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Abstract

Introduction: Entheses, the sites where tendons, ligaments, and joint cap-
sules insert into bone, are highly susceptible to mechanical stress. While en-
thesitis is a cardinal feature of spondyloarthritis (SpA), repetitive mechanical
loading in elite athletes can also induce entheseal changes. High-resolution
ultrasound (US) allows for detailed assessment of entheseal inflammation
and structural damage. However, the specific impact of sport-specific loading
patterns on differentiating physiological entheseal adaptation from early pa-
thology in asymptomatic elite athletes remains a critical area for investigation.
Material and methods: This cross-sectional study evaluated 87 elite athletes
from various sports (athletics, basketball, cycling, golf, handball, climbing, ar-
chery) and 49 sedentary controls. Elite status was defined as training > 10 h/week
for over 5 years. All participants underwent US evaluation of 20 bilateral enthe-
seal sites. US findings were scored semi-quantitatively (0-3) for inflammation
(hypoechogenicity, thickening, power Doppler [PD] signals) and damage (calci-
fications, erosions, enthesophytes) according to OMERACT definitions. Athletes
were grouped by dominant extremity use (upper, lower, or both). Statistical
comparisons and linear regression analyses were performed to identify associ-
ations between entheseal scores and demographic/training variables.
Results: Elite athletes exhibited significantly higher entheseal inflammation
and damage scores compared to sedentary controls (p < 0.05). Athletes prac-
ticing upper extremity-dominant sports (e.g., archery, climbing) showed signifi-
cantly higher upper extremity inflammation (median [IQR], 1 [0-3] vs. 0 [0-1.5];
p = 0.010) and damage scores (median [IQR], 0 [0-3] vs. 0 [0-0]; p < 0.001) than
controls. Similarly, lower extremity-dominant athletes (e.g., athletics, cycling)
had significantly higher lower extremity inflammation scores (median [IQR],
2 [1-4] vs. 0 [0-1]; p < 0.001). Linear regression revealed that upper extremi-
ty inflammation was independently associated with age and weekly training
duration, while lower extremity inflammation was solely associated with body
mass index (BMI). Notably, a high prevalence of US abnormalities was observed
despite many athletes being asymptomatic.

Conclusions: Sport-specific mechanical loading is strongly associated with
localized entheseal changes detectable by US in elite athletes. These findings
underscore the importance of contextualizing US results within an athlete’s
specific sport and loading history to distinguish between subclinical enthe-
seal adaptation and true pathology.
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Introduction

The enthesis is a specialized fibrocartilaginous
structure that serves as the mechanical interface
between soft tissues (tendons, ligaments, and
joint capsules) and bone [1]. Its primary function is
to efficiently transfer biomechanical forces, mak-
ing it a critical site for load dissipation and adapta-
tion [2]. Enthesitis, defined as inflammation at the
enthesis, is a cardinal feature of spondyloarthritis
(SpA) [3]. However, enthesopathies — a broad-
er term encompassing both inflammatory and
structural changes — are not exclusive to system-
ic inflammatory diseases. Repetitive microtrauma
resulting from chronic mechanical overload, par-
ticularly in occupations or activities involving high
physical demands, is a well-recognized non-in-
flammatory cause of entheseal pathology [4].

Elite athletes represent a unique population
subjected to highly specific and intense mechan-
ical loading patterns, often exceeding 10 h of
training per week over many years. This chronic,
repetitive stress can lead to structural remodeling
and adaptive changes at the entheses, a process
increasingly understood through the lens of mech-
anoinflammation [5]. Mechanoinflammation pos-
its that excessive biomechanical stress can trigger
a localized, non-infectious inflammatory cascade,
leading to tissue damage and subsequent repair
processes [6]. Differentiating between physiolog-
ical entheseal adaptation (e.g., thickening, mild
enthesophytes) and pathological enthesitis (e.g.,
active inflammation, erosions) in asymptomatic
athletes is a significant clinical and research chal-
lenge [7].

