in adults, increasing
the risk of developing text neck syndrome in that age group [12].

The issue of text neck syndrome in children and adolescents is addressed by Warda
D.G. etal. [12], David D. et al. [11], and Jyothsna G. [74]. Children and adolescents spend an
average of 5-7 h using smartphones, which puts them at an increased risk of experiencing
issues related to text neck syndrome in the future [11]. It is estimated that the prevalence of
neck pain in groups aged 7-11 years who are spending around 5-8 h daily using electronic
devices is around 70% [23].

Neck pain is the eighth leading cause of disability among individuals aged 15 to
19 [13]. Musculoskeletal pain in the pediatric population shows similar patterns: specific
symptoms (such as headache and musculoskeletal pain) are more prevalent in females than
in males, and these rates tend to be higher in adolescents compared to children [11].
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The above statements are confirmed by the research conducted by Fares J. et al. [75]. A
study conducted by Fares J. et al. [75] in Beirut, Lebanon, involving patients under 18 years
of age presenting with nonspecific neck pain. The average age of the participants was
14 years. In total, 207 children and adolescents were identified, with 180 diagnosed with
musculoskeletal neck pain and spasms. The majority of participants (57%) were female,
and more adolescents (60%) were affected compared to children (40%). All 180 participants
reported flawed neck and back flexion while studying or using electronic devices such as
smartphones and tablets. The study found a significant association between poor posture
during technology use and musculoskeletal neck pain in adolescents [75].

Song M.K. atal. [76] conducted a study among 308 school-age children. The researchers
have found that children with poor posture and those dependent on smartphones more
often experienced neck and shoulder pain.

There are fewer reports of text neck syndrome among children than among adults.
However, there have been publications describing case studies of children with text neck
syndrome [11,43,77]. David D. et al. [11] described the occurrence of text neck based on a
case study of a 16-year-old girl. Chu E. et al. [43] also described the prevalence of text neck
syndrome in a case study of a 6-year-old boy. The boy underwent 9 months of chiropractic
treatment, resulting in improved cervical spine mobility, reduction of neurological symp-
toms, and decreased pain. The researcher emphasizes the importance of early therapeutic
intervention and prevention.

Aziz AN. et al. [78] conducted a cross-sectional study aimed at assessing the preva-
lence of text neck syndrome and its associated factors in children and adolescents attending
primary health centers (PHCs) in Erbil, Iraqi Kurdistan, in 2022. The study included
children aged 5-15 years attending primary and secondary schools in Erbil. A total of
352 participants were recruited. The study found a high prevalence of text neck syndrome,
with 69.0% of children reporting neck pain. Adolescents who used smartphones for more
than 3 h daily (83.56%), those studying at the secondary school level, and those with
psychological, social, and physical dysfunctions were more likely to develop text neck
syndrome. Additionally, children who slept less, played fewer sports, used computers
more, watched more TV, and played video games for more than 3 h were also at higher
risk for text neck. The study concluded that the high prevalence of text neck syndrome is
associated with increased smartphone use, screen time, and psychological and physical
dysfunctions. The findings suggest the need for interventions to reduce screen time and
promote better physical health practices in this population [78].

The study conducted by Rathi P. et al. [13] aimed to assess adolescents” awareness,
perceptions, and knowledge regarding the preventive measures, health hazards, and causes
of text neck syndrome. The study included 302 adolescents from Pune city. The results
revealed that 67.2% had heard of text neck syndrome, 47.7% were aware of its causes, and
only 20.5% knew about holding smartphones at eye level. The study concluded that while
awareness of text neck syndrome causes and health risks is good, knowledge of preventive
measures remains limited, highlighting the need for enhanced educational efforts focused
on prevention [13].

The authors emphasize that text neck syndrome is a serious problem that, if left
untreated, may lead to significant health consequences for both children and adults. They
highlight that prevention is the key, especially for children and adolescents [11,12,74].

Research on pain related to text neck syndrome in children is limited, with most
existing studies focusing on young adults and college students. Therefore, additional
research involving children and adolescents is necessary, particularly cross-cultural studies
with large sample sizes.
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5. Preventive Measures

Due to the increasing prevalence of text neck syndrome in the global population,
the shifting age threshold, and the appearance of the condition in younger individuals,
it is extremely important to raise awareness and knowledge about the consequences of
improper excessive use of electronic devices.

The study conducted by Medani K.T. et al. [53] within a group of 229 students at
Majmaah University has indicated that among the study participants, 71.2% have a low
level of knowledge about text neck syndrome. On the other hand, the study conducted
by Samani P.P. et al. [7] in a group of 311 people indicated that 35% of them had heard of
text neck syndrome, but only 8% had knowledge about it. Accordingly, the study carried
out by Rathi P. et al. [13] in a group of 302 teenagers has indicated that about 33% of the
respondents have never heard of that term. The study conducted by Dolah J. et al. [79] has
demonstrated that 39% of students are familiar with the term ‘text neck’, and the study
conducted by Kumar S. et al. [22] among 200 respondents aged 18-25 has proven 50.3% of
them to have no knowledge of text neck.

From a young age, children should be educated in schools about what text neck
syndrome is, what the risk factors are, the health consequences of excessive and improper
use of mobile devices, and what preventive and treatment methods are available [12]. A
good solution could be the implementation of educational programs in schools or the use
of smartphone applications that would inform users when they exceed the recommended
screen time or adopt an incorrect head and neck posture during use [12,53].

Education is crucial both in prevention and in the therapeutic process. If a disorder
has already occurred, the patient should be taught how to correct the posture, properly
perform exercises, how to carry out self-therapy, modify movement habits, and adopt the
correct posture when using electronic devices [5]. In addition, it is important to change
harmful habits, adjust the workspace and study environment to individual needs, take
regular breaks, and develop the awareness that the patient is responsible for the outcomes
of their therapy and must follow recommendations if they wish to achieve results. Success
requires perseverance, motivation, and commitment to the therapy.

The importance of education in the therapeutic process is emphasized by Farooq
M. et al. [5]. Fouda K.Z. and Abdelsalam M.S. [80] also highlight that the combination
of exercises to strengthen the deep flexor muscles of the neck with proper education
and learning how to maintain a correct posture while using mobile devices significantly
influences the achievement of positive treatment outcomes. A similar relationship between
changing habits and therapy has been observed in the study by Shah J. and Soni K [54].

Regular physical activity is effective in preventing the occurrence of text neck syn-
drome [8,78]. Spinal stabilization exercises and exercises for maintaining a proper posture,
when performed regularly, constitute an effective preventive measure [8,48].

Additionally, the position adopted while using a smartphone should be modified.
Specifically, attention should be paid to holding the smartphone at eye level, thus prevent-
ing excessive neck flexion [12,40]. The study conducted by Namwongsa S. et al. [81] has
evidenced that maintaining the neck at an angle of 0 to 15 degrees while using a smartphone
significantly reduces neck muscle activity and the risk of developing neck pain.

In addition, activities that require frequent repetition of the same motion, such as
texting or scrolling for extended periods, should be avoided [12,82]. It is also recommended
to use both hands and index fingers when typing text messages, take frequent breaks
every 20-30 min, frequently change positions, avoid using items that are too large and too
heavy to hold in one hand for extended periods, and if necessary, use those items with
arm support [12,40,82,83].
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The study conducted by Vahedi Z. et al. [84] investigated the impact of smartphone use
on musculoskeletal stress, specifically focusing on head forward flexion, lateral bending,
and viewing distance during sitting/standing postures and one-handed/two-handed grips.
The study monitored neck kinematics and evaluated performance in tasks such as typing,
video watching, and reading. Results showed a significant increase in neck and upper limb
pain after smartphone use. Sitting and standing postures were associated with greater
head forward flexion and viewing distance during two-handed typing. One-handed tasks
resulted in higher left lateral bending in standing posture. Overall, performance was better
with two-handed grips [84]. These findings provide insights for recommending healthier
smartphone usage practices.

It is also important to pay attention to reducing the amount of time spent using mobile
phones. The Australian Department of Health guidelines from 2012 recommend that
children under the age of 2 should not be exposed to mobile phones [12]. Children aged
2-5 years should not spend more than one hour per day using a mobile phone, while
children and adolescents aged 5-17 years should limit their usage to 2 h per day during
leisure time [12]. It is also worth mentioning that taking breaks and stretching during that
time is an important preventive factor in the occurrence of unpleasant discomfort [48,74].

As reported by Elvan A. et al. [57], using a mobile phone for more than 3 h a day is a
significant risk factor for the development of text neck syndrome. Shahzad Y. et al. [46] and
Khan S. et al. [2] have demonstrated that neck pain occurs more frequently in individuals
who spend more than 4 h a day using a mobile phone. De Vitta A. et al. [61], in a study
conducted with a group of 1143 students, have also observed a correlation between the
duration of smartphone use and the frequency of neck pain.

