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A B S T R A C T

Background: The ten muscles of the thumb allow for a variety of movement combinations yielding similar 
functional outcomes yet using different load transmission with different biomechanical stresses resulting in 
heterogenous trapeziometacarpal wear patterns. Our exploratory study investigates the correlation between the 
severity and location of trapeziometacarpal joint osteoarthritis and estimated individual thumb muscles maximal 
force.
Method: Normalized muscle mass to body mass and physiological cross-sectional area ratio were calculated 
following systematic muscular dissection of 19 cadaveric hands, 60 % males, average age 79.2, SD = 7.1. 
Correlations were analyzed with 3 different measures of articular degenerations.
Findings: Moderate negative correlation was found between Eaton-Glickel osteoarthritis grade and normalized 
muscle mass of opponens pollicis (rₛ = −0.59, p < .01) and abductor pollicis longus (rₛ = −0.60, p < .01). 
Moderate negative correlation was also found between trapeziometacarpal index and normalized opponens 
pollicis and abductor pollicis longus muscle mass (rₛ = −0.63, p < .01) and (rₛ = −0.51, p < .05), respectively. 
No correlation was identified between physiological cross-sectional area ratios and the above degeneration 
metrics.
Interpretation: Our current findings identified moderate negative correlations between the normalized mass to 
body mass of abductor pollicis longus and opponens pollicis for both Eaton-Glickel osteoarthritis grade and 
trapeziometacarpal index, which would support the current hand therapy exercise recommendations for the 
arthritic trapeziometacarpal population. Caution must be taken in the interpretation of correlations with artic
ular zones degradation as our analytical power was reduced by the complete eburnation of few articular surfaces.

1. Introduction

A causal relation exists between trapeziometacarpal (TMC) joint
hypermobility and development of TMC joint osteoarthritis (OA) 
(Jonsson et al., 1996; Ladd et al., 2013; Moriatis Wolf et al., 2011; 
Pelligrini Jr., 1991); however laxity is not in itself abnormal and does 
not necessarily lead to instability (Saccomanno et al., 2013; Schmitt 
et al., 2008). Stability is the product of static and dynamic systems 
(Komatsu and Lubahn, 2018). The coordinated interaction of the 

ligamentous and musculotendinous systems translates in the ability to 
secure a joint during functional activities to allow proper control and 
movement (Ladd, 2018). Therefore, instability stems from issues with 
either or both the static and dynamic stabilizers.

An early cybernetic study, referring here to a feedback loop between 
the muscle and its connected sensory organ (von Foerster, 2003), on the 
muscular stabilization process of joints stated that the stabilizing func
tion of muscles is often neglected in scientific works dealing with the 
study and modeling of human movement (Kornecki, 1992). More 
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specifically, the consideration of the energy balances and the influence 
of individual groups of muscles on the final effect of movement (Frank 
et al., 2013; Kornecki, 1992). Muscular stabilization is crucial in the 
thumb. In fact, the thumb has multiple degrees of freedom actuated by 
several multiarticular muscles. While this allows several combinations 
yielding similar functional outcomes, it also has the potential to produce 
undesirable movements resulting in poor mechanics and suboptimal 
load transfer (Gupta and Michelsen-Jost, 2012; Kornecki, 1992; Li et al., 
2008; Smutz et al., 1998a). A few thumb muscles have previously been 
investigated for their biomechanical effect on the TMC joint in cadavers 
as well as for their functional performance in vivo. Some predictable 
atrophies and deformities have been identified in association with TMC 
joint OA (Marshall et al., 2011; Mobargha et al., 2016a; Villafañe et al., 
2016). Weakness of the cylindrical grasp and lateral pinch were 
observed in early OA, the latter of which identified as the most robust 
predictor of TMC OA (Ladd, 2018; McQuillan et al., 2016). Preliminary 
work using ultrasonographic cross-sectional measurements of the area 
of the thenar muscles and the first dorsal interosseous (DI-1) demon
strates atrophy of the opponens pollicis (OPP) and insertional compo
nent of the DI-1 in subjects with TMC OA (Pridgen et al., 2016). No 
integral profile of all thumb muscles strength has been analyzed in as
sociation with TMC OA. Refinement of our understanding of the force 
distribution around the thumb and its associated consequences could 
assist clinicians in the detection of harmful muscular imbalances and 
provide further objective rational to remedial recommendations, con
servative or surgical.

