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ARTICLE INFO ABSTRACT

Article history: Objective: Thumb carpometacarpal (CMC) osteoarthritis (OA) is multifactorial and may involve anatomical
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variability, altered biomechanics, joint laxity and impaired proprioception. We hypothesized that variability
of the abductor pollicis longus (APL) tendon and proprioceptive innervation of its insertions are associated
with structural degeneration in thumb CMC OA, including cartilage degeneration and osteophyte area.

Keywords: Design: In this cross-sectional study, twenty fresh-frozen cadaver hands were dissected (mean age 68 years,
Thumb range 53-95) between June 2022 and December 2023. Anatomical and immunohistochemical analyses
(C)asiggg?f;iﬁgpal were performed using hematoxylin-eosin and alcian blue staining. Protein gene product 9.5 (PGP 9.5) and S-
Osteophytes 100 (glial marker) immunostaining were assessed. Macroscopic cartilage degeneration was graded using

Proprioception the International Cartilage Research Society (ICRS) classification, and histological degeneration was eval-
Abductor Pollicis Longus uated using Mankin and Otte scores. Associations between APL tendon morphology, cartilage degeneration
and immunohistochemical findings were explored using non-parametric tests.
Results: Accessory APL tendinous slips were present in 18/20 (90%) specimens, with 3-6 slips identified per
specimen. APL slip number showed weak inverse correlation with OA severity at the trapezium (r = -0.24
[-0.61, 0.22]), weak positive correlation with OA severity at MC1 (r = 0.14 [-0.31, 0.55]), moderate positive
correlation with cartilage cellularity (r = 0.47 [0.04, 0.76]), weak positive correlation with Mankin score (r =
0.27 [-0.20, 0.63]), and weak positive correlation with Otte score (r = 0.36 [-0.10, 0.69]). S-100 status
showed a moderate inverse association with OA severity at MC1 (r = -0.52 [-0.78, -0.10]).
Conclusions: Greater APL slip number was associated with increased cartilage cellularity, consistent with a more
cellular cartilage phenotype in specimens with higher APL anatomical complexity. The inverse relationship be-
tween S-100 status and MC1 OA severity supports a potential role of innervation-related factors in structural
degeneration. However, all analyses were unadjusted, and confounding by age cannot be excluded.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Studies have evaluated the role of nerve endings in the stabilizing
structures of joints, mainly the knees and ankles [1-4]. Those studies
have shown that some ligaments and stabilizing structures in those
joints provide static stability and contribute to dynamic joint sta-
bility. In the upper limbs, Vangsness et al. [5] found that the cor-
acoacromial ligament has sensory innervation. Moreover, patients
with chronic shoulder pain presented altered innervation patterns.
Hagert et al. [6] found sensory corpuscles and nerve fascicles in the
scapholunate interosseous ligament (SLIL), suggesting that the SLIL
may play a role in proprioception. The presence of Golgi corpuscles
and nerve endings in other anatomical structures indicates that this
structure is richly innervated and involved in hand proprioception
[7]. More recently, Rein et al. mapped sensory nerve endings in the
triangular fibrocartilage complex and showed that most components
are richly innervated and contribute to neuromuscular stability of
the distal radioulnar joint, whereas the articular disc and ulnolunate
ligament are sparsely innervated and mainly mechanical stabi-
lizers [8].

Thumb carpometacarpal (CMC) osteoarthritis (OA) is hypothe-
sized to be associated with poor neuromuscular capacity and pro-
prioceptive deficits [9]. The loss of dynamic and static stability leads
to the progression of imbalance and functional deformity [9,10]. An
increase in thumb CMC joint laxity and reduced proprioception have
been associated with the development of thumb CMC OA [10-12]. In
addition, clinical trials have shown that neurodynamic and joint
mobilization techniques targeting the median or radial nerve and
the CMC joint can transiently reduce pain sensitivity and, in some
cases, improve grip strength in patients with thumb CMC OA, sup-
porting a modulatory role of sensorimotor pathways in this
joint [13-15].