General recommendations suggest limiting non-essential screen time to 2-3 h per
day for adults and less than 2 h for children and adolescents to reduce the risk of muscu-
loskeletal issues. These recommendations are supported by the study by Aziz et al. [78].
Aziz et al. [78] conducted a cross-sectional study aimed at assessing the prevalence of text
neck syndrome and its associated factors in children and adolescents in 2022. The study
included children aged 5-15 years in Erbil. A total of 352 participants were recruited. Ado-
lescents who used smartphones for more than 3 h daily were more likely to develop text
neck syndrome. Additionally, children who slept less, played fewer sports, used computers
more, watched more TV, and played video games for more than 3 h were also at higher risk
for text neck. The findings suggest the need for interventions to reduce screen time and
promote better physical health practices in this population [78].

The study conducted by Cevik S. et al. [85] aimed to explore the relationship between
spinal degeneration parameters and increased smartphone usage time. Conducted as
a cross-sectional study, it involved young adults aged 20-35 years. MRI was used to
measure cervical disc degeneration, disc placement, Modic changes, and sagittal balance in
107 patients. Additionally, participants provided information about their daily smartphone
usage through a questionnaire completed at the time of admission. Results suggested that
smartphone use exceeding three hours daily had a greater impact on spinal degeneration
parameters, including degenerative disc severity, disc placement, and Modic changes,
compared to use for less than three hours [85].

The studies referenced in this chapter highlight the importance and relevance of the
preventive guidelines for text neck syndrome. However, there is still a need for longitudinal
cohort studies to assess the effectiveness of these preventive measures and validate their
impact on reducing the risk of the condition.
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6. Physical Therapy in Text Neck Syndrome—Literature Review
6.1. Literature Search

A scoping review was conducted on the treatment of text neck syndrome based on
electronic databases: PubMed, ResearchGate, Physiotherapy Evidence Database (PEDro),
and the Cochrane Library. The databases were searched up to 1 December 2024. The
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search phrases used were: “text neck syndrome”, “text neck”, “tech neck”, “tech neck
syndrome”, “rehabilitation”, “physiotherapy”, and with the Boolean operator “and”. The
search strategy for the databases is presented in Table 2. Data were independently charted

by one reviewer.

Table 2. The search strategy for the databases.

PEDro Cochrane Library PubMed ResearchGate

- text neck and physiotherapy - textneck and

- text neck and rehabilitation physiotherapy - text neck syndrome - textneck and

- techneck and physiotherapy - textneck and and physiotherapy physiotherapy

- tech neck and rehabilitation rehabilitation - textneck and - textneck and

- text neck syndrome - techneck and rehabilitation rehabilitation

- tech neck physiotherapy - tech neck syndrome - techneck and

- text neck syndrome and - tech neck and and physiotherapy physiotherapy
rehabilitation rehabilitation - text neck syndrome - text neck syndrome

- text neck syndrome and - text neck syndrome - tech neck syndrome - tech neck syndrome
physiotherapy - tech neck

The inclusion and exclusion criteria for the review are presented in Table 3. The review
included clinical trials and experimental studies on rehabilitation methods used in patients
with text neck syndrome, published between 2018 and 2024 and written in English and in full
text. Papers were excluded if they did not align with the conceptual framework of the study.

Table 3. Inclusion and exclusion criteria for review.

Inclusion Criteria Exclusion Criteria

- year of publication: below 2018
- language: publications written in languages other than English
systematic review, case study
topics not of main interest
- duplication of other publications already included in the review
- full text not available

- year of publication: 2018-2024

- language: publications written in English

- type of study: clinical trial, experimental study
- topic—rehabilitation in text neck syndrome

- full text available

6.2. Included Studies

As a result of searching the literature, 811 records were found. After removing
duplicates, 502 publications were eligible for screening. Following title and abstract screen-
ing, 39 articles were eligible for full-text assessment. After meeting the inclusion criteria,
15 articles qualified for the review. Figure 2 presents a flow diagram demonstrating the
scoping review process.

The latest literature highlights the use of, among others, postural correction exercises,
stabilization exercises, strengthening and stretching exercises, Pilates, PNF (Proprioceptive
Neuromuscular Facilitation), Kinesiology Taping, Bowen therapy, and manual therapy in
the rehabilitation of text neck syndrome [5,19,23,38,39,42,50,86-92]. The summary of the
latest research on the use of rehabilitation methods in the treatment of text neck syndrome
is presented in Table 4.

178



J. Clin. Med. 2025, 14, 1386

Results from database searches
PubMed n =205
ResearchGate n = 500
PEDron =13
Cochrane Library n =93
Total n =811

A 4

Publications after duplicate records
removed

n=>502

A 4

Duplicate records removed

n =309

A

Publications assessed for eligibility

n=239

\ 4

Records excluded after
screening titles and abstracts

n =463

A 4

Publications included in the review

n=15

Publications excluded:
- lack of access to full text n =22
- excluded based on publication
language n =2

Total n =24

Figure 2. Flow diagram demonstrating the scoping review process.

Table 4. The summary of the latest research on the use of rehabilitation methods in the treatment of

text neck syndrome.

Primary Number of
Author (Year Study Intervention
of Publication)  Participants

Intervention Studied
Duration Parameters

Results

Gl—exercises to improve

CROM, strengthen, and

correct posture.

G2—exercises to improve

n =238 CROM, strengthen, and
correct posture, as well as

PNF (contract-relax
technique, replication
technique)

Kaya M.
(2024) [19]

Exercises in both
groups:

10 repetitions, once a VAS, CROM,
q P3 oo e NFEMET,
ay, 5 days a WeelG — \iyprC, NDI

PNEF: 3 days a week;

Duration: 6 weeks

Improvement of the
studied parameters in
both groups, but
greater improvement
in G2. CROM
improvement was
observed in G2.
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Table 4. Cont.

Primary Number of . .
Author (Year Study Intervention Interver.mon Studied Results
... . . Duration Parameters
of Publication)  Participants
Gl—conventional exercise Improvement of
Bhende R rogram 3 times a week; VAS, NDI, parameters in both
(2024) [42]' n =80 G2—int§ ragted ostural 6 weeks , CROM, TTW, groups, but CPJE
tfainin P CPJE Testing testing was better in
& G2 than in G1.
Nathani H.R. n =54 Individually tailored 3 weeks VAS, NDI, SAS, Ii]r%};rz\r/srg;l;g:ﬁi
(2024) [38] h rehabilitation protocol CHDQ, ROM /
the treatments.
Rajopadhye . PNF (Dynamlc Rever‘sal 4 times a week, VAS', CROM Improvement 1'n
(2023) [86] n=:63 Technique, Rhythmic 2 woeks (cervical spine CROM and pain
Stabilization Technique) extension) reduction.
Better results in G2
Gl—isometric neck and G3 than in G1.
exercises CVA increased, and
Bharal S. n=75 G2—neck stabilization 4 weeks CVA, NPRS, NPRS and NDI
(2023) [50] .. NDI
training decreased.
G3—Contrology training In G2, better results
than in G3.
Improvement of
Bhanu Sri P.L. n =60 Gl—DPilates, 5 sessions a week; VAS, NDI, parameters in both
(2023) [23] - G2—Gong’s Mobilization 6 weeks CROM groups,
Better results in G1.
. . 1 daily, Improvement in
Sarraf[SI;](ZOZS) n =60 Gl—c(;:é)iicotl:/heef:erases 5 times a week; I\’i(l)jl;avnérier’zro_ posture and VAS, NDI
Py 8 weeks & y parameters in G1.
NDI, NPRS,
Afzal H. C%l—Kend.all S 3 times a week; CROM, CVA, Greater improvement
(2023) [88] n =24 mntervention 6 weeks RSA, neck in parameters in G2
G2—Gong's mobilization muscle '
strength
G1—10 min hot pack
session, ELDOA,
ergonomic .
Farooq M. n =40 recommendation, 3 sessig?r? g:liikly’ 4 NPRS, NDI, Greater improvement
(2023) [5] - G2—10-minute hot pack 6 woeks SAS in parameters in G1.
session, post-facilitation
stretching, ergonomic
recommendation.
Seemal P G1—hot packs and METs 3 sessions weekly; CROM, CVA, siumcﬁzcc)ivegjnmtec;i;? ?n
; n=22 G2—hot packs, METs, and Y» NPRS,NDI, P
(2022) [39] 6 weeks both groups, but better
Bowen therapy RSA :
results in G2.
Gl—baallct)iovriltblowmg Improvement in FEV
Shikha B. n =230 G2—m0(§iﬁedy,cervical 4 weeks FEV, FVC and FVC in both
(2022) [35] - (spirometry) groups, but better

exercise along with Swiss
ball exercise.

results in G1.
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Table 4. Cont.