Musculoskeletal ultrasound (US) was chosen
as the primary imaging modality for this study
due to its unique ability to provide high-resolu-
tion, real-time assessment of both inflammatory
and structural entheseal changes. Unlike conven-
tional radiography, which detects only late-stage
structural damage, US allows visualization of early
inflammatory features such as hypoechogenicity
and power Doppler signal, as well as structural
findings including enthesophytes and calcifica-
tions. Compared with magnetic resonance im-
aging, US offers greater feasibility for the simul-
taneous evaluation of multiple entheseal sites,
enables dynamic and bilateral assessment, does
not involve radiation exposure, and is more acces-
sible in routine clinical practice. These character-
istics make US particularly suitable for studying
sport-related, load-dependent entheseal adapta-
tions in elite athletes [8]. US provides high-resolu-
tion, real-time visualization of both inflammatory
features (hypoechogenicity, increased thickness,
Power Doppler [PD] signal) and structural dam-
age (calcifications, erosions, enthesophytes) [9].
The Outcome Measures in Rheumatology (OMER-

ACT) group has established consensus-based defi-
nitions and scoring systems for these elementary
lesions, enhancing the reliability of US in this con-
text [10]. Despite this, a global consensus on a sin-
gle sonographic enthesitis index remains elusive,
highlighting the complexity of US assessment in
this area [11].

The literature remains limited regarding the dif-
ferential impact of various sport-specific loading
patterns on entheseal pathology. Previous stud-
ies have often grouped athletes broadly, obscur-
ing the localized effects of distinct upper- versus
lower-extremity dominant sports. Furthermore,
the inclusion of non-inflammatory findings in en-
thesitis scoring indices remains a point of debate,
particularly when evaluating athletes [12].

The primary objective of this study was to in-
vestigate the impact of sport-specific repetitive
mechanical loading on entheseal inflammation
and structural damage in elite athletes. We aimed
to compare US-detected entheseal changes across
different sports and extremity dominance groups
relative to sedentary controls, thereby contribut-
ing to a better understanding of entheseal adap-
tation in this highly active population.

Material and methods
Study design and participants

This was a cross-sectional study conducted at
a single center. The study included elite athletes
aged over 18 years from seven distinct sports
disciplines: athletics, basketball, cycling, golf,
handball, climbing, and archery. Elite status was
strictly defined as training for a minimum of 10 h
per week and having at least 5 years of contin-
uous sports experience. Exclusion criteria includ-
ed a history of rheumatic disease, cancer, recent
trauma to any entheseal region, pregnancy, or pri-
or surgery. Participants with any known mental or
cognitive dysfunction that could impair the ability
to provide informed consent or to adequately co-
operate with the study procedures were exclud-
ed from the study. The control group consisted of
healthy, age- and sex-matched sedentary individ-
uals over 18 years old with no history of regular
sports participation.

Demographic data, including age, sex, body
mass index (BMI), and smoking status, were col-
lected for all participants. For athletes, weekly
training duration and total years of sporting ac-
tivity were also recorded. The study protocol was
approved by the local Non-Interventional Clinical
Research Ethics Committee (approval number
220-369/19-14) and was conducted in accordance
with the principles of the Declaration of Helsinki.
Written informed consent was obtained from all
participants prior to inclusion in the study.
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Ultrasound protocol and scoring

All participants underwent a standardized US
scan on the same day as the clinical assessment.
The scans were performed by a single experienced
rheumatologist (SB) blinded to the participants’
physical examination findings and specific sport
branches. A Logig-E US machine (General Elec-
tric, Wauwatosa, Wisconsin, USA) equipped with
a 7-13 MHz linear probe was used. To minimize
operator-dependent variability, all US examina-
tions were performed using standardized acqui-
sition settings. A generous amount of coupling
gel was applied, and care was taken to allow the
transducer to rest lightly on the skin without ex-
erting excessive pressure, in order to avoid ar-
tificial compression of the tendon or enthesis.
B-mode parameters, including image depth, focal
zone placement, and overall gain, were standard-
ized across all examinations. Power Doppler (PD)
settings were standardized with a pulse repetition
frequency of 500 Hz and low wall filter. The color
gain was increased to the highest value where no
PD signal was observed below the bony cortex.

A total of 20 bilateral entheseal sites were
scanned, including:

e Upper extremity: supraspinatus and subscapu-
laris insertions (shoulder), triceps insertions,
common flexor and common extensor tendon
origins (elbow);

e Lower extremity: quadriceps and patellar ten-
don origin and insertion (knee), Achilles tendon
and plantar fascia insertions (heel).

Images were acquired in both longitudinal
and transverse planes and anonymized for sub-
sequent scoring. The scoring of the anonymized
images was performed after all participants had
been enrolled.