Zancolli analyzed the biomechanical characteristics of the basal
joint of the thumb and the joint overload generated by the presence
of accessory tendons of the abductor pollicis longus (APL) and pre-
sented a surgical procedure consisting of tenotomy of the APL ac-
cessory tendons to unload the early OA of the thumb CMC joint [16].
Anatomical studies have shown that the APL frequently presents
multiple tendinous slips and accessory insertions, not only to the
first metacarpal (MC1) but also to the trapezium, joint capsule and
thenar musculature [12,17]. These slips may act as a radial traction
pulley, increasing shear forces across the CMC joint, promoting joint
incongruence and favouring focal cartilage overload, osteophyte
formation and progressive instability [16,18]. Despite these bio-
mechanical hypotheses, the relationship between APL slip anatomy,
the structural severity of thumb CMC osteoarthritis and the pro-
prioceptive innervation of these insertions remains poorly char-
acterized.

The aim of this study was to examine whether anatomical
variability of the APL tendon and proprioceptive innervation of its
insertions are associated with cartilage degeneration and osteophyte
formation in the thumb CMC joint.

Methods

The cross-sectional study was carried out from June 2022 to
December 2023. The study was approved by the institutional review
board at our hospital (approval code: IIBSP-CMC-2022-69) and re-
gistered at ClinicalTrials.gov (NCT05626192). This study has been
designed following the STROBE guidelines for observational studies.

Anatomical study: specimens, dissection technique and measurements

Twenty fresh-frozen cadaver hands from body donors were dis-
sected at our anatomy department. Specimens were obtained from

the institutional body donation program. Inclusion criteria were
adult donors with an intact forearm and hand suitable for dissection.
According to institutional policy, cadavers with known pre-existing
systemic degenerative, inflammatory, neoplastic or traumatic con-
ditions affecting the upper limb are not accepted for anatomical
research; consequently, donors with documented systemic or de-
generative diseases were excluded. All specimens were stored at —18
°C and used within one month of arrival to minimize tissue de-
gradation and preserve histological and immunohistochemical in-
tegrity. Donor identification and detailed clinical histories are held
by the Anatomy Department but are not accessible to the research
team, in accordance with national privacy and ethical regulations.
Each donor contributed a single hand (either right or left), so the 20
specimens (11 right, 9 left) were analyzed as independent observa-
tions rather than paired limbs. Dissection was performed with
standard hand surgical instruments at a loupe magnification of 3.5x.
Soft tissues over the first and second compartments were resected.
The APL and extensor pollicis brevis (EPB) tendons and the thenar
muscles were dissected. Sample size was determined pragmatically
as an exploratory study by the number of eligible cadaveric speci-
mens available. We examined the APL accessory tendons and at-
tachments in the thenar muscles, the MC1, trapezium, EPB,
opponens pollicis (OP) belly muscle, and joint capsule (Figure 1A). In
all cases, we examined the joint surface and measured the dorsal-
volar and radioulnar diameters of the trapezium and of the base of
the MC1 using a digital caliper. The articular ‘contact area’ for each
surface was then approximated as the product of these two ortho-
gonal diameters, providing an estimated projected surface area ra-
ther than a direct 3D planimetric measure. The cartilage of the
thumb CMC joint was examined macroscopically (Figure 1B). For
each specimen, the trapezial and metacarpal articular surfaces were
graded globally according to the highest ICRS grade observed on that
surface, without formal subdivision into regional sectors. Cartilage
degeneration was classified according the International Cartilage
Research Society (ICRS) [19-21] criteria into five grades (0-4) [20]
based on the depth and extent of the damage, as follows: grade 0:
healthy cartilage with normal histologic morphology; grade I: nearly
normal cartilage with superficial lesions, soft indentation and/or
superficial fissures and cracks; grade 2: abnormal cartilage with
moderate degeneration; lesions extending down to < 50% of cartilage
depth; grade 3: severely abnormal with cartilage defects extending
beyond > 50% of cartilage depth (3A) or down to the calcified layer
(3B), or down to (but not through) the subchondral bone (3 C), with
the presence of blisters (3D); grade 4: severely abnormal; complete
cartilage loss with exposed subchondral bone [20,21]. For the pur-
poses of this study, structural thumb CMC osteoarthritis was defined
morphologically, based on the combination of macroscopic ICRS
grades > 2, histological degeneration compatible with OA (Mankin
and Otte scores in the degenerative range) [22-24]| and the presence
of osteophytes and/or enthesophytes at the CMC joint.

The size and location of the main osteophytes in the thumb CMC
joint were measured as absolute areas using a digital caliper (ac-
curacy 0.01 mm, Tacklife Inc. DCO10 150 mm/0-6; New York, USA).