Primary Number of . .
Author (Year Study Intervention Interver.mon Studied Results
s . . Duration Parameters
of Publication)  Participants
Traditional exercises (neck
strengthening exercises, . . . .
Varyani S. n=36 upper body stretching, = tifgerg;nv(j:;g’ > NDI, OSD], ;i{sd;;rcltll?gvc;fnr::f in
(2022) [89] B side bends with chin tuck, / NPRS pam, imp
. 4 weeks NDI and OSDI.
chin tucks) and eye
muscle exercises.
Gl_rf)org;]gl t;‘)ngllnzﬁg - NPRS, NDI, Improvement of the
Shah J. (2019) program, €rg neck muscle P .
n=30 advice 6 weeks studied parameters in
[90] strength and
G2—the same as above, both groups.
. endurance
plus Pilates
Kothare H. _ . Improvement of the
(2019) [91] n=>50 KT application on UT 3 days NPRS, NDI studied parameters.
NPRS, muscle
activity, and Reduction of pain and
Two conditions: fatigue during discomfort with KT
Areeudomwong n=25 - shoulder taping, 30 min sm.a.rtphone application.
P. (2018) [92] - no taping writing were No effect of KT on

assessed using
electromyogra-

muscle activity
and fatigue.

phy

Abbreviations: G1—group 1; G2—group 2; CROM—Cervical Range of Motion; PNF—Proprioceptive Neuromus-
cular Facilitation; VAS—Visual Analogue Scale; NFMET—Neck flexor-extensor muscle endurance test; NYPRC—
New York Posture Rating Chart; NDI—Neck Disability Index; TTW—tragus to wall test; CPJE Testing—Vernier
Caliper measurements for rounded shoulders and cervical joint position error testing; SAS—Smartphone
Addiction Scale; CHDQ—Cornell Hand Discomfort Questionnaire; ROM—range of motion; G3—group 3;
CVA—Craniovertebral angle; NPRS—Numerical Pain Rating Scale; RSA—Rounded Shoulder Angle; ELDOA—
Elongation Longitudinaux Avec Decoapton Osteo-Articulaire; METs—Muscle energy technique; FEV—Forced
Expiratory Volume; FVC—Forced Vital Capacity; OSDI—Ocular Surface Disease Index; KT—Kinesiology Taping;
UT—upper trapezius.

All studies were published within the last seven years. Most studies focused on adult popu-
lations aged 18-35, with three studies including individuals aged 18-44 [19,42,50] and one study
involving adolescents [92]. The majority of studies were conducted in Asia, including countries
such as India, Thailand, Pakistan, Iran, and Turkey in Eurasia [5,19,35,38,39,42,50,86-92].

In most studies, no funding was received (80%) [19,35,38,39,86-92], with only
three studies receiving funding [5,42,50].

The physiotherapy methods identified as useful and effective in reducing pain and
correcting posture in individuals with text neck syndrome include PNF (Proprioceptive
Neuromuscular Facilitation) [19,86], corrective exercises, strengthening the deep neck flexor
muscles [87], dynamic correction exercises [49], Pilates [23,90], Gong’s mobilization [88],
ELDOA [5], and kinesiology taping (KT) [91,92].

Regarding the improvement of cervical range of motion (CROM), the most effective
methods were PNF [19,86], Gong’s mobilization [88], and Pilates [23,90].

6.3. Summary of Current Evidence

Due to the fact that text neck syndrome primarily affects young adults, i.e., the work-
ing population, the symptoms associated with that syndrome may significantly impact the
deterioration of their functioning and quality of life [1,93-96]. Therefore, early implementa-
tion of treatment is crucial to prevent the progression of symptoms, avoid degenerative
changes in the cervical spine, and further impairment of function. In order to minimize the
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negative effects and reverse the symptoms of that syndrome as much as possible, various
physiotherapeutic methods are used.

Depending on the severity of symptoms, different forms of therapy can be applied.
For acute symptoms of text neck syndrome, rest, hot or cold compresses, massage, stretch-
ing, exercises, postural correction, and lifestyle changes are recommended. For chronic
symptoms of text neck syndrome, physical therapy treatments, painkillers, injections, and
acupuncture are used [5].

The duration of physical therapy for text neck syndrome varies depending on the
severity of the condition. On average, for mild cases, physical therapy may last for
2-4 weeks with exercises aimed at improving posture, strengthening muscles, and in-
creasing flexibility. In more severe cases, physical therapy could be required for 6-8 weeks
or longer, with ongoing exercises and possibly additional treatments like manual ther-
apy. Early intervention often leads to quicker recovery, while chronic cases may require
longer treatment [5,19,23,38,39,42,50,86-92].

The main goal of physiotherapy treatment is to eliminate the problem and, if that
is not possible, to reduce the perceived discomfort and prevent the disorder from pro-
gressing [5,90,97]. That goal may be achieved through the normalization of muscle
tension, improvement of mobility in the cervical spine joints, enhancement of tissue
trophism, and biomechanics [5]. An individually tailored therapeutic program may bring
numerous benefits.

The scoping review was aimed to determine the physiotherapy methods currently
used in the treatment of individuals with text neck, assess their impact on symptom
reduction, and identify existing knowledge gaps and limitations in the current literature on
the rehabilitation of text neck syndrome.

This review analyzes studies from the last 7 years, written in English, where the full
text was available and clearly stated that the participants had text neck syndrome. The re-
viewed studies examined the effectiveness of the following rehabilitation methods: postural
correction exercises, stabilization exercises, strengthening and stretching exercises, Pilates,
PNF (Proprioceptive Neuromuscular Facilitation), Kinesiology taping, Bowen therapy, and
manual therapy in the rehabilitation of text neck syndrome [5,19,23,38,39,42,50,86-92].

Before any therapeutic intervention is applied, it is essential to conduct diagnostics to
identify abnormalities and functional disorders, which will enable the creation of an appro-
priate rehabilitation plan [38]. Detailed diagnostics should facilitate the identification of
‘red flags’ that indicate serious dysfunctions, such as the presence of a tumor or atlanto-axial
subluxations. After a thorough assessment, the physiotherapist sets rehabilitation goals
and establishes a treatment plan that is modified according to the patient’s progress and
condition changes [74]. The selection of therapy forms, methods, and techniques depends
on the patient’s current health status, reported symptoms, and coexisting conditions.

6.3.1. Kinesiotherapy

In the therapy of text neck syndrome, exercises should be carefully selected to normal-
ize muscle tension. The forward shift of the head’s center of gravity in text neck syndrome
places increased strain on the cervical spine joints and muscles, such as the cervical extensor
muscle and the upper part of the trapezius muscle. At the same time, deep neck flexor
muscles, such as the longus capitis, longus colli, and rectus capitis anterior, lose their
strength and endurance. Such a muscle imbalance may contribute to pain and dysfunction,
which is why targeted exercises aim to strengthen the weakened muscles while relieving the
overburdened ones [18]. The rhomboid muscles, as well as the middle and lower portions
of the trapezius muscle, also weaken [18]. The pectoralis minor muscles and muscles of
the rotator cuff are subjected to tension [18]. Due to that, it is recommended to incorporate
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exercises into the therapy that strengthen weakened muscles, such as deep neck flexors
and stretching exercises for the shortened muscles [80].

Based on the analysis of available studies, there is noticeable effectiveness of stabiliz-
ing, corrective, and strengthening exercises for deep neck flexors in the treatment of text
neck syndrome [19,38,42,50,86,87,89,90]. It is important to emphasize that adopting the
appropriate position, duration, intensity, frequency, and difficulty level, tailored to the indi-
vidual needs of the patient as well as health conditions is crucial in these exercises [38,42].

Sarraf F. et al. [87] demonstrated the effectiveness of corrective exercises in reducing
pain and the NDI (Neck Disability Index) score in their study. The researchers have been
able to achieve that effect because the corrective exercises contributed to strengthening the
deep neck flexor muscles and stretching the tense muscles in both the neck and shoulder
girdle areas [87]. Stretching and strengthening exercises are effective in maintaining the
correct position of the cervical spine and improving stability in individuals with text neck
syndrome [19,38,50,87]. The research conducted by Kang D.Y. [98] and Agrawal Y.K. and
Hande D. [99] confirms that exercises targeting the deep neck flexors are highly effective in
restoring the muscle tension balance and, consequently, alleviating pain in that area.