2. Purpose of the study

The purpose of this exploratory cadaveric study was to determine if 
there was a correlation between the estimated individual thumb muscles 
maximal force ratio (through calculation of physiological cross-sectional 
area (PCSA) and their normalized muscle mass to body mass) with the 
severity and location of TMC OA. More specifically to assess the corre
lation between the thumb muscles PCSA ratios and normalized muscle 
mass with 3 different measures of articular degeneration: (1) the 
radiographic Eaton-Glickel OA grade, (2) the TMC index (calculation of 
joint degeneration based on trapezial width to height ratio), and (3) the 
mapping of the TMC joint articular degeneration. We hypothesized that 
there would be a negative correlation between the PCSA ratios and 
normalized muscle mass to body mass of the abductor pollicis brevis, 
opponens pollicis, and first dorsal interosseous with the Eaton-Glickel 
osteoarthritis grade and TMC index (Adams et al., 2018; Pridgen 
et al., 2016).

3. Methods

3.1. Selection criteria

This study was approved by the Ethics Subcommittee of the 
Department of Anatomy of the University of the primary investigator 
(SCELERA 23-07B). A sample size of 18 fresh frozen cadavers’ hands had 
been determined a priori for an expected moderate effect size based on 
power calculation for a previous correlational study performed with the 
same subjects (Normand et al., 2023). Exclusion criteria included pre
vious injury or surgery to the thumb or wrist.

3.2. Examiner

The dissection and fascicular measurements were performed by the 
principal investigator who is an experienced certified hand therapist 
(MN), a biomedical engineer and PhD candidate colleague (MRE), and 
an athletic trainer candidate (FAL), all of whom were trained in human 
dissection.

3.3. Procedures

Muscle architecture is recognized as the primary determinant of 
muscle function. PCSA was identified as being directly proportional to a 
muscle’s maximum force in quantitative muscle architecture studies 
(Martin et al., 2020; Narici et al., 1992; Olson et al., 2018; Sims et al., 
2018), and measurement of the PCSA has been utilized across a wide 
breadth of biological disciplines and was calculated using muscle vol
ume and their pennation angle (i.e., the fiber angle relative to the force- 
generating axis), divided by muscle fiber length. The recommended 
formula per Martin et al. (2020) and Olson et al. (2018) is as follows 
(Martin et al., 2020; Olson et al., 2018; Payne et al., 2006): 

PCSA
(

cm2
)

=
muscle mass(g) × cosine of pennation angle (rad)

muscle density(gcm−3) × fascicle lenght (cm)

Therefore, all muscles acting on the thumb were systematically 
dissected from superficial to deep for each specimen including, in
trinsics: abductor pollicis brevis (APB), flexor pollicis brevis (FPB), 
opponens pollicis (OPP), adductor pollicis oblique and transverse 
(ADPo, ADPt), and first dorsal interosseous (DI-1), and extrinsics: 
abductor pollicis longus (APL), extensor pollicis brevis (EPB), extensor 
pollicis longus (EPL), and flexor pollicis longus (FPL). Special attention 
was taken to maintaining muscle moisture throughout the process with 
periodical misting of a phosphate-buffered saline solution to prevent 
desiccation during dissection.

Following the removal of each muscle and associated free tendons, 
total muscle mass (TMM) and specific muscle belly mass (MBM) were 
recorded to the nearest 0.1 g using an electronic balance (Model: AND 
HX-400). Fascicle length (FL) was measured at n = 25 random sites 
(Charles et al., 2022) by 3 examiners (MN, MRE, FAL) for each muscle, 
from digital pictures using ImageJ software (Schneider et al., 2012) 
(Fig. 1). As the distribution of muscle fiber length is reported not to 
follow a normal curve, the median value was utilized instead of the 
mean due to its greater statistical support (Charles et al., 2022; Kupczik 
et al., 2015). Lastly, all muscles pennation angles (θ: in deg) were also 
measured with ImageJ by a single examiner (MN) at n = 10 random sites 
between the fascicles and either the muscle long axis or internal tendon 
(Fig. 1) and was subsequently converted into radians for calculation. 
The PCSAs were tallied for all muscles and converted into ratios. 
Additionally, isolated muscle mass was normalized to the individual 
body mass for separate cross specimen comparison. Muscle mass and 
strength were found to be correlated in individuals over 50 years of age 
in the United States, regardless of the associations of age and sex (Chen 
et al., 2013; Riviati and Indra, 2023).