Histology and immunohistochemistry

The APL accessory tendon insertion into the trapezium and the
enthesophytes were harvested, fixed in 10% neutral buffered for-
malin, embedded in paraffin blocks, and sectioned into consecutive
slices (3 pm). Sectioning was performed on a Leica Histocore Autocut
rotary microtome (Leica Biosystems; Nussloch, Germany). The sec-
tions were then dehydrated and mounted on microscope slides.
All immunohistochemical sections were evaluated by a single
experienced musculoskeletal pathologist who was blinded to the
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A) Thumb CMC joint showing the accessory APL tendon insertion in the trapezium. B) Thumb CMC joint with chondromalacia and OA.
Abbreviations: FCR, flexor carpi radialis; APL, abductor pollicis longus tendon; Accessory APL tendon. accessory abductor pollicis longus; MC1,

first metacarpal.

macroscopic cartilage grading, osteophyte measurements and APL
anatomical findings at the time of assessment.

Staining was performed with hematoxylin and eosin (HE), Harry’s
hematoxylin, and a commercial eosin in an automated H&E stainer
(Dako CoverStainer; Agilent Technologies; USA) to allow for assess-
ment of tissue morphology. Alcian blue (AB) staining was performed
with a commercial kit using an automated stainer (Arisant; Agilent
Technologies) to determine the amount of proteoglycan synthesis as
a reaction to degenerative changes. Histologic examination of the
stained tissue sections was performed using a Leica light microscope
(Leitz DMRB; Leica Biosystems Nussloch, Germany) at magnifica-
tions of 10x, 20x and 40x.

To perform the immunohistochemical analysis, we used a general
nerve marker protein (protein gene product 9.5 (PGP 9.5), undiluted)
from Novocastra Laboratories (Newcastle, UK) and the S-100 (dilu-
tion: 1:50) polyclonal antibodies from Dako-Agilent (Denmark), the
two most reliable methods of detecting mechanoreceptors [2,6].
Tissue sections were paraffin-embedded and evaluated using an
automated OMNIS immunostainer (Dako-Agilent; California, USA)
followed by antibody detection using the Dako EnVision+System and
3,3’-diaminobenzidine as a chromogen. Appropriate positive and
negative tissue controls were used throughout. Samples were clas-
sified as positive when any specific staining for S-100 or PGP 9.5 was
detected, and as negative when no immunoreactivity was observed
in the entire section.

The following characteristics were evaluated: matrix fissures,
articular surface integrity, cell size, cell density, transition line be-
tween normal and calcified cartilage, vascularization, scar tissue,
fibroblast proliferation, granulation tissue, hyalinization, chondroid
metaplasia, calcification, ossification and loss of proteoglycans

(Figure 2 A-G). The histopathological classification developed by
Mankin was used to grade abnormalities in the articular cartilage
[22,23] and then compared to the Otte grade [24] (Figure 3 A-D).

Mechanoreceptors were analyzed according to the Freeman and
Wyke classification system |[3,4], which classifies the receptors into
four distinct types, as follows: type I (Ruffini endings); type II (Pa-
cinian corpuscles); type Il (Golgi-like endings); and type IV (free
nerve endings).

Statistical analysis

The IBM-SPSS statistical software package v.29 was used to per-
form the statistical analysis. The main exposure variable was the
number of APL tendon slips. The principal outcome variables were
macroscopic cartilage degeneration (ICRS grade), histological de-
generation (Mankin and Otte scores), cartilage cellularity per mm3
and the presence or absence of S-100 and PGP 9.5 immunostaining.
APL tendon slips, ICRS, Mankin and Otte scores were analysed as
ordinal variables; cartilage cellularity, osteophyte area and linear
bone measurements (e.g. distances, contact areas) were analysed as
continuous variables; S-100 and PGP 9.5 were analysed as dichot-
omous variables (positive/negative). Given the small sample size and
the predominantly ordinal nature of the main variables, all analyses
were non-parametric. Continuous variables are presented as mean
(SD) or median (IQR), according to distribution, categorical variables
are presented as n (%).

Correlations between ordinal variables, or between ordinal and
non-normally distributed continuous variables, were presented as
Spearman’s rho (r) with 95% confidence intervals (95% CIs).
Comparisons of continuous or ordinal outcomes between dichotomous
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Progression of cartilage degeneration. Hematoxylin-eosin staining (HE): A) normal cartilage surface with normal chondrocytes distribution; B)

superficial fissures on the surface and loss of water in the cellular matrix, with more chondrocytes per mm?; C) deep fissures in the cartilage
surface and almost no cells. The arrow indicates the fissures in the cartilage surface. Alcian blue staining (AB) shows the progression of
proteoglycans loss in the same cartilage surface; D) normal quantity, deeply blue stained; E) slight loss of proteoglycans; F) Moderate loss of

proteoglycans and G) severe loss of proteoglycans.

groups (e.g. S-100 positive vs. negative) were performed using the in-
dependent-samples Mann-Whitney U test, and results are presented
as effect size r, calculated from the standardized Mann-Whitney sta-
tistic (r = Z/VN), with approximate 95% Cls derived using the Fisher r-to-
z transformation.