Wissem D.W. and Saadc H.B. [49] emphasize the superiority of dynamic correction
over static postural correction exercises. Traditional static postural correction exercises
focus on restoring and maintaining the cervical spine in a neutral position and adhering
to ergonomic principles [49]. On the other hand, dynamic correction is based on the
joint-by-joint approach, which focuses on restoring mobility and stability throughout the
entire kinetic chain, including the thoracic spine and shoulder girdle, rather than just
focusing on the cervical spine [49]. That approach provides a long-term effect rather than
temporary relief, as is the case with traditional static postural correction exercises [49].
According to the joint-by-joint approach, the therapeutic process for text neck should
include mobilization of the thoracic spine, stabilization exercises, scapular control exercises,
and exercises incorporating rotational movements in the thoracic spine [49].

In order to improve the patient’s functionality, the proprioceptive neuromuscular facil-
itation (PNF) method is also used, which utilizes developed movement patterns [19]. PNF
is based on neurophysiological principles, using tri-planar and diagonal movement [19,86].
In a study conducted by Kaya M. et al. [19] on a group of 38 individuals with text neck,
comparing the use of exercises improving CROM, strengthening, and postural correction
with the application of PNF techniques—contract-relax and replication—a statistically
significant better improvement in the range of motion of the cervical spine was observed in
the group using PNF. It may be due to the fact that PNF techniques improve the range of
motion by activating both agonist and antagonist muscles, which helps lengthen muscles
and tendons. PNF, particularly the contract-relax and hold-relax methods, is often more
effective than static stretching due to mechanisms like reciprocal and autogenic inhibition.
During PNF, when a muscle contracts against resistance, tension builds up, activating Golgi
tendon organs, which then reduce muscle tension by inhibiting excessive contraction. This
process helps improve flexibility and range of motion, as supported by this study [19].

Similar results were obtained in a study conducted by Rajopadhye S. and Honkalas
P. [86], evaluating the effectiveness of the Dynamic Reversal technique for improving
the range of motion of the cervical spine and the Rhythmic Stabilization technique for
reducing neck pain in individuals with text neck syndrome. After eight therapeutic sessions
conducted over 2 weeks, the researchers observed statistically significant improvements in
the measured parameters [86].

The positive effects on pain reduction in the PNF group may be due to the activation of
impaired proprioception centers through various PNF techniques. These techniques stimu-
late proprioceptive receptors in muscles and tendons, improving nerve control, muscle tone,
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and circulation. Additionally, the decrease in pain intensity could be linked to the local af-
ferent input generated by PNF interventions, which help modulate pain perception [19,86].

It is important to note that the key to success is to perform exercises correctly and safely.
The therapist should provide guidance on how to exercise. The duration, type, intensity,
frequency, and level of difficulty of the exercises should be tailored individually to the
patient, health status, functional abilities, and preferences. In order to achieve benefits such
as an improved range of motion and tissue nourishment, increased functional capabilities,
alleviation of pain, and improved posture, it is necessary to work with the entire body of
the patient, eliminate coexisting dysfunctions rather than just working locally [83,97].

Shah J. and Soni K. [90] recommend incorporating Pilates into the therapy for text
neck syndrome. The Pilates method positively influences psychophysical functioning,
strengthens muscles, improves core stabilization, and enhances mobility, balance, flexibility,
and endurance [23,90]. The effectiveness of using Pilates in therapy for text neck syndrome
was evaluated by Bhanu Sri PL. et al. [23]. The researchers evaluated the impact of the
Gong mobilization technique and Pilates on pain intensity, range of motion, and function.
It has been shown that after 6 weeks of therapy, a greater improvement in the studied
parameters was observed in the Pilates group [23]. Pilates helps activate the deep neck
flexor muscles—it strengthens and improves the endurance of the deep muscles, thereby
relieving and reducing the activity and fatigue of the superficial muscles, which in turn
leads to pain reduction and improvement of overall functioning [23,50,90].

Pilates promotes a neutral cervical spine position with slight flexion at the cranio-
cervical junction, activating the deep neck flexor muscles. By combining breathing tech-
niques with specific stretches, Pilates helps manage neck pain. Neck pain is often linked
to weakness in the deep cervical flexors, and Pilates aids in re-educating the stabilizing
muscles of the spine and shoulder girdle. This not only alleviates pain but also improves
function by strengthening and increasing endurance in the cervical muscles [23,90].

In Pilates, it is important to combine exercises with proper breath control [90].
Shikha B. et al. [35] emphasize the importance of breath work in the treatment of text
neck syndrome. The researchers compared the effectiveness of balloon-blowing exer-
cises with modified neck exercises and exercises using a Swedish ball on lung capacity.
After 4 weeks of therapy, improvement in the measured parameters (FEV, FVC) was
observed in both groups, with a greater improvement in the group performing balloon-
blowing exercises [35].

Bhende R. et al. [42] investigated whether integrated postural training, focusing on
the involvement of three systems—visual, vestibular, and somatosensory—that coordinate
postural control of the neck, would be effective in treating text neck syndrome. The
training included neck proprioception exercises, deep neck muscle strengthening exercises,
and strengthening exercises; the McKenzie program focused on postural correction, as
well as oculomotor exercises and eye-head coordination exercises [42]. The authors have
demonstrated that a holistic approach, rather than merely addressing symptomatic relief,
offers numerous benefits. A six-week integrated postural training program for individuals
with text neck syndrome resulted in improved posture, strengthened weakened muscles,
restored joint mobility, reduced pain, and enhanced overall functional capacity [42].

In turn, Varyani S. et al. [89] focused on applying a conventional exercise program
that included isometric neck exercises combined with eye muscle exercises for individuals
with text neck syndrome. In the study group of 36 participants, the researchers observed
improvements in neck flexor muscle endurance, pain reduction, alleviation of asthenopic
symptoms, and enhanced functionality after four weeks of therapy [89].

Many authors emphasize that combining physiotherapeutic methods yields better
results than using individual treatments alone [5,19,39,42]. Nakhate S. et al. [48] recom-
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mend implementing a 1-4-week rehabilitation program that should begin with soft tissue
mobilization, followed by joint mobilization and both active and passive stretching of
tense muscles. The next recommended steps include strengthening weakened muscles,
correcting posture, changing habits, performing home exercises, and reducing time spent
using a phone [48].

6.3.2. Manual Therapy

Manual therapy is used to increase the range of motion, restore proper joint mechanics,
normalize the tension of paraspinal tissues, and reduce pain during movement [5,100].
Manual therapy not only addresses the cervical spine but also works on the thoracic spine
and the cervicothoracic junction [49]. It may include manipulations, mobilizations, or
Muscle Energy Techniques (MET) [5].

The muscle energy technique is a form of manual therapy aimed at improving joint
mobility by lengthening tense muscles and strengthening weakened muscles through
the use of isotonic or isometric contractions [39]. The Bowen therapy, on the other hand,
employs gentle rolling movements applied to soft tissues in a specific manner and at
designated points [39].

The effectiveness of the MET and Bowen therapy in the treatment of text neck syn-
drome was assessed by Seemal P. et al. [39]. The researchers observed that the combination
of the Muscle Energy Technique and Bowen therapy yielded better results than using the
MET alone in the treatment. The combination of both therapies resulted in a statistically sig-
nificant reduction in perceived pain as well as improvements in the function and mobility
of the cervical spine [39]. Afzal H. et al. [88] also demonstrated the effectiveness of manual
therapy—Gong’s mobilization in the reduction of neck pain, disability, and improvement
of CROM and neck muscle strength in individuals with text neck syndrome.

The effectiveness of manual therapy has also been demonstrated in individual case
reports of people with text neck syndrome [37,43]. One study focused on the use of manual
therapy and instrument-assisted therapy in a 6-year-old boy with text neck syndrome [43].
The treatment applied resulted in a reduction of pain and neurological symptoms and an
improvement in the Cervical Range of Motion (CROM) [43].

Farooq M. et al. [5] demonstrated the effectiveness of the ELDOA (Elongation Lon-
gitudinaux Avec Decoapton Osteo-Articulaire) method and post-facilitation stretching in
a group of 40 participants with text neck syndrome, aged 18-35. The ELDOA group and
the stretching group each consisted of 20 individuals. Each group received the assigned
therapy three times a week for 6 weeks. Both groups showed a reduction in neck pain and
NDI scores, but the ELDOA group showed a statistically significantly greater improvement
than the post-facilitation stretching group.

Better results in the ELDOA group may be related to the fact that ELDOA focuses
on maximizing spinal and fascial stretching by holding specific postures. This technique
aims to strengthen and decompress the spine. Originating from various treatment methods,
ELDOA has both local and overall effects. It helps decompress the zygapophyseal joints,
enhances fluid absorption in the discs, improves circulation, and boosts muscle tone and
range of motion. Additionally, it aids in correcting posture, improving breathing, and
enhancing proprioception in the targeted segment [5].