Each entheseal area was evaluated for elemen-
tary lesions as defined by the OMERACT US Work-
ing Group [10]: hypoechogenicity, thickening, en-
theseal PD signals, erosions, enthesophytes, and
calcifications (details provided in Supplementary
Table SI, Supplementary Figures S1 and S2).

» Thickening and erosions were scored quantita-
tively.

» The remaining features were scored semi-quanti-
tatively (Grade 0: normal; Grade 1: mild; Grade 2:
moderate; Grade 3: severe).

Scoring indices (Supplementary Table SiI):

1. Inflammation score: the sum of scores for hy-
poechogenicity, thickening, and PD signals.

2. Damage score: the sum of scores for calcifica-
tions, erosions, and enthesophytes.

3. Total US enthesopathy score: the sum of the
inflammation and damage scores.

Power Doppler settings were standardized
across all scans: pulse repetition frequency (PRF)
of 500 Hz and a low wall filter. The color gain was

set to the highest value at which no PD signal was
observed below the bony cortex.

Entheseal thickness cut-off: The cut-off value
for entheseal thickness increase in elite athletes
was calculated separately for each enthesis area
using the mean + 2 standard deviations (SD)
method, derived from the control group data, con-
sistent with previous literature (Supplementary
Tables SliI, SIV) [13].

Statistical analysis

Statistical analysis was performed using SPSS
version 22. Numerical variables were expressed as
median (interquartile range [IQR]), and categorical
variables as frequency (%).

Grouping: Elite athletes were categorized into
four groups based on the extremity predominantly
used in their sport:

e Upper extremity dominant (Group A): archers,
golfers, basketball players, handball players,
and climbers;

» Upper extremity non-dominant (Group B): track
and field athletes, cyclists;

» Lower extremity dominant (Group C): track and
field athletes, cyclists, basketball players, hand-
ball players, and climbers;

» Lower extremity non-dominant (Group D): ar-
chers and golfers.

The Mann-Whitney U test and the Kruskal-Wallis
test were used to compare US scores (inflammation
and damage) between groups and the sedentary
Control Group. Comparisons of upper and lower
extremity scores were performed separately. Upper
extremity scores were compared among Group A,
Group B, and the sedentary Control Group, where-
as lower extremity scores were compared among
Group C, Group D, and the sedentary Control Group.

Regression analysis: Linear regression analysis
was conducted to evaluate the determinants of
US scores. Variables with a p-value below 0.200
in univariate analyses were entered into the mul-
tivariate regression model. The frequency of ele-
mentary lesions between groups was compared
using the y? and Fisher’s exact tests.

Results
Participant characteristics

A total of 87 elite athletes (18 athletics, 8 bas-
ketball, 12 cycling, 8 golf, 9 handball, 20 climbing,
12 archery) and 49 sedentary controls were re-
cruited. The median (IQR) age of the participants
ranged from 19.5 (18.5-22.5) to 39.6 (33.4-49.0)
years. Climbers were the oldest group, while ar-
chers were the youngest. BMI was comparable
across all groups. Weekly training time varied sig-
nificantly, with archers reporting the highest dura-
tion (median 60 h) (Table I).
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Comparison of US scores

The US scores for entheseal inflammation and
damage were compared for the upper extrem-
ity among Group A (upper extremity dominant),
Group B (upper extremity non-dominant), and
the sedentary Control Group, and for the low-
er extremity among Group C (lower extremity
dominant), Group D (lower extremity non-domi-
nant), and the sedentary Control Group (Table II).
The frequencies of elementary lesions were com-
pared between each elite athlete group and the
sedentary control group, with the results shown
in Supplementary Figures S3-56. Overall, elite ath-
letes exhibited significantly higher entheseal pa-
thology (Figure 1) compared to sedentary controls,
with differences varying by extremity and athlete
specialization. The results of the regression anal-
yses for lower and upper extremity inflammation
and damage scores are presented in Table Ill.

Upper extremity scores
(Table 1I, Supplementary Table SV)

Inflammation: Group A (upper dominant)
demonstrated the highest median inflammation
score (1 [interquartile range (IQR): 0-3]), which
was significantly higher than the sedentary Con-
trol Group (0 [IQR: 0-1.5]; p = 0.010). No statistical-
ly significant differences in inflammation scores
were found between Group A and Group B (up-

Table I. Demographic characteristics of groups

per non-dominant), or between Group B and the
sedentary Control Group (p = 1.000 and p = 0.587,
respectively).