Fig. 1. Fascicle and pennation measurements with ImageJ. A: A penny was 
used for size reference for the 25 fascicle measurements. B: Pennation angles 
were measured at 10 different sites.
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The following indicators of TMC joint degeneration were obtained 
from an earlier study by the same primary investigator using the same 
specimens (Normand et al., 2023). The radiographic Eaton and Glickel 
classification encompasses 4 stages describing the severity of TMC OA 
from a postero-anterior x-ray image. Stage 1: Subtle carpometacarpal 
joint space widening. Stage 2: Slight carpometacarpal joint space nar
rowing, sclerosis, and cystic changes with osteophytes or loose bodies 
<2 mm. Stage 3: Slight carpometacarpal joint space narrowing, scle
rosis, and cystic changes with osteophytes or loose bodies >2 mm. Stage 
4: Arthritic changes in the TMC joint as in Stage 3 with scaphotrapezial 

arthritis (Kennedy et al., 2016). And the TMC index based on trapezial 
width to height ratio measured from Robert’s radiographic view of the 
TMC joint allowing clear visualization of all four trapezium articula
tions. A ratio of one represents a healthy joint, whereas a higher ratio 
indicates a more advanced disease and osteophytes development (Guang 
and Crisco, 2015; Ladd et al., 2015).

The articular surface integrity was also determined by direct visu
alization. The location of chondral lesions was described following the 
articular sub-division model for the TMC joint proposed by Dourthe 
et al. (2016) (Dourthe et al., 2016), which divides the articular surfaces 

Fig. 2. First metacarpal (MC) and trapezium (TZ) articular subdivisions according to Dourthe et al. (2016), and cartilage grading according to Xu et al. (1998). 
Trapezium: The dorsal-volar axis of TZ was defined based on the lowest point on the dorsal border of the subchondral surface (D) and the lowest point of the volar 
edge (V). The radial-ulnar axis was defined as the line perpendicular to the dorsal-volar axis which passes through its center. This axis connects the radial (R) and 
ulnar (U) horns of the trapezium. 
First metacarpal: The dorsal-volar axis of MC was identified as the connection between the highest point on the dorsal edge of the subchondral surface (D) and the 
highest point of the palmar beak (V). The radial-ulnar axis was defined as the line perpendicular to the dorsal-volar axis which passes through its center. This axis 
connects the two lowest points of the radial (R) and ulnar (U) aspects of the MC. Dorsal radial (DR), Dorsal central (DC), Dorsal ulnar (DU), Central radial (CR), 
Central (C), Central ulnar (CU), Volar radial (VR), Volar central (VC), Volar ulnar (VU).
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into 9 zones. The severity of the chondral lesions was graded between 1 
and 4 for each zone by a single observer (MN) following the anatomic 
cartilage grading protocol scale presented by Xu et al. (1998) for the 
topographical study of osteoarthritic TMC joint. Stage 1: Normal; 
smooth shiny, and intact surface. Stage 2: Early cartilage degeneration; 
surface fibrillation, minor surface pitting. Stage 3: Progressive cartilage 
degeneration; deep surface pitting, fissures, clefts, surface blistering, 
exposed bone. Stage 4: End-stage cartilage degeneration; eburnated 
bone (Xu et al., 1998). (Fig. 2).

3.4. Statistical analysis

ICC estimates and their 95 % confidence intervals were calculated for 
the intra-rater reliability of zone grading and PCSA (ICC 3,1) based on 
single-rating, consistency, 2-way mixed effects model. The inter-rater 
reliability of PCSA (ICC 2,3) was calculated based on mean-rating, ab
solute agreement, 2-way mixed effects model (Koo and Li, 2016). 
Spearman’s rho was selected for the analysis of correlations between our 
ordinal and continuous data, and Person correlation was used for the 
analysis between continuous data (Table 1). Correlation interpretation 
according to Chan et al (Akoglu, 2018),. poor (<0.3), fair (0.3–0.5), 
moderate (0.6–0.7), very strong (>0.8).