6.3.3. Kinesiology Taping

In the rehabilitation of text neck syndrome, the Kinesiology Taping (KT) method is
used. It involves applying an elastic tape with a specific structure to the skin surface
using a technique appropriately selected for the therapeutic goal. The application of the
tape is performed after properly preparing the patient’s skin for the application. The
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pain-relieving effect is achieved by improving the microcirculation of blood and lymph,
activating alpha and beta nerve fibers and their skin connections, and unloading the
subcutaneous nociceptors [91,92]. In addition to its analgesic effect, Kinesiology Taping
influences the normalization of muscle tone, improvement of posture, and stabilization of
the achieved therapeutic effects—maintaining the corrected position [92]. For example, in
individuals with head protrusion, excessive stretching of the extensors and neck pain may
occur, so the use of KT will, in such a case, serve as a supportive function for the extensor
muscles in maintaining the head in the correct position.

However, it should be noted that Kinesiology Taping is not used as a standalone
method in the treatment of text neck syndrome. It serves as an attractive complement
to other therapeutic methods; for example, it may be used to maintain the effects of
manual therapy [91,92,101].

KT is a complementary form that supports proper treatment [91,92]. Kothare H. et al. [91]
have noted that the appropriate application of KT may be effective in alleviating the symp-
toms of text neck syndrome as early as 3 days after application. The effectiveness of KT in re-
ducing pain symptoms is supported by studies conducted by Areeudomwong P. et al. [92].
The authors of the study examined whether shoulder taping would affect the perceived
discomfort in the neck area as well as the activity and endurance of the upper part of
the trapezius muscle, neck extensors, and sternocleidomastoid muscles during 30 min of
smartphone use. The results have demonstrated that KT reduced pain and discomfort but
had no impact on muscle activity or fatigue [92]. Shoulder taping was found to reduce
neck discomfort compared to no taping. While the exact mechanisms behind this effect are
not fully understood, it is possible that the tension from the tape plays a role in alleviating
discomfort. Participants who received shoulder taping reported only moderate skin ten-
sion, which may activate skin mechanoreceptors and reduce pain through the gate control
theory, thus lessening their discomfort [92].

6.4. Limitations of the Included Studies

One of the primary limitations identified in the cited literature on physical therapy
for text neck syndrome is the lack of blinding of both the researchers and the partici-
pants [5,19,35,38,42,50,86-92]. Additionally, most of the studies were conducted with a
young adult population [5,35,38,86-91], which may not be representative of other age
groups. The studies also utilized small sample sizes, limiting the generalizability of the
results to a larger population. Furthermore, the studies were geographically restricted,
which may reduce the applicability of the findings to other regions. The majority of
studies were conducted in India [23,35,38,42,50,86,89-91]. Lastly, the studies were short-
duration and lacked long-term follow-up, making it difficult to assess the sustained effects
of the interventions.

6.5. Limitations of the Study

In a scoping review, the process of selecting, evaluating, and synthesizing the included
studies may be less rigorous and potentially prone to bias, as it generally does not involve
a formal quality assessment of the literature. Nevertheless, the strength of this type of
review lies in its ability to provide a clear and accessible summary and critique of existing
literature, providing valuable new insights. To enhance the methodological rigor of our
review, we have clearly defined the eligibility criteria, search strategies, and databases used,
as well as specified the number of records to be included, which helps to better outline the
scope of the study.

This review has analyzed publications written in English for the last seven years
regarding the use of physical therapy in text neck syndrome, which may lead to bias in
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study selection due to the lack of data on text neck syndrome described in languages
other than English. Additionally, many articles are not publicly available. As a result, our
findings can only be generalized to studies that are publicly available, which is a limitation
of the study. Despite these limitations, this scoping review serves as a valuable resource for
understanding the current state of research on the rehabilitation of text neck syndrome.

6.6. Future Research Objectives

This review highlights several key areas for future research on text neck syndrome.
Most existing studies have focused on young adults and college students, leaving gaps
in research regarding other age groups. Notably, there is a lack of studies on children
and adolescents, an area that warrants further investigation. Research on pain related
to text neck syndrome in children is limited, and establishing its prevalence along with
clear diagnostic criteria using validated tools is a crucial step. Developing a standardized
instrument for assessing text neck syndrome in the pediatric population would enable cross-
cultural comparisons and facilitate the comparison of different sample sizes, accounting
for cultural differences. As a result, cross-cultural studies involving large sample sizes are
recommended to improve the generalizability and applicability across various populations.

Furthermore, long-term cohort studies are essential for evaluating the effectiveness
of preventive measures and assessing the lasting impact of interventions. The need for
longitudinal studies with long-term follow-up periods is critical to understanding the
sustained effects of interventions over time.

Recommendations for future research on physical therapy in text neck syndrome
include conducting longitudinal studies with extended follow-up periods to observe the
long-term effects of interventions. Increasing sample sizes and conducting studies with
diverse populations, including children, adolescents, and elderly individuals, is also essen-
tial. Expanding the geographical scope and incorporating cross-cultural studies to improve
the generalizability of findings is crucial. Utilizing randomized controlled trials (RCTs)
would be a good approach to strengthen the evidence base.

7. Conclusions

It is not possible to eliminate electronic devices from daily use, so it is important to
maintain a proper posture while using them, reduce the time spent using smartphones,
and ensure regular physical activity. When text neck syndrome does occur, it is crucial to
start treatment promptly to prevent further functional decline and irreversible changes.
The studies cited in this paper indicate the effectiveness of physiotherapy in treating text
neck syndrome. All studies suggest that appropriate physiotherapeutic interventions can
provide significant benefits, including pain reduction, posture correction, and improved
range of motion in the cervical spine. The most effective therapeutic approach involves
combining various rehabilitation methods, including postural correction exercises, sta-
bilization exercises, strengthening and stretching exercises, Pilates, PNF (Proprioceptive
Neuromuscular Facilitation), kinesiology taping, Bowen therapy, and manual therapy.
The best treatment outcomes are achieved through a combination of strengthening and
stretching exercises, manual therapy, and postural correction. In addition to physiotherapy,
education is essential at every stage, both in prevention and treatment. However, further
high-quality research is needed to strengthen the evidence and offer reliable recommenda-
tions for clinical practice. Additionally, there is limited research on physiotherapy for text
neck in the pediatric population, presenting a potential area for future studies.
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Abstract: Background/Objectives: The importance of resistance training for functional
recovery in Total Knee Arthroplasty (TKA) patients has been emphasized. Therefore, this
systematic review and meta-analysis was conducted to analyze its effects on pain, muscle
strength, and function in patients with TKA. Methods: The following databases were
used: PubMed, Web of Science, the Cochrane Library, and Embase. Randomized controlled
trials that administered resistance training to patients undergoing TKA and measured pain,
strength, and function were included. The risk of bias was assessed using the Cochrane
Risk of Bias 2.0 tool. Effect sizes were calculated using Hedges” g and are presented as
Standardized Mean Differences (SMDs) with 95% Confidence Intervals (Cls). Subgroup
analyses were conducted to determine the effect size based on the type and duration of the
intervention. Results: The study selection process resulted in the inclusion of seven studies
comprising a total of 439 participants. The bias assessment found that three studies had a
low risk of bias and four had some concerns. Resistance training was effective in improving
pain (SMD: 0.84, 95% CI: 0.11; 1.57, I: 89.6%), muscle strength (SMD: 1.03, 95% CI: 0.29; 1.77,
12: 83.1%), self-reported function (SMD: 1.58, 95% CI: 0.15; 3.01, 12: 93.1%), and performance-
based function (SMD: 0.74, 95% CI: 0.38; 1.11, 1% 68.9%). Subgroup analysis revealed
significant differences in pain, strength, and performance-based function by comparison
group, performance-based function by intervention duration, and self-reported function by
intervention type. Conclusions: Resistance training improves pain, muscle strength, and
function in TKA patients. Additionally, resistance training appears particularly effective
when implemented as a standalone intervention or for durations under 12 weeks. These
findings suggest that the design of resistance training protocols should be considered in
clinical practice.

Keywords: total knee arthroplasty; resistance training; pain; muscle strength; function

1. Introduction

Osteoarthritis (OA) is one of the most common musculoskeletal diseases. It causes
severe disability, particularly in weight-bearing knee joints; surgical intervention is often
required due to pain and stiffness [1]. Total Knee Arthroplasty (TKA) is a common surgery
for patients with end-stage OA. Over 100,000 cases are performed each year in the UK
and 700,000 cases are performed each year in the US. This number is expected to increase
in the future [2]. TKA is the most clinically and cost-effective method for maintaining
patients” long-term health and functional status [3]. However, complications such as
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instability, stiffness, and disruption of the extensor mechanism may occur after surgery, so
postoperative management is important [4].