Damage: While the median damage score was
0 for all groups, the distribution of scores revealed
significant differences. Group A (0 [IQR: 0-3])
showed significantly higher damage compared
to the sedentary Control Group (0 [IQR: 0-0]; p £
0.001). No statistically significant differences in
damage scores were found between Group A and
Group B, or between Group B and the sedentary
Control Group (p = 0.129 and p = 1.000, respec-
tively).

Lower extremity scores
(Table Il, Supplementary Table SV)

Inflammation: Group C (lower dominant) ex-
hibited the highest median inflammation score
(2 [IQR: 1-4]), which was highly significant com-
pared to the sedentary Control Group (O [IQR:
0-1]; p < 0.001). Inflammation scores were similar
between Group C and Group D (lower non-dom-
inant), and between Group D and the sedentary
Control Group (p = 0.137 and p = 0.179, respective-
ly). Damage: No statistically significant differences
were observed among groups for lower extremity
damage scores (p = 0.055). Although not statisti-
cally significant, median damage scores were nu-
merically higher in Group C compared with Group
D and the sedentary Control Group.

Parameter Athletics Basketball  Cycling Golf Handball ~ Climbing  Archery Control
n=18 n=7 n=12 n=38 n=9 n=20 n=12 n =49
Age [years], 25.0 30.3 20.3 243 28.1 39.6 19.5 25.8
median (IQR)  (20.5-28.5) (29-30.7) (19-26.3) (21.8-27.5) (22.2-40.6) (33.4-49) (18.5-22.5) (21.2-28.3)
Sex, female, 7 (38.9) 6 (85.7) 1(8.3) 2 (25) 9 (100) 5 (25) 6 (50) 25 (51)
n (%)
Body mass 21.4 229 221 21.1 21.0 21.9 213 22.4
index [kg/m?] (19.4-23.5) (20.5-23.8) (21-24.4) (19.9-25.7) (20.5-24.8) (20.3-22.6) (19.1-22.9) (20.3-24.5)
median (IQR)
Total athletic 11.5 17 (15-19) 6.5 (5-8) 13.5 13 16 9.5 -
time [years] (6-16.5) (12-14.8)  (11-17.5)  (10.3-23)  (8-12.5)
median (IQR)
Weekly training 24 16 (11-25) 20 15 14 20 60 -
time [h] (23.3-26) (20-20) (8.5-20)  (14-14.5) (15-25) (60-60)
median (IQR)
Smoking
history, n (%)
None 14 (77.8) 5 (71.4) 11 (91.7) 2 (25) 8 (88.9) 7 (35) 8 (66.7)  28(57.1)
Active 3(16.7) 1(14.3) 1(8.3) 2 (25) 0 5 (25) 3(25) 4 (8.2)
In the past 1(5.6) 1(14.3) 0 4 (50) 1(11.1) 8 (40) 1(8.3) 17 (34.7)
Cigarette 1.2 2.4 (-) - 1.5 - 2.5 0.5 2.5
pack/year, (0.3-5.8) (0.3-2.5) (1-10.5)  (0.1-0.8)  (0.4-5.5)
median (IQR)
IQR — interquartile range.
4 Arch Med Sci
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Table II. Differences in inflammation and damage scores for upper extremity entheses across sports categories

Parameter Group A Group B Control P-value
(upper extremity (upper extremity — group
dominant) non-dominant) All Group A Group A Group B
groups vs. Group B vs. Control vs. Control
Upper extremity 1(0-3) 0.5 (0-3) 0(0-1.5) 0.013 1.000 0.010 0.587

inflammation
score, median

(IQR)
Upper extremity 0 (0-3) 0.5 (0-0.5) 0 (0-0) < 0.001 0.129 < 0.001 1.000
damage score,
median (IQR)
Parameter Group C Group D Control P-value
(upper extremity (upper extremity — group
dominant) non-dominant) All Group C Group C Group D
groups vs. Group D vs. Control vs. Control
Lower extremity 2 (1-4) 0.5 (0-2.75) 0(0-1) < 0.001 0.137 < 0.001 0.179
inflammation
score, median
(IQR)
Lower extremity 4 (1-7.25) 2 (1-5.75) 2 (0-4.5) 0.055 N/A N/A N/A
damage score,
median (IQR)