4. Results

4.1. Demographic information

19 hands from 10 cadaveric specimens were utilized for this project, 
53 % right. The average specimens age was 79.2, SD = 7.1, 60 % males. 
The specimens exhibited different levels of TMC joint OA severity. Per 
the Eaton and Glickel classification, 4 specimens were rated at grade 0, 4 
specimens at grade 1, 6 specimens at grade 2, 2 specimens at grade 3, 
and 3 specimens at grade 4. Per the TMC index, degradation ranged from 
1.18 to 5.69. Degeneration presented bilaterally in all specimens 
although at varying adjacent degrees. Age, gender, hand dominance, 
smoking history, and occupational history were gathered when avail
able (Table 2).

4.2. Correlation of PCSA ratios and normalized muscle mass to body 
mass with the Eaton-Glickel OA grade and the TMC index (Table 3)

No significant correlation was found between the PCSA ratios and 
the Eaton-Glickel OA grade nor the TMC index. However, a moderate 
negative correlation was found between the Eaton-Glickel OA grade and 
the normalized muscle mass of the opponens pollicis (OPP) (rₛ = −0.59, 
p < .01) and the abductor pollicis longus (APL) (rₛ = −0.60, p < .01). A 
moderate negative correlation was also found between the TMC index 
and the normalized OPP and APL muscle mass (rₛ = −0.63, p < .01) and 
(rₛ = −0.51, p < .05), respectively.

4.3. Correlation of PCSA ratios and normalized muscle mass to body 
mass with the location and severity of TMC articular degeneration 
(Table 3)

A moderate negative correlation was found between the PCSA of APB 
and the articular damage of the central zone of the first metacarpal (MC) 
(rₛ = −0.54, p < .05). A fair negative correlation was found between the 
combined PCSA of ADPt/ADPo and the dorso-radial zone of the first MC 
(rₛ = −0.47, p < .05). A fair negative correlation was also found between 
the PCSA of APB and the central-radial MC and the volar-central tra
pezial zones, both (rₛ = −0.47, p < .05).

A moderate negative correlation was observed between the 
normalized muscle mass of APL and OPP with the following zones: APL- 
MC central-ulnar (rₛ = −0.58, p < .01), and TZ central-ulnar (rₛ =

−0.53, p < .05). OPP- MC central (rₛ = −0.51, p < .05), TZ dorso-radial 

Table 1 
Measurements reliability. Intraclass correlation coefficients (ICC) with confi
dence intervals.

Single Measures Intraclass 
Correlation

95 % Confidence Interval

Lower 
Bound

Upper 
Bound

PCSA (intra-rater reliability MN) 0.99 0.97 1.0
PCSA (intra-rater reliability MRE) 1.0 1.0 1.0
PCSA (intra-rater reliability FAL) 0.99 0.95 0.99
PCSA (inter-rater reliability) 0.97 0.86 1.0
OA grading of articular zones 

(intra-rater reliability)
0.81 0.75 0.87

Table 2 
Demographic information. (F) Female, (M) Male, (Kg) kilogram, (m) meter.

Sex Age Weight 
(Kg)

Height 
(m)

Dominance Smoking Occupation

F 87 53.6 1.55 Right No Teacher
M 76 75 1.72 Right Yes Industrial 

carpet and floor 
cleaner

M 89 77 1.72 Right No Electrical 
contractor

F 87 47.6 1.55 Unknown Unknown Unknown
M 74 59 1.63 Right Unknown Government 

worker
M 70 56 1.7 Right No Peace officer/ 

Farm worker
M 73 65 1.68 Right Unknown Agronomist
M 83 43.1 1.73 Unknown Unknown Truck driver
F 81 66 1.6 Right No Hairdresser/ 

Nail technician
F 72 44 1.5 Unknown Unknown Unknown

Table 3 
Spearman’s rho correlations (N = 19). Physiological cross-sectional area (PCSA), 
Osteoarthritis (OA), Trapeziometacarpal (TMC), Metacarpal (MC), Trapezium 
(TZ), Adductor pollicis transverse (ADPt), Adductor pollicis oblique (ADPo), 
Abductor pollicis brevis (APB), Abductor pollicis longus (APL), Opponens pol
licis (OPP), Flexor pollicis longus (FPL).