In particular, the strength of the quadriceps femoris muscle decreases over the course
of several months following TKA surgery [5]. Quadriceps femoris strength after TKA
surgery is a key factor that positively affects patient expectations, symptoms, satisfaction,
and functional activities [6]. In particular, it is closely related to functional outcomes such as
functional mobility, stair climbing, quality of life, and activities of daily living [7]. Therefore,
interventions such as preserving motor control, improving nutrition, and strengthening
muscles are necessary after TKA surgery [5]. Among these interventions, resistance training
has been reported to effectively strengthen muscles [8,9]. The American Physical Therapy
Association recommends that TKA patients begin resistance exercise within seven days of
surgery, and that it be performed gradually to improve strength, function, and range of
motion [10].

Accordingly, the importance of resistance training has been increasingly emphasized
for patients who have undergone TKA, and meta-analyses are continuously being con-
ducted to analyze its effects [11-13]. However, previous meta-analyses included studies
that implemented interventions or measurements prior to TKA surgery. Moreover, there
remains a lack of studies that compare the effects of different intervention durations, as
well as the single and multicomponent effects of resistance training. Therefore, this system-
atic review and meta-analysis aimed to evaluate the effects of resistance training on pain,
muscle strength, and function in patients after TKA surgery, and to explore differences
according to intervention duration and type through subgroup analysis.

2. Materials and Methods

This systematic review and meta-analysis was conducted in accordance with the
PRISMA 2020 guidelines and the Cochrane Handbook for Systematic Reviews of Interven-
tions [14,15]. Additionally, the study was prospectively registered in PROSPERO prior to
its commencement (CRD42025640995).

2.1. Eligibility Criteria and Exclusion Criteria

The study inclusion criteria were selected using the PICOS method. Patients: Patients
who underwent TKA surgery; Intervention: Inclusion of resistance or strength training
in the intervention protocol; Comparison: No-intervention, usual care, or comparator
without resistance or strength training in the protocol; Outcome: Pain, muscle strength,
performance-based function, and patient-reported function; Study: Randomized clinical tri-
als (RCTs). Studies were excluded from the analysis if they met any of the following criteria:
Presence of other diseases after TKA, lack of information on resistance or strength training
in the intervention protocol, absence of the full text, or non-English language version.

2.2. Search Strategy

The data search was conducted on 22 January 2025. The databases used were PubMed,
Web of Science, the Cochrane Library, and Embase. The search included studies from
database inception to 22 January 2025. The search terms were “Total knee arthroplasty”,
“Resistance training”, and “Strength training”. The Supplementary Material includes
detailed search strategies (Table S1). In addition, the reference lists of the included studies
were reviewed to identify further relevant studies. Two independent reviewers (J.-H.L.
and B.-G.K.) conducted the study selection. Any disagreements were resolved through
discussion and consensus.
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2.3. Data Collection

The retrieved studies were managed using EndNote 2018, and the collected data
were organized using Excel 2022. The collected data items were the study title, year of
publication, number of participants, sex, age, Body Mass Index (BMI), the intervention
method of the experimental and comparison groups, the number of sessions, exercise
intensity, outcome, and the pre- and post-intervention mean and standard deviation values.

To prevent overestimating the effect size when outcomes of the same category exist,
we collected them in a prioritized manner. For pain, we prioritized structured tools such
as the Western Ontario and MacMaster Universities Osteoarthritis Index (WOMAC) and
the Knee Injury and Osteoarthritis Outcome Score (KOOS) over simple measures such as
Visual Analogue Scale (VAS). For strength, we prioritized the strength of the quadriceps
femoris muscle. Function collected self-reported and performance-based outcomes. The
self-reported function included tools to assess Activities of Daily Living (ADL), such as the
WOMAC function, the KOOS ADL, and the Hospital for Special Surgery (HSS) knee score.
Two independent reviewers (J.-H.L. and B.-G.K) conducted the study selection and data
extraction. Any discrepancies were resolved through discussion and consensus.

2.4. Assessment of Risk of Bias and Certainty of Evidence

The risk of bias in the included studies was assessed using the Cochrane Risk of
Bias 2 (ROB 2) tool. The ROB 2 tool assesses five domains: The randomization process,
deviations from intended interventions, missing outcome data, measurement of the out-
come, and selection of the reported result. In addition, the certainty of evidence for the
overall pooled results was evaluated using the GRADE (Grading of Recommendations,
Assessment, Development and Evaluations) approach, which considers five factors: Risk of
bias, inconsistency, indirectness, imprecision, and publication bias. Based on these domains,
the overall certainty of evidence was rated as high, moderate, low, or very low [16]. Based
on these domains, the overall certainty of evidence was rated as high, moderate, low,
or very low. Two independent reviewers (J.-H.L. and B.-G.K) conducted the risk of bias
and certainty of evidence assessments and compared the results. Any discrepancies were
resolved through discussion and consensus.

2.5. Statistical Analysis

A meta-analysis was conducted using R Studio 4.3.1 software. Since all collected
outcomes were continuous and the characteristics of the participants and intervention
methods were diverse, a random-effects model with restricted maximum likelihood (REML)
estimation was selected. The mean difference was calculated using the pre- and post-
intervention means and standard deviations of the experimental and comparison groups.
Since the same outcome was assessed using different instruments across studies, the
effect sizes were expressed as Standardized Mean Differences (SMDs). The effect size was
calculated using Hedges’ g. A small effect size is 0.3, a medium effect size is 0.5, and a large
effect size is 0.8 [17]. The results are presented as SMDs and 95% Confidence Intervals (Cls)
via forest plots for visual analysis. Heterogeneity between studies was assessed using both
the I? statistic and Cochran’s Q test. I? values of 25%, 50%, and 75% were interpreted as
indicating low, moderate, and high heterogeneity [18], respectively, and a p-value less than
0.05 was considered statistically significant.

Subgroup analyses were conducted based on comparison group, intervention duration,
and type. The comparison group was categorized as either no-intervention or other
intervention to examine whether the type of control condition influenced the treatment
effects. The duration was categorized as less than 12 weeks or 12 weeks or more to examine
whether the duration of the intervention influenced the effect size. The intervention type
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was classified as either resistance training alone or multicomponent training to compare
the effects of resistance training alone versus in combination with other components.
These subgroupings were used to further explore the differential effects of intervention
characteristics. Egger’s regression analysis and funnel plots were not used to assess
publication bias, as fewer than 10 studies were included. A sensitivity analysis was
performed to assess whether exclusion of a study with an outlying effect size would
substantially affect the overall results.

3. Results
3.1. Research Selection Process

A total of 942 studies were retrieved, including 165 from the PubMed database,
351 from the Web of Science database, 208 from the Cochrane Library database, and 198
from the Embase database. After removing 321 duplicates from the initial 621 records, 598
studies were excluded during title and abstract screening, and one study was excluded
because the full-text report was not retrievable. As a result, 22 studies were selected for
full-text review. After reading the original texts, 15 studies were excluded because they did
not meet this study’s selection criteria. As a result, seven studies were included in the final
analysis [19-25] (Figure 1).

{ Identification of studies via databases and registers ]
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Figure 1. Research selection process.

The reasons for exclusion included not being written in English, lack of standard
deviation data, inclusion of resistance training in the comparison group, baseline mea-
surements taken preoperatively, and interventions applied before surgery [26—40]. The
Jiao et al. study [40], which investigated high-intensity progressive training in TKA pa-
tients, was excluded because the strength training was conducted preoperatively. The
reasons for excluding other papers are provided in Supplementary Table S2.
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3.2. General Characteristics of Included Studies

A total of 439 participants were included across seven studies. The interventions
applied included elastic band exercises, machine-based resistance training, aquatic resis-
tance training, and isometric strength training. The intervention duration ranged from
four weeks to one year. Various intensities were applied, including moderate intensity,
One Repetition Maximum (1RM), and repetitions per set. The collected outcomes included
pain, which was assessed using the WOMAC, the KOOS, VAS, and activity-specific pain.
Muscle strength assessment focused on knee extensor strength. Self-reported function was
assessed using the WOMAC Function, KOOS ADL, and the HSS knee score. Performance-
based function was measured using the 40 m brisk walking test, the 8 ft up-and-go test,
gait speed, maximal walking speed, and maximal velocity (Table S3).

3.3. Risk of Bias in Studies

Seven studies were assessed for bias using ROB 2. The randomization process was
assessed as low risk in five studies and as having some concerns in two studies. The effect
of intervention assignment was assessed as low risk in three studies and as having some
concerns in four studies. Missing outcome data was assessed as low risk in four studies and
as having some concerns in three studies. The measurement of the outcome was assessed
as low risk in seven studies. The reported results were assessed as low risk in six studies
and as having some concerns in one study. Overall, three studies were assessed as low risk,
and four studies were assessed as having some concerns (Figure S1).