Figure 1. Elementary lesions in different enthesis areas: A — erosion on subscapularis enthesis area, B — erosion
on supraspinatus enthesis area, C — enthesophyte on supraspinatus enthesis area, D — enthesophyte on Achilles
tendon enthesis area, E — enthesophyte on quadriceps tendon enthesis area, F — erosion on lateral epicondyle

Table lll. Determinants of US scores (multivariate linear regression analysis)

US score Associated factor B (95% CI) P-value
Upper extremity inflammation Age 0.117 (0.056-0.178) < 0.001
Weekly training duration 0.055 (0.017-0.094) 0.005

Upper extremity damage Age 0.215 (0.145-0.286) < 0.001
Lower extremity inflammation Body mass index (BMI) 0.449 (0.223-0.676) < 0.001
Lower extremity damage Age 0.173 (0.098-0.249) < 0.001
Body mass index (BMI) 0.248 (0.020-0.476) 0.033
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Determinants of US scores
(multivariate analysis)

Multivariate linear regression analysis identi-
fied independent factors associated with enthe-
seal US scores, as detailed in Table Il.

The analysis showed that age was a signifi-
cant independent predictor for all damage scores
(upper and lower extremity) and upper extremi-
ty inflammation. Weekly training duration was
uniquely associated with upper extremity inflam-
mation. BMI was the sole independent predictor
for lower extremity inflammation and a significant
predictor for lower extremity damage.

Climbing athletes demonstrated the highest
overall US enthesopathy burden, consistent with
the high, sustained mechanical demands of their
sport. Despite the high prevalence of imaging ab-
normalities, a substantial number of athletes re-
mained asymptomatic.

Discussion

This study provides compelling evidence that
sport-specific, chronic mechanical loading in elite
athletes is associated with a significantly higher
burden of entheseal changes — both inflamma-
tory and structural — detectable by US, compared
to sedentary controls. Crucially, our findings high-
light the differential impact of loading patterns,
with upper extremity-dominant sports leading
to higher upper limb scores and lower extremi-
ty-dominant sports correlating with higher lower
limb inflammation.

Our finding of a higher prevalence of enthe-
seal abnormalities in elite athletes compared to
sedentary controls is consistent with a growing
body of literature. For instance, Lanfranchi et al.
[14] conducted a cross-sectional study comparing
entheses US findings in axial spondyloarthritis
patients, athletes, and healthy controls, similarly
reporting a higher frequency of entheseal changes
in athletes than in controls. More recently, Perrot-
ta et al. [15] compared entheseal fibrocartilage in
psoriatic arthritis patients, athletes, and healthy
controls, noting distinct adaptive patterns in ath-
letes, which reinforces the idea that mechanical
demand drives structural changes. Our study ex-
tends these findings by demonstrating that this
increased burden is not uniform but is specifically
localized to the most stressed extremity, providing
a more granular view of sport-specific adaptation.

The observed effect of limb dominance is a key
strength of our study. The significantly higher
upper extremity scores in Group A (upper domi-
nant) directly reflect the high-velocity, repetitive,
and eccentric loading inherent in sports such as
archery and climbing. This localized effect is mir-
rored in studies focusing on specific joints, such

as Benitez-Martinez et al. [16], who found differ-

ences in patellar tendon abnormalities based on

lower limb dominance in elite basketball players.

Our results, which encompass a wider range of

entheseal sites, consolidate the principle that the

enthesis adapts locally to the specific biomechan-
ical demands placed upon it.

The multivariate analysis provides critical in-
sights into the factors driving entheseal changes.
e Age and damage: The strong association be-

tween age and all entheseal damage scores

(calcifications, enthesophytes) supports the

consensus that these structural changes are

cumulative, representing a progressive, load-in-
duced remodeling process over an athletic ca-

reer [1].

e BMI and lower extremity: The independent as-
sociation of BMI with lower extremity inflam-
mation and damage scores aligns perfectly
with the understanding that the lower limbs
bear the entire axial load. This finding, consis-
tent with general population studies [4], under-
scores that even in highly conditioned athletes,
increased body mass translates to higher com-
pressive and tensile forces at the lower limb
entheses.