Results
Anatomical analysis of APL attachments

The study included 20 human cadaveric hands (13 female, mean
age, 68 years, range, 53-95), comprising 11 right hands and 9 left
hands. The APL tendon inserted on the MC1 bone was the main
tendon of the APL muscle.

We found a total of 47 tendons originating from the APL muscle
(main and accessory). In half cases (n=10/20; 50%), the main APL
tendon was divided into two independent tendons. In the remaining

cases (n=10/20; 50%), there was either a single tendon (n=2, 10%),
three (n=7; 35%) or four (n=1, 5%) tendons. These anatomical variants
corresponded to the tendons originating in the APL muscle and ex-
tending to their insertion at the base of MC1. Overall, accessory APL
slips (more than one insertion tendon) were present in 18 of the 20
specimens (90%). In ten specimens (n=10, 50%), the main APL tendon
split into two tendinous slips before the insertion. In 19 cases (n=19,
95%) the main APL tendon was also inserted into the OP muscle belly
and the abductor pollicis brevis (APB) muscle through these tendi-
nous slips. The number of tendon slips from the APL tendon ranged
from three to six, with 3 (n=9, 45%) and 4 (n=6, 30%) slips being the
most frequent.

The APL tendon inserted into the MC1, occupying an area of 4.15
(IQR 3.3-6.0) mm? The number of APL tendon slips showed a
moderate positive correlation with cartilage cellularity (r = 0.47
[0.04, 0.76]), indicating that specimens with more slips tended to
present higher chondrocyte cellularity.

CASE 7.HE X 40

[CASES.HEX20 | CASES HExzo

L"\é:lil

Cellularity gradient on hematoxylin-eosin staining (HE) from: A) normal cellularity, B) cellularity slightly increased, C) chondrocyte clones in the

initial phases of OA, and D) decrease in chondral cellularity.
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The radial osteophytes were larger, on average, than the ulnar
osteophytes (8.39 # 1.67 vs. 3.91  2.37 mm?). Larger radial and ulnar
osteophyte area showed moderate correlations with histological
outcomes, including cartilage cellularity (radial r = 0.36 [-0.10, 0.69];
ulnar r = 0.36 [-0.10, 0.69]), global Mankin score (radial r = 0.34
[-0.12, 0.68]; ulnar r = 0.28 [-0.17, 0.64]), and Otte score (radial r =
0.32 [-0.14, 0.66]; ulnar r = 0.34 [-0.12, 0.68]).

The first compartment septum was present in four specimens
(n=4, 20%). In the remaining specimens (no septum), the distance
from the first extensor retinaculum to the MC1 and to the trapezium
were, respectively, 24.1 mm (IQR 20.2-29.3) and 19.0mm (IQR
15.0-22.9). The presence of a septum between APL and EPB showed
a trend toward lower OA grade at MC1 (r = -0.41 [-0.71, 0.06]).

The grade of cartilage damage (ICRS) on the metacarpal surface
was 3-4 versus 2-3 on the trapezium. Trapezium articular surface
area showed moderate correlation with histological outcomes, in-
cluding cartilage cellularity (r = 0.36 [-0.09, 0.69]), global Mankin
score (r = 0.25 [-0.22, 0.63]), and Otte score (r = 0.29 [-0.17, 0.65]).
Insertion into the deep capsule and into the opponens muscle belly
showed small positive correlations with OA severity and histological
outcomes (r = 0.16-0.31). Insertion footprint areas at MC1 and the
trapezium, as well as APL tendon area, demonstrated weak asso-
ciations with OA and cartilage histology (approximately r = -0.35 to
0.33). Distances from the first extensor compartment to MC1 and the
trapezium showed weak-to-moderate trends with cartilage cellu-
larity, such as the inverse association observed for the first extensor
compartment-MC1 distance (r = —0.38 [-0.70, 0.08]). The anatomical
measures are shown in Table 1 and the correlations in Table 2.
Overall, APL slip number showed the strongest relationship with
histological cartilage cellularity, while S-100 status was primarily
related to MC1 structural OA severity. Plots of the main exposure
versus the principal outcomes are shown in Supplementary
Material 1.