Articular damage 
metrics

Correlation to PCSA 
ratio

Correlation to normalized muscle 
mass to body mass

Eaton-Glickel OA 
Grade

none APL (−0.60**) 
OPP (−0.59**)

TMC Index none APL (−0.51*) 
OPP (−0.63**)

MC1: Dorso-radial ADPt/ADPo (0.47*) none
MC2: Dorso-central none none
MC3: Dorso-ulnar none none
MC4: Central- 

radial
APB (−0.47*) none

MC5: Central APB (−0.54*) OPP (−0.51*)
MC6: Central-ulnar none APL (−0.58**)
MC7: Volar-radial none none
MC8: Volar-central none none
MC9: Volar-ulnar none APL (−0.48*)
TZ1: Dorso-radial none OPP (−0.58*)
TZ2: Dorso-central none none
TZ3: Dorso-ulnar none OPP (−0.56*)
TZ4: Central-radial none OPP (−0.68**)
TZ5: Central none none
TZ6: Central-ulnar none FPL (−0.46*), APL (−0.53*)
TZ7: Volar-radial none OPP (−0.60**)
TZ8: Volar-central APB (−0.47*) none
TZ9: Volar-ulnar none none

** . Correlation is significant at the 0.01 level (2-tailed).
* . Correlation is significant at the 0.05 level (2-tailed).
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(rₛ = −0.58, p < .05), TZ dorso-ulnar (rₛ = −0.56, p < .05). TZ central- 
radial (rₛ = −0.68, p < .01), and TZ volar-radial (rₛ = −0.60, p < .01).

5. Discussion

5.1. Correlation of PCSA ratios and normalized muscle mass to body 
mass with the Eaton-Glickel OA grade and the TMC index

Although we found moderate to strong correlation between the PCSA 
ratios and normalized muscle mass to body mass ratios for most muscles, 
different correlations were found between the articular damage metrics 
and our two maximum muscular force estimation methods. TMC OA is 
often thought of as a disease of aging that is mechanical in origin (Felson 
and Felson, 2013), however, it is possible that some of the mechanical 
changes that appear over time were the result of normal aging including 
sarcopenia and other TMC OA risks factors (Wilson et al., 2013). Addi
tionally, it should be considered that muscular atrophy could be the 
result of long standing pain and joint deformity accompanying TMC OA 
disease process, and not necessarily a causality. Therefore, we support 
continued exploration of this relationship in future research.

5.2. Correlation of PCSA ratios and their normalized muscle mass to body 
mass with the location of degeneration of the TMC articular surfaces

Several TMC joints (n = 6) presented complete eburnation of both 
articular surfaces, which reduced our sample size by 30 % for the 
articular cartilage wear mapping analysis. We therefore recommend 
considering those results with more reservation.

The cartilage areas of negative correlation with APB corresponds 
with the location of engagment of the volar beak with the trapezium at 
end range of opposition, and was identified in previous reasearch as 
having the highest shear contact (Edmunds, 2011; Pelligrini Jr., 1991; 
Xu et al., 1998). Our findings suggest that APB may assist in better 
dispersal of force on the cartilage surface (Wilson et al., 2013), through 
its palmar abduction motion bringing the first metacarpal in a more 
optimal alignment to the orientation of the trapezial articular surface, 
facing a palmar and radial direction (Duerinckx and Caekebeke, 2016).

Regarding correlations with the normalized muscle mass to body 
mass, OPP presented moderate negative correlation with several MC and 
TZ zones. OPP is one of the agonist of the first phase of the screw home 
torque mechanism, which consists of pronation of the first metacarpal 
causing axial compression and increased joint congruence via tightening 
of the stabilizing ligaments (Edmunds, 2011). Our findings align with 
results from sonographic assessments of the thenar muscles of subjects 
with TMC OA (Lai et al., 2022; Pridgen et al., 2016), and by extrapo
lation would support the growing body of evidence in favor of isolated 
strengthening of that muscle in hand therapy (Adams et al., 2018; 
Mobargha et al., 2016b). Although we find evidence in favor of OPP 
strengthening (Adams et al., 2018; McGee et al., 2015; Mobargha et al., 
2016a), it is also reported that the pronation ability of the first meta
carpal diminishes with increasing joint degeneration (Normand et al., 
2023). Therefore, the benefits of its strengthening may vary. As for the 
APL muscle mass, its moderate negative correlation with degradation of 
the ulnar border of the MC cartilage as well as the central-ulnar TZ zone, 
could also be explained by its palmar abduction influence, offloading the 
ulnar border of the joint as it orients the MC more congruently to the 
trapezium.