 Training duration and upper extremity inflam-
mation: The unique association of weekly train-
ing duration with upper extremity inflamma-
tion scores is a novel and important finding. It
suggests that the intensity of current training,
beyond the cumulative effect of age, drives the
more active, inflammatory component (hypoe-
chogenicity, PD signal) in the upper limbs. This
may be due to the high-demand, high-strain
nature of upper-body dominant sports, where
the enthesis is pushed closer to its mechanical
limits during peak training periods.

The high prevalence of asymptomatic US ab-
normalities in our cohort is a crucial finding that
necessitates careful clinical interpretation. This
finding is at the heart of the debate regarding en-
thesitis scoring. Mascarenhas et al. (2021) [12] re-
viewed enthesitis scoring indices and highlighted
the challenge of including non-inflammatory find-
ings (such as enthesophytes) when assessing for
inflammatory disease. In our athletic population,
these findings are likely a manifestation of phys-
iological adaptation or mechanoinflammation
— a subclinical, adaptive inflammatory response —
rather than systemic inflammatory disease [5]. Cli-
nicians must therefore contextualize US findings
within the athlete’s specific sport, training history,
and symptom status to avoid misdiagnosis or un-
necessary intervention.

An important conceptual consideration in the
present study relates to the interpretation of the
OMERACT US ‘damage’ domain in an athletic pop-
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ulation. While the OMERACT definitions were ap-
plied to ensure methodological standardization,
structural findings such as enthesophytes and
calcifications — classified as ‘damage’ within in-
flammatory arthritis frameworks — may represent
physiological or load-related structural adapta-
tions in elite athletes rather than true pathology.
In this context, US features reflecting active in-
flammation, particularly power Doppler signal and
erosions, are likely to be more specific for inflam-
matory enthesitis when interpreted alongside
clinical symptoms and disease probability. Recog-
nizing this distinction is essential to avoid pathol-
ogizing adaptive entheseal changes in physically
active individuals [10].

This study has several notable strengths. First,
entheseal assessment was performed using stan-
dardized OMERACT definitions, ensuring meth-
odological consistency and alignment with the
current international consensus. Second, a com-
prehensive US protocol covering multiple bilateral
entheseal sites was applied, allowing a detailed
evaluation of both inflammatory and structural
changes. Third, athletes were analyzed accord-
ing to sport-specific mechanical loading patterns,
providing a more nuanced understanding of local-
ized entheseal adaptations. Finally, the inclusion
of largely asymptomatic elite athletes reflects re-
al-world clinical practice, where US abnormalities
are often detected in the absence of overt symp-
toms, thereby enhancing the clinical applicability
of our findings.

Several limitations of this study should be ac-
knowledged. First, the cross-sectional design pre-
cludes any causal inference regarding the relation-
ship between mechanical loading and entheseal
changes. Second, the absence of a spondyloar-
thritis comparator group limits direct differen-
tiation between mechanically driven entheseal
adaptation and inflammatory enthesitis. Third,
US assessments were performed by a single ex-
perienced examiner, which may limit generaliz-
ability despite the use of standardized OMERACT
definitions. In addition, although age was includ-
ed in multivariate analyses, residual confounding
related to age differences between certain ath-
lete groups and the control population cannot
be entirely excluded. These limitations should be
considered when interpreting the results [9]. Al-
though the present study did not include a spon-
dyloarthritis comparator arm, the differentiation
between mechanically driven entheseal adapta-
tion and inflammatory enthesitis remains a key
clinical challenge. Previous comparative studies
have shown that athletes may exhibit a high prev-
alence of US-detected entheseal abnormalities
that overlap with findings seen in inflammatory
arthritis, despite the absence of systemic disease

or symptoms. In particular, Lanfranchi et al. and
Perrotta et al. demonstrated that while structur-
al changes such as enthesophytes and calcifica-
tions are common in athletes, features reflecting
active inflammation — especially persistent power
Doppler signal and erosions — are more sugges-
tive of true inflammatory enthesitis. Our findings
should therefore be interpreted within the con-
text of sport-specific mechanical loading, clinical
presentation, and disease probability, to avoid
misclassification of physiological adaptation as
pathological enthesitis [14, 15]. An additional lim-
itation of this study relates to age differences be-
tween certain athlete subgroups and the seden-
tary Control Group. Although age was included as
a covariate in the multivariate regression analyses
and was identified as an independent predictor of
entheseal damage, residual confounding related
to age cannot be fully excluded in a cross-section-
al design. Structural entheseal changes such as
calcifications and enthesophytes are known to
accumulate with age and may therefore partially
contribute to higher damage scores observed in
older athlete groups, particularly climbers, com-
pared with a younger control population. Conse-
quently, the observed differences should be in-
terpreted as associations rather than definitive
evidence of sport-related causality