3.4. Meta-Analysis Results
3.4.1. Pain

Pain data were available from seven studies. A large effect size was observed for pain
improvement through resistance training (SMD: 0.84, 95% CI: 0.11; 1.57). Heterogeneity
was high (I? = 89.6%) and statistically significant (p < 0.05) (Figure 2).

Std. Mean Difference

Study Experimental sample Control sample SMD SE 95% ClI IV, Random, 95% CI
Cetinkaya, 2022 30 30 349 042 [267,4.31]
Hsu WH(a), 2019 14 15 058 0.38 [-0.17; 1.32]
Hsu WH(b), 2019 14 15 1.79 0.45 [0.91; 2.67]
Do K(a), 2020 19 16 101 0.36 [0.30; 1.72]
Do K(b), 2020 20 16 063 0.34 [-0.04; 1.31]
Liao CD, 2020 20 20 -0.21 0.32 [-0.83; 0.41]
Heikkila A, 2017 53 55 -0.10 0.19 [-0.47; 0.28]
Unver B, 2016 30 30 0.47 0.26 [-0.05; 0.98]
Valtonen A, 2010 25 21 0.19 0.30 [-0.39; 0.77]
Total (95% CI) 0.84 [ 0.11; 1.57]

Heterogeneity: Tau® = 1.1400; Chi® = 77.10, df = 8 (P < 0.0001); I* = 89.6%
Control Experimental
Figure 2. The effects of resistance training on pain [19-25].

3.4.2. Muscle Strength

Muscle strength data were available from four studies. A large effect size was observed
for strength improvement through resistance training (SMD: 1.03, 95% CI: 0.29; 1.77).
Heterogeneity was high (I? = 83.1%) and statistically significant (p < 0.05) (Figure 3).
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Std. Mean Difference

Study Experimental sample Control sample SMD SE 95% CI IV, Random, 95% CI
Hsu WH(a), 2019 14 15 1.53 0.43 [0.69; 2.37] —I—
Hsu WH(b), 2019 14 15 246 051 [1.46; 3.46] P ——
Heikkila A, 2017 53 55 0.16 0.19 [-0.22; 0.54] .
Unver B, 2016 30 30 0.80 0.27 [0.28; 1.33] -
Vaitonen A, 2010 23 20 062 031 [0.00; 1.23] —l--
Total (95% CI) 1.03 [0.29; 1.77] i
| | I | | 1

Heterogeneity: Tau® = 0.5968; Chi’ = 23.64, df = 4 (P < 0.0001); I> = 83.1%
3 2 414 0 1 2 3

Control Experimental
Figure 3. The effects of resistance training on muscle strength [20,23-25].
3.4.3. Self-Reported Function

Self-reported function data were available from six studies. A large effect size was observed
for self-reported functional improvement through resistance training (SMD: 1.58, 95% CI: 0.15;
3.01). Heterogeneity was high (I? = 93.1%) and statistically significant (p < 0.05) (Figure 4).

Std. Mean Difference

Study Experimental sample Control sample SMD SE 95% ClI IV, Random, 95% CI
Cetinkaya, 2022 30 30 6.49 0.66 [5.19;7.80] —=
Hsu WH(a), 2019 14 15 1.11 0.40 [0.32; 1.90] :

Hsu WH(b), 2019 14 15 2.89 0.55 [1.81;3.97] -

Do K(a), 2020 19 16 0.97 0.36 [0.26; 1.68]

Do K(b), 2020 20 16 0.86 0.35 [0.17; 1.55]

Liao CD, 2020 20 20 0.33 0.32 [-0.30; 0.95]

Unver B, 2016 30 30 0.06 0.26 [-0.44; 0.57]

Valtonen A, 2010 25 21 0.33 0.30 [-0.25: 0.92]

Total (95% CI) 1.58 [ 0.15; 3.01] | - |

Heterogeneity: Tau® = 4.0796; Chi® =101 34, df =7 (P < 0.0001); ?=93.1%
-5 0 5

Control Experimental

Figure 4. The effects of resistance training on self-reported function [19-22,24,25].

3.4.4. Performance-Based Function

Performance-based function data were available from seven studies. A moderate
effect size was observed for performance-based functional improvement through resistance
training (SMD: 0.74, 95% CI: 0.38; 1.11). Heterogeneity was moderate (I7 = 68.9%) and
statistically significant (p < 0.05) (Figure 5).

Std. Mean Difference

Study Experimental sample Control sample SMD SE 95% CI IV, Random, 95% CI
Cetinkaya, 2022 30 30 1.94 0.32 [1.32;2.56] ——
Hsu WH(a), 2019 14 15 0.90 0.39 [0.13; 1.67] —i—
Hsu WH(b), 2019 14 15 0.24 0.37 [-0.49; 0.97] —.——

Do K(a), 2020 19 16 0.92 036 [0.22; 1.62] ——
Do K(b), 2020 20 16 0.94 0.36 [0.25; 1.64] —'.—
Liao CD, 2020 20 20 0.67 0.33 [0.03; 1.31] —.—
Heikkila A, 2017 53 55 0.36 0.19 [-0.02; 0.74] —.—

Unver B, 2016 30 30 0.76 0.27 [0.24; 1.29] —.—
Valtonen A, 2010 25 21 0.07 0.30 [-0.51; 0.65] ——

Total (95% CI) 0.74 [0.38; 1.11] | | ‘| |

Heterogeneity: Tau® = 0.2083; Chi® = 25.75, df = 8 (P = 0.0012); I = 68.9%
-2 -1 0 1 2

Control Experimental

Figure 5. The effects of resistance training on performance-based function [19-25].

198



J. Clin. Med. 2025, 14, 4979

3.5. Subgroup Analysis

Subgroup analysis was conducted based on comparison group, intervention duration,
and intervention type. Significant effects were observed in the other intervention group
for all outcomes, whereas no significant effects were found in the no-intervention group.
Subgroup differences were statistically significant for pain, strength, and performance-
based function (p < 0.05), but not for self-reported function (p > 0.05). For intervention
duration, pain showed a significant effect when the duration was less than 12 weeks,
while strength and performance-based function showed significant effects regardless of
duration. A significant subgroup difference was found only for performance-based function
(p < 0.05). Subgroup differences for pain, strength, and self-reported function were not
statistically significant (p > 0.05). Regarding intervention type, resistance training alone
showed significant effects for strength and self-reported function, whereas multicomponent
interventions did not. A significant subgroup difference was observed only for self-reported
function (p < 0.05). Detailed results are shown in Table 2.

Table 1. Subgroup analysis of the effects of intervention duration and type.

Effect Size Test for
Outcome Subgroup Study (SMD ? Subgroup
[95% CI]) Difference
. [19-22,24] Other intervention 1'_08 89.8%
Comparison [0.20; 1.97] b= 0023
. group ‘ . —0.01 ) '
Pain [23,25] No intervention [-0.33; 031] 0%
) [19,21,24] ~11 weeks [0 01235 74] 92.6%
Intervention Ve s ~0.199
Duration 0.39 re
[20,22,23,25] 12 weeks~ [-0.26; 1.04] 77.2%
1.05
19-22,25 Resistance onl 90.2%
Intervention [ ] o [0.14; 1.96] _0.101
type : 0.16 p=r
[23,24] Multicomponent [-0.39; 0.71] 66.8%
1.52
20,24 Other intervention 77 4%
Comparison [ ] [0.59; 2.46] p= 0022
Muscle strength grotp [23,25] No intervention 0.32 34.4% '
’ [—0.10; 0.75] ’
) [20,23,25] ~11 weeks 0 111'.122 10 87.1%
Intervention [0.14; 2.10] — 0.580
Duration 0.80 p=>
[24] 12 weeks~ [0.28; 1.33] -
1.48
20,25 Resist I 80.4%
Intervention [ ] esistance only [0.43; 2.52] ° 0101
ype . 0.46 p=r
[23,24] Multicomponent [-0.17;1.08] 73.5%
) [19-22,24] Other intervention 1'.77 93.9%
Comparison [0.15; 3.38] p=0.102
Self-reported group . . 0.33 '
function [25] Nointervention 55, 0.9] -
[19,21,24] ~11 weeks 205 96.3%
Intervention [—0.79;4.90] — 0542
Duration 20,22,25 12 k 110 84.7% e
[20,22,25] weeks~ [—0.02; 2.22] e
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Table 2. Subgroup analysis of the effects of intervention duration and type.

Effect Size Test for
Outcome Subgroup Study (SMD ? Subgroup
[95% CI]) Difference
1.80
19-22,25 Resistance onl 93.3%
Intervention [ ] y [0.22;3.39]
type 0.06 p=0.041
[24] Multicomponent [-0.44; 0.57] -

[19-22,24] Other intervention 0.92 59.2%

Comparison [0.53; 1.31] )= 0011
Performance- group . . 0.27 o o
based function [23,25] No intervention [—0.05; 0.59] 0%

[19,21,24] ~11 weeks 1‘.14 66.9%

Intervention [0.60; 1.68] ~0.014
Duration 20,22,23,25 12 k: 0.39 0% ’ '
[20,22,23,25] weeks~ [0.14; 0.65] °
. 0.81
19-22,25 Resistance onl 72.6%
Intervention [ ] Y [0.34; 1.28]

type 0.52 p =034

[23,24] Multicomponent [0.13; 0.91] 34.4%

SMD: Standardized mean difference; CI: Confidence interval.

3.6. Sensitivity Analysis

Due to the high heterogeneity of the study results, a sensitivity analysis was conducted.
Additional analyses were conducted after excluding the study by Cetinkaya [17], due to its
high heterogeneity in effect sizes. As a result, significant effects were found on pain (SMD:
0.48, 95% CI: 0.07; 0.89, I2: 79.2%), self-reported function (SMD: 0.86, 95% CI: 0.24; 1.47,
12: 77.2%), and performance-based function (SMD: 0.56, 95% CI: 0.33; 0.79, 1?: 14.5%).

3.7. Certainty of Evidence

The certainty of the evidence was assessed using the GRADE approach. The certainty
was rated as moderate for pain, strength, and performance-based function due to serious
risk of bias and inconsistency, but with no serious concerns about indirectness or impre-
cision. For self-reported function, the certainty was rated as low because of very serious
inconsistency, serious imprecision, and serious risk of bias (Table S4).

4. Discussion

This systematic review and meta-analysis suggests that resistance training may lead
to improvements in pain, muscle strength, and functional outcomes (WOMAC, KOOS,
HSS knee score, and gait speed) among patients undergoing TKA. Additionally, subgroup
analyses revealed that the effects were more pronounced when the interventions lasted
fewer than 12 weeks and when resistance training was the only type of exercise performed.
However, heterogeneity was high, and the risk of bias assessment showed that three studies
were at low risk and four had some concerns, indicating that the overall findings were
favorable but should be interpreted with caution.

A previous meta-analysis reported that active resistance exercise of the lower limbs
was positively associated with pain relief, recovery of muscle strength, improved mobility,
and enhanced physical function in patients who underwent TKA [11]. Another meta-
analysis reported that strength training improved the distance covered in the six-minute
walking test in patients with TKA [12]. In contrast, a meta-analysis with conflicting findings
reported that, compared to standard rehabilitation, progressive resistance training did not
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significantly change functional capacity or muscle strength in patients with TKA or total hip
arthroplasty [13]. The observed variations in outcomes are hypothesized to be attributable
to disparities in the characteristics of the subjects included in the study and the outcomes
collected. Only TKA patients were included in this meta-analysis. To ensure consistency in
effect size calculation when multiple outcomes were available, subitems of the WOMAC
and KOOS and walking speed were prioritized for inclusion. This may explain why the
results differed from those of previous studies.

Resistance training contributes to pain relief through physiological mechanisms, in-
cluding protein remodeling, reduced relative load, and decreased pain sensitivity via
central inhibitory mechanisms [41-43]. Additionally, weakness in the quadriceps femoris
negatively affects the long-term prognosis and functional recovery of TKA patients. Incor-
porating resistance training into the intervention program effectively improves physical
function [44]. Following TKA surgery, lower extremity muscles such as the quadriceps
femoris and biceps femoris lose 50-60% of their preoperative strength. This loss results in
a decline in patients’ functional mobility and ability to perform activities of daily living,
such as rising from a chair, stair climbing, and walking at an adequate speed [45]. Walking
speed is a critical outcome for TKA patients, strongly influenced by quadriceps femoris
strength [46].

Between comparison groups, statistically significant subgroup differences were ob-
served for pain, strength, and performance-based function, with the other intervention
group showing more effective outcomes compared to the no-intervention group. For
self-reported function, the effect size was also somewhat larger in the other intervention
group, although this difference was not statistically significant. When analyzing studies
in this review that compared resistance training to no intervention, Heikkild et al. [23]
reported that it was difficult to control the exercise load in a home-based program, and
participant compliance declined during the final month. Valtonen et al. [25] reported that
the participants’ favorable baseline condition may have limited the potential for additional
improvements, and that the training intensity was difficult to define because it was unclear
whether the participants had actually reached fatigue, despite being instructed to exercise
at maximum effort. These results suggest that the intensity and control of resistance train-
ing could potentially affect the effectiveness of the intervention. A study analyzing the
dose-response relationship of resistance training in adults found that setting the intensity
at 50-69% of 1RM produced the greatest improvement in symptoms, function, and lower
extremity muscle strength [47]. In contrast, some studies found no significant difference
between high- and low-intensity training. [48]. To improve strength, it is necessary to con-
sider various training variables such as intensity, number of sets, and training frequency,
as their combination can influence the effectiveness of the intervention [49]. Therefore,
more high-quality studies are needed to clarify the causes of these conflicting results and
understand the effects of resistance training.

A statistically significant subgroup difference by intervention duration was found for
performance-based function, with greater effects seen in interventions lasting less than
12 weeks. Similar trends were noted for the other outcomes, although these differences
did not reach statistical significance. These findings regarding intervention duration
in the current meta-analysis differ from those of a previous meta-analysis [12], which
reported that increasing the duration and frequency of resistance training improved gait
and functional outcomes in patients with TKA. This discrepancy may be attributed to
differences in participant characteristics or intervention protocols. To clarify this issue, a
future meta-analysis incorporating additional studies is warranted. Regarding the optimal
duration of resistance training, Monsegue et al. [44] reported that high-intensity resistance
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training performed three times per week for at least eight weeks was most effective in
improving muscle strength and function during recovery after TKA.

In terms of intervention type, a statistically significant subgroup difference was found
for self-reported outcomes, with resistance training alone being more effective than when it
was included as part of a multicomponent intervention. A similar tendency was observed
for pain, strength, and performance-based function, although these differences did not
reach statistical significance. A previous meta-analysis showed that, compared to resistance
training alone, concurrent resistance and aerobic training was equally effective in increasing
muscle mass in middle-aged and older adults [50]. Additionally, a meta-analysis targeting
patients with knee osteoarthritis found that a single type of exercise was more effective than
a combined exercise program that included resistance, aerobic, and functional training [51].
This may be due to training time and effort being divided among multiple components,
potentially diluting the neuromuscular stimulus of resistance training. Another possible
explanation is the interference effect. In this study, the multicomponent interventions
included flexibility training and functional tasks such as toe raises and step exercises.
Although these components do not constitute endurance training per se, their repetitive
and low-intensity nature may resemble endurance-type activity. Prior research suggests that
combining endurance and resistance training can attenuate muscular adaptations compared
to resistance training alone, indicating the possibility that similar interference effects
may have occurred in the multicomponent groups [52]. Wilson et al. [53] reported that
performing endurance and strength training simultaneously may inhibit maximum power
and rate of force development due to interference effects. These findings align with the
trends observed in the present study and suggest that the proportion of resistance training
within multicomponent protocols could potentially influence the outcomes. However,
given the largely exploratory nature of these subgroup findings, cautious interpretation is
warranted, and further studies are required to confirm these outcomes.

This meta-analysis has several limitations. First, the number of studies included
was relatively small compared to previous meta-analyses. This was primarily due to the
exclusion of studies that initiated interventions or measured baseline outcomes prior to
surgery, as the present analysis focused exclusively on the effects of resistance training after
TKA. These criteria allowed for the analysis of the isolated effects of resistance training
following TKA surgery. However, preoperative age and WOMAC pain and function scores
should be considered collectively due to their impact on postoperative prognosis [54].
Second, as reported in previous meta-analyses [11-13], overall heterogeneity was high.
This likely stems from differences in subject characteristics, intervention methods, and
training intensity. Future studies should be conducted to clearly evaluate the effectiveness
of resistance training after TKA surgery. These studies should be high-quality RCTs that
standardize the components of the interventions and minimize dropout rates and missing
data. Third, this review did not include a search of grey literature, which may have
resulted in the omission of unpublished studies. Furthermore, data collection may have
been incomplete, as no attempts were made to contact study authors when full texts
were unavailable.

5. Conclusions

This meta-analysis suggests that resistance training may contribute to improvements
in pain, muscle strength, and function among patients with TKA. Furthermore, it was
observed that the intervention tended to be more effective when the duration was less than
12 weeks and when resistance training was applied alone. These findings may help inform
the design of resistance training protocols in clinical settings. Future studies should be
high-quality RCTs with standardized intervention timing, intensity, and composition.
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