5.3. Correlations between all PCSA ratios

When examining the correlations between all PCSA ratios (Table 4), 
we discovered an antagonistic relationship between ADPo and EPB. 
Diametrically opposed within the flexion/adduction and extension/ 
radial abduction plane of motion of the first MC (Neumann and Biele
feld, 2003; Smutz et al., 1998b), their directional affinity align with 
mechanical patterns of flexion or hyperextension of the 

metacarpophalangeal joint observed clinically. We speculate that pat
terns of dominance of either intrinsic or extrinsic action during grip and 
pinch create different load transmission and biomechanical stresses 
leading to different wear patterns. As such, a dominant adductor would 
most likely be associated with hyperextension of the meta
carpophalangeal (MCP) joint (Moulton et al., 2001; Pellegrini Jr. et al., 
1996). Conversely, a dominant extrinsic would orient the metacarpal in 
a more radially abducted position encouraging flexion of the MCP joint 
during function, which has been reported to transfer the load more 
dorsally and decrease shear forces (Kerkhof et al., 2022; Moulton et al., 
2001).

5.4. Limitations

Data obtained from elderly individuals reduces our ability to 
generalize our results to the wider population. Additionally, several 
TMC joints (n = 6) presented complete eburnation of both articular 
surfaces, reducing our sample size by 30 % for the articular cartilage 
degeneration mapping analysis.

The manual dissection of fresh specimen is delicate and exposes them 
to potential damage and dehydration. We sougth to minimize the 
dehydration with periodical moistening.

The method selected for the PCSA calculation utilized a limited 
sample of muscle fibers (N = 25) compared to higher fiber numbers (n >
1000) obtained from those using medical imaging data. Our PCSA 
calculation method could have introduced errors by not accurately 
characterizing the architecture of the muscles. However, despite a 
seemingly small number of muscle fibers, this measurement technique 
provided thorough coverage of our digital muscle images through 
ImageJ.

The measurement of the muscle pennation angles, which was per
formed outside of its physiological environment could have led to some 
over or under estimation of the angulation, affecting the results of the 
PCSA calculation. However, this potential source of error was minimized 
by having each researcher take pictures of the muscles immediately after 
their removal, in the position that was observed during dissection.

6. Conclusions

Our current findings identified moderate negative correlations be
tween the normalized mass to body mass of APL and OPP for both Eaton- 
Glickel OA grade and TMC index, which supports the current hand 
therapy recommendations pertaining to stabilization of the TMC joint 
for OA population (Neumann and Bielefeld, 2003; O’Brien et al., 2022; 
O’Brien and Giveans, 2013; Valdes and von der Heyde, 2012). 
Regarding correlations with the articular zone damage of MC and TZ, 
caution in the results interpretation is recommended. Although the APB 
PCSA ratio and APL and OPP normalized muscle mass to body mass were 
identified as having fair to moderate negative correlation with several 
zones’ degeneration of the MC and TZ articular surfaces, the reduced 
size of our sample caused by the complete articular eburnation of 6 of 

Table 4 
Correlations between physiological cross section area (PCSA) ratios with their 
respective confidence intervals (N = 19). Extensor pollicis brevis (EPB), 
Adductor pollicis transverse (ADPt), Adductor pollicis oblique (ADPo), First 
dorsal interosseous (DI-1).

Correlations with confidence intervals

PCSA Ratios Pearson correlation Sig. (2-tailed) 95 % Confidence 
Intervals (2-tailed)

Lower Upper

EPB and ADPt 0.52 0.02 0.08 0.79
EPB and ADPo −0.59 0.01 −0.82 −0.18
EPB and DI-1 0.46 0.05 0.01 0.76

ADPt and ADPo −0.62 0.00 −0.84 −0.24
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our 19 specimens negatively affect the generalizability of those obser
vations. The discovery of a reverse relationship of PCSA ratio between 
the ADPo and the EPB was interesting as it is reminiscent of directionally 
opposite movement strategies observed in vivo. Finally, we are 
reminded that our analysis of the individual thumb muscles could not 
account for the results of their combined action. We would be remiss to 
overlook the impact of its infinite number of kinematic combinations, 
which most certainly affects the load distribution and rate of degener
ation. Future research should consider larger samples and more inclu
sive assessment of the thumb’s directional force distribution in vivo and 
its associated movement patterns to help us better understand which 
combinations drive deformity and provide further scientific data to 
support its remediation.
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