US reliability is a critical methodological con-
sideration in entheseal imaging studies. In the
present study, all examinations were performed
by a single experienced sonographer using stan-
dardized OMERACT definitions; however, formal
intra- and inter-observer reliability analyses were
not repeated within this dataset, which should
be acknowledged as a limitation. Nevertheless, in
a previously published study by our group apply-
ing the same OMERACT-based US definitions for
entheseal assessment, intra- and inter-observer
reliability were excellent, with intraclass correla-
tion coefficients exceeding 0.80 across all enthe-
seal sites. These findings support the reproducibil-
ity of the applied methodology when performed
by trained assessors, although future studies
should ideally incorporate reliability testing within
the study cohort [2].

Given the cross-sectional design of the present
study, causal relationships between sport-related
mechanical loading and US-detected entheseal
changes cannot be established. The observed as-
sociations should therefore be interpreted with
caution. An alternative explanation may involve
reverse causality or selection bias, whereby in-
dividuals with inherently robust musculoskeletal
or entheseal characteristics are more likely to
engage in and sustain elite-level athletic activity.
Consequently, the findings of this study should be
understood as associations rather than evidence
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of direct causation, highlighting the need for lon-
gitudinal studies to clarify the temporal relation-
ship between mechanical loading and entheseal
adaptation.

The clinical relevance of the present findings
lies in their implications for daily rheumatology
practice. With the expanding use of musculoskel-
etal US, entheseal abnormalities are increasingly
detected in asymptomatic or minimally symptom-
atic individuals, particularly among physically ac-
tive populations. Elite athletes may demonstrate
US findings that resemble inflammatory pathol-
ogy, despite these changes representing biome-
chanical adaptation rather than disease. Previous
studies have highlighted the significant impact
of mechanical loading, neuromuscular control,
and postural factors on musculoskeletal tissue
behavior, underscoring that structural and func-
tional adaptations may occur in the absence of
systemic inflammation. Therefore, our results em-
phasize that US findings in athletes should always
be interpreted in conjunction with sport-specific
loading patterns, clinical symptoms, and overall
disease probability, in order to avoid misdiagnosis
and unnecessary therapeutic escalation [17, 18].

The clinical significance of the observed statisti-
cally significant differences should be interpreted
with caution. In certain comparisons, particular-
ly for upper extremity damage scores, the medi-
an value was zero in both athletes and controls,
indicating that statistical significance was driven
by a subset of individuals with higher scores rath-
er than a uniform group-wide shift. Importantly,
a high prevalence of ultrasound-detected enthe-
seal abnormalities was observed in largely asymp-
tomatic elite athletes. These findings should not
be automatically interpreted as pathological en-
thesitis requiring clinical intervention. In physical-
ly active populations, many structural entheseal
changes likely reflect physiological or load-relat-
ed adaptation rather than inflammatory disease.
Therefore, ultrasound findings in athletes must
always be interpreted in conjunction with clini-
cal symptoms, sport-specific mechanical loading
patterns, and overall disease probability to avoid
misdiagnosis and unnecessary treatment.

Future longitudinal studies are warranted to
track the evolution of US-detected entheseal
changes over an athlete’s career and to deter-
mine which specific US features predict the on-
set of clinical symptoms. Research incorporating
advanced imaging techniques (e.g., MRI) and mo-
lecular biomarkers of inflammation could further
elucidate the biological distinction between phys-
iological entheseal adaptation and early patholog-
ical mechanoinflammation.

Sport-specific mechanical loading is a powerful
driver of localized entheseal changes in elite ath-

letes, detectable by high-resolution US. The differ-
ential associations of entheseal scores with age,
weekly training duration, and BMI underscore
the complex interplay of cumulative stress and
systemic factors in entheseal remodeling. These
findings reinforce the need for a nuanced inter-
pretation of US results in the athletic population,
recognizing that many imaging abnormalities rep-
resent subclinical adaptation rather than overt
disease.
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