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ABSTRACT
The trapeziometacarpal (TMC) joint is the one of the hand joints that is most affected by osteoarthritis (OA). The objective of
this study was to determine if specific morphological parameters could be related to the amount of pressure endured by the
joint which is one of the factors contributing to the development of this pathology.

We developed 15 individualized 3D computer aided design (CAD) models of the TMC joint, each generated from the CT scan
of a different participant. For each participant, we measured several crucial morphological parameters: the width and length
of the trapezium bone and dorso-volar and ulno-radial curvature, of the trapezium and the metacarpal bone. Each CAD model
was converted into a finite element model, of both bones and the cartilage located in between. The joint forces applied during
pinch grip and power grip tasks were then applied in order to estimate the contact pressures on joint cartilage for each model.
Correlations between joint contact pressures and morphology of the trapezium and the metacarpal bone were then analysed.

Important variations of TMC joint pressures were observed. For both pinch and power grip tasks, the strongest correlation
with joint contact pressure was with the dorso-volar curvature of the trapezium bone.

Our findings indicate that dorso-volar curvature of the trapezium bone has a significant impact on mechanical loadings on
the TMC joint. This contributes to understanding the prevalence of OA in certain patients.

1. Introduction

The trapeziometacarpal (TMC) joint is one of the joints most affected by
osteoarthritis (OA) in the hand (Cvijeti'c et al., 2004), especially for women
(Moriatis Wolf et al., 2014). This pathology is a significant health problem and
lead to important functional disabilities (Miura et al., 2004). The causes of this
pathology are multifactorial (Marshall et al., 2018), but the mechanical factor,
i.e., the forces stresses, strain and contact pressure experienced by the joint
tissues, appears to be one of the predominant factors (Anderson et al., 2011;
Buckwalter et al., 2013; Droz-Bartholet et al., 2016). Nevertheless, little is
known about this mechanical factor since direct measurements of the