Histological and immunohistochemical analysis of the thumb CMC joint

The median Mankin score was 9 (IQR 6.5-11) and the median
Otte score was 3 (IQR 1.75-4). Overall, the majority of specimens
showed structural degeneration compatible with moderate to severe
CMC osteoarthritis, with ICRS grades > 2 in both the trapezial and
metacarpal surfaces in all joints (20/20, 100%). Of the 20 specimens,
13 (4 males, 9 females) tested positive for S-100 (Figure 4 A-D).

The specimens that exhibited greater degenerative arthropathy
and cartilage loss presented fewer nerve terminals and a negative S-
100 marker (Figures 5A and 5B). Two specimens tested positive for
PGP 9.5.

S-100 status demonstrated a moderate inverse correlation with
OA severity at MC1 according to the ICRS classification (r = -0.52
[-0.78, -0.10]). Correlations between S-100 status and histological
outcomes were weak, including cartilage cellularity (r = -0.08 [-0.51,
0.38]), global Mankin score (r = -0.07 [-0.50, 0.38]), and Otte score (r
=-0.19 [-0.58, 0.28]) (Figure 6).

The histological and immunohistochemical analysis measures are
shown in Table 1 and the correlations in Table 2. No multivariable
analyses were performed and all reported associations are un-
adjusted and may be affected by residual confounding.

Discussion

Our findings confirm the anatomical variability of the APL
tendon. Accessory tendinous slips were present in 75% of the spe-
cimens (15 cases), inserting into the MC1, deep joint capsule, tra-
pezium and thenar muscles (APB and OP). The presence of these
tendinous slips was positively correlated (Table 2) with higher car-
tilage cellularity per mms3.

Anatomical Analysis

Number of APL slips (number of slips, n, (%))

3 4 5 6
9 (45) 6 (30) 4(20) 1(5)
Number of APL Slips - MC1 (number of slips, n,(%))
1 2 3 4
2 (10) 10 (50) 7 (35) 1(5)
Number of APL slips - Trapezium (number of slips, n, (%))
0 1 2 3
1(5) 16 (80) 2 (10) 1(5)
Insertion into deep capsule (n, (%))
16 (80)
Insertion into OP (n, (%))
19 (95)
Surface MC1 insertion (median mmz2, (IQR))
4.15 (3.3-6.0)
Dimension APL tendon (median mmz2 ICRS, (IQR))
5.25 (4.6-6.2)

Distance 1st EC-MC1 (median mm ICRS, (IQR))
241 (20.2-29.3)

Distance 1st EC-trapezium (median mm ICRS, (IQR))
19.0 (15.0-22.9)

Septum between APL-EPB (n, (%))
4(20)

Articular surface MC1 (mean mm2 ICRS, (SD))
11.95 (3.0)

Articular surface trapezium (mean mmz2 ICRS, (SD))
12.67 (2.9)

Radial osteophyte dimension (mean mm ICRS, (SD))
8.39 (1.67)

Ulnar osteophyte dimension (median mm ICRS, (IQR))
3.91 (2.25-4.68)

Histology - Inmunohistochemical analyses

OA trapezium ICRS classification (OA trapezium ICRS, n, (%))

2 3 4
4(20) 7 (35) 9 (45)
OA MC1 ICRS classification (OA MC1 ICRS, n, (%))
2 3 4
6 (30) 10 (50) 4(20)
Overall Mankin classification (Mankin Classification, n, (%))
2 3 4 5 6 7
2 (10) 1(5) 1(5) 1(5) 0(0.0) 1(5)
8 9 10 1 12 13
0(0.0) 2 (10) 3(15) 6 (30) 2(10) 1(5)
Cartilage cellularity (Mankin classification) (Mankin classification, n, (%))
0 1 2 3
2 (10) 4 (20) 2 (10) 12 (60)
Overall Otte classification (Otte classification, n, (%))
0 1 2 3 4
2 (10) 3(15) 1(5) 8 (40) 6 (30)
S-100 marker (n, (%))
13 (65)
PGP 9.5 marker (n, (%))
2 (10)

Abbreviations: APL = Abductor pollicis longus; MC1 = First Metacarpal bone; OP =
Opponens; EC = Extensor compartment; EPB = Extensor pollicis brevis; ICRS =
International Cartilage Research Society, SD = Standard Deviation, IQR =
Interquartile range

Table 1 Osteoarthritisand Cartilage

Anatomical and immunohistochemical baseline data.

Histological and immunohistochemical analysis demonstrated
that a greater degenerative change in the thumb CMC joint was
associated with a lower expression of Golgi mechanoreceptors and
reduced S-100 immunostaining and fewer nerve-related structures,
indicating reduced proprioception in joints with severe cartilage
loss. The radial osteophytes in the trapezium were larger on average
than the ulnar osteophytes; this pattern is consistent with a trend
toward asymmetric joint degeneration, but should be interpreted
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OA Trapezium (ICRS
classification)

OA MC1 (ICRS
classification)

Cartilage cellularity
(Mankin classification)

Mankin

Otte

Number of APL slips
Number of APL slips - MC1
Number of APL slips - Trapezium
Insertion into deep capsule*
Insertion into OP*

Area MC1 insertion

Area trapezium insertion
Area APL tendon

Distance 1st EC - MC1
Distance 1st EC - trapezium
Septum between APL-EPB*
Articular surface MC1
Articular surface trapezium
Radial osteophyte dimension
Ulnar osteophyte dimension
S-100 marker*

-0.24 (-0.61, 0.22)
-0.02 (-0.45, 0.42)
-0.15 (-0.55, 0.31)
0.19 (-0.27, 0.59)
0.23 (-0.24, 0.61)
0.33 (-0.13, 0.67)
-0.12 (-0.53, 0.33)
-0.35 (-0.68, 0.11)
-0.27 (-0.64, 0.18)
0.03 (-0.41, 0.46)
-0.32 (-0.66, 0.14)
-0.31 (-0.66, 0.15)
-0.03 (-0.46, 0.40)
-0.08 (-0.50, 0.37)
0.02 (-0.42, 0.45)
-0.28 (-0.64, 0.19)

0.14 (-0.31, 0.55)
0.17 (-0.33, 0.53)
0.38 (-0.08, 0.70)
0.25 (-0.21,-0.63)
0.04 (-0.41, 0.48)
0.13 (-0.33, 0.53)
-0.04 (-0.47, 0.40)
-0.01 (-0.44, 0.43)
-0.03 (-0.46, 0.40)
0.06 (-0.39, 0.48)
-0.41 (-0.71, 0.06)
-0.08 (-0.50, 0.37)
0.20 (-0.26, 0.59)
-0.13 (-0.54, 0.32)
-0.06 (-0.48, 0.39)
-0.52 (-0.78, -0.10)

0.47 (0.04, 0.76)
0.34 (-0.12, 0.68)
-0.20 (-0.59, 0.26)
-0.02 (-0.46, 0.42)
0.8 (-0.29, 0.57)
-0.06 (-0.48, 0.39)
-0.07 (-0.49, 0.37)
-0.07 (-0.49, 0.37)
-0.38 (-0.70, 0.08)
-0.17 (-0.56, 0.29)
0.02 (-0.42, 0.46)
0.01 (-0.42, 0.44)
0.36 (-0.09, 0.69)
0.36 (-0.10, 0.69)
0.36 (-0.10, 0.69)
-0.08 (-0.51, 0.38)

0.27 (-0.20, 0.63)
0.18 (-0.28, 0.57)
-0.16 (-0.56, 0.30)
0.21 (-0.25, 0.60)
016 (-0.31, 0.56)
-0.17 (-0.56, 0.29)
-0.13 (-0.53, 0.33)
-0.20 (-0.58, 0.26)
-0.19 (-0.58, 0.27)
0.02 (-0.42, 0.45)
-0.02 (-0.46, 0.42)
-0.05 (-0.47, 0.39)
0.25 (-0.22, 0.63)
0.34 (-0.12, 0.68)
0.28 (-0.17, 0.64)
-0.07 (-0.50, 0.38)

0.36 (-0.10, 0.69)
0.20 (-0.26, -0.59)
-0.24 (-0.61, 0.22)
0.31 (-0.15, 0.66)
0.29 (-0.18, 0.65)
-0.07 (-0.49, 0.38)
-0.05 (-0.47, 0.39)
-0.15 (-0.55, 0.30)
-0.23 (-0.60, 0.23)
-0.11 (-0.52, 0.34)
-0.01 (-0.44, 0.43)
0.03 (-0.41, 0.45)
0.29 (-0.17, 0.65)
0.32 (-0.14, 0.66)
0.34 (-012, 0.68)
-0.19 (-0.58, 0.28)

Values are presented as Spearman’s rho (95% CI) for correlation analyses and as Mann-Whitney effect size r (95% CI) for dichotomous group comparisons (marked with *).
Bold: Moderate associations

Abbreviations: OA, osteoarthritis; MC1, first metacarpal bone; APL, abductor pollicis longus; OP, opponens pollicis: EPB, extensor pollicis brevis (EPB); ICRS, International
Cartilage Research Society; EC, extensor compartment.
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Table 2 Osteoarthritisand Cartilage

Anatomical and immunohistochemical data analyses.

A-D: Cases with S-100 marker positivity (x 40, x20).

K¢

'ASE 20. S-100 Positivity

C.
X 20

Osteoarthritis and Cartilage
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CASE 2. Negative S-100 Marker
X 40

-]

Case 2: A) Negative S-100 marker x40 associated with B) Severe OA in trapezium bone; ICRS Grade 3: severely abnormal, cartilage defects

extending down > 50% of cartilage depth.

Anatomical

tAPL Tendon slips

Proprioception

Structural

Proprioceptive

innervation

(S100)
Cartillage cellularity
(Mankin classification)

-]

Diagram representing the different phases of the study: anatomical, proprioceptive, and structural.

with caution. Our observations are in line with previous quantitative
mapping studies of thumb CMC OA reporting that cartilage thinning
on the thumb metacarpal tends to initiate in the radial quadrants
and progress towards the volar regions, whereas on the trapezium
early thinning appears in the radial and dorsal-radial quadrants,
with subsequent involvement of volar areas in late stages of dis-
ease [25].

The findings of this study are consistent with previous reports
describing anatomical variability in the APL, including accessory
insertions, with the potential biomechanical implications
[12,22-24,26-28]. This aligns with prior observations that cartilage
injury may be accompanied by increased cellularity [23,24].

The instability of the saddle-shaped thumb CMC joint has long
been recognized as a contributing factor to the development of OA
[16-18,29]. Some authors emphasize the role of repetitive me-
chanical overload, hormonal influences, dysplasia, structural da-
mage, and/or ligamentous laxity as primary factors in thumb CMC
OA [17,30,31]. However, other authors suggest that the thumb CMC
joint should be viewed as a synovial organ, where all joint compo-
nents contribute to the pathogenesis of OA [10,29]. In this cohort,
several anatomical insertion patterns (deep capsule and opponens
muscle belly) demonstrated only small, inconsistent relationships
with OA severity and histological degeneration, indicating no clear

association between these insertion variants and the degenerative
phenotype.

Zancolli have suggested that biomechanical factors such as the
presence of a septum between the APL and EPB in the first extensor
compartment and the distance between the first extensor com-
partment and the MC1 or trapezium may increase traction-pulley
radial force, joint incongruence, and uneven cartilage loading,
thereby accelerating degeneration [16-18]. In our sample, the pre-
sence of a septum between APL and EPB showed a trend toward
lower OA severity at MC1, although the uncertainty was substantial
and no definitive association can be established. Likewise, spatial
measures (distances from the first extensor compartment to MC1
and trapezium) showed weak-to-moderate trends with cartilage
cellularity, but no confirmed relationship with cartilage degenera-
tion can be concluded.

Early OA has been associated with enthesopathy-related osteo-
phyte area [30-35], which is supported by the results of our study.
All of the cadaveric specimens in our sample with moderate to se-
vere OA exhibited osteophytes. Osteophyte area (radial and ulnar)
demonstrated moderate correlations with cartilage cellularity, global
Mankin score and Otte classification, suggesting a possible tendency
for larger osteophytes to be linked to greater histological activity and
degeneration, although the confidence intervals indicate substantial
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imprecision. Similarly, trapezium articular surface area showed
moderate correlations with histological outcomes, but the evidence
remains weak and compatible with no true association.

The Golgi tendon organ, a key proprioceptive receptor, is re-
sponsible for transmitting information about movement and joint
positioning [4,36,37]. Rein et al. suggested that differences in liga-
ment innervation reflect functional differences, with non-innervated
ligaments acting as passive stabilizers and richly innervated liga-
ments contributing to proprioception [8,36,37]. The im-
munohistochemical findings of this study provide additional insight
into the role of proprioception in thumb CMC OA progression.

We used S-100 as a general neuronal marker to identify the presence
of nerve-related structures, and observed that S-100 immunostaining
tended to be reduced in specimens with more advanced degenerative
changes, indicating a potential reduction in innervation. The inverse
relationship between S-100 status and OA severity at MC1 could indicate
a more preserved cartilage phenotype or differences in tissue matura-
tion/innervation associated with S-100 expression. From a pathophy-
siological perspective, this reduction in proprioceptive afferents may
contribute to mechanotransduction failure at the CMC joint, altering
chondrocyte responses to load and disrupting the normal coupling be-
tween mechanical stimuli, neuromuscular control and cartilage meta-
bolism that maintains joint homeostasis in earlier stages of disease.
These findings are comparable to previous studies on ankle ligaments, in
which free nerve endings were found to be the predominant type of
sensory endings, followed by Ruffini endings [36]; by contrast, in the
triangular fibrocartilage complex, mechanoreceptor distribution remains
consistent across different specimens [8].

From a translational perspective, our structural and im-
munohistochemical findings are in line with clinical studies showing
that targeted neurodynamic and joint mobilization techniques can
modulate pain sensitivity and, in some cases, grip strength in pa-
tients with thumb CMC osteoarthritis [38]. Neurodynamic mobili-
zation of the median or radial nerve and passive accessory
mobilization of the CMC joint have been reported to produce short-
term hypoalgesic effects and small improvements in grip strength,
suggesting that sensorimotor pathways around the thumb CMC can
be therapeutically influenced in vivo. [38-40]. In this context, the
reduced expression of proprioceptive markers that we observed in
joints with advanced structural degeneration supports the hypoth-
esis that preserving or enhancing proprioceptive input may re-
present a complementary target—alongside purely biomechanical
strategies—in early or moderate stages of thumb CMC OA.

This study has several limitations, including the cross-sectional study
design. A second limitation is the use of cadaveric specimens, which
restricts our ability to assess functional aspects of joint stability and
proprioception. A third limitation is that we were unable to evaluate
individual patient factors, such as occupational history, genetic predis-
position, or prior joint trauma, even though those factors could con-
tribute to variations in APL tendon anatomy and OA severity. Another
limitation of this study was that only the APL tendon was analyzed in
detail, despite the fact that other muscle-tendon units may also influ-
ence the biomechanics of the thumb CMC. Moreover, osteophyte area
was analyzed as an absolute measure and not adjusted for trapezium or
metacarpal size, which may partially confound the interpretation of
osteophyte burden; future studies should consider size-normalised os-
teophyte indices or include bone size as a covariate. In addition, the
study was based on a convenience sample, which further limits statis-
tical power and the precision of our estimates. Finally, the absence of
validated inter- and intra-observer reliability data for macroscopic and
osteophyte measurements was also a limitation. In addition, we did not
obtain standardized radiographs or perform Eaton-Littler or
Kellgren-Lawrence grading, nor did we conduct micro-CT or HR-pQCT
analysis of bone microarchitecture, as reported in previous work on
trapezial and MC1 pathology; our definition of OA was therefore based

exclusively on macroscopic, histological and osteophyte findings at the
CMC joint [38-40]. Because detailed clinical histories and radiographic
information were not available, we cannot determine whether the ob-
served structural degeneration reflects primary idiopathic OA, age-re-
lated cartilage wear, prior localized trauma, or a combination of these
factors; our findings should therefore be interpreted as degenerative
changes compatible with osteoarthritis rather than as a clinically defined
OA diagnosis. Given the cross-sectional design, modest sample size, and
the fact that all analyses were unadjusted, the observed associations
should be interpreted with caution. Residual confounding, particularly
by age, cannot be excluded, and no causal inferences can be drawn re-
garding the relationship between APL tendon morphology, propriocep-
tive markers and thumb CMC osteoarthritis.

By contrast, an important strength of the study is the combina-
tion of anatomical, histological and immunohistochemical analyses,
which may provide insights into the relationship between APL
tendon anatomy, proprioception, and thumb CMC OA.

This study suggests that a greater number of APL tendon slips is
associated with increased cartilage cellularity. In addition, the in-
verse association between S-100 and MC1 OA severity supports the
concept that proprioceptive or innervation-related factors may
contribute to joint degeneration, highlighting the relevance of con-
sidering both biomechanical and neurophysiological mechanisms in
thumb CMC osteoarthritis However, the evidence was weak for the
majority of outcomes and these findings should therefore be inter-
preted with caution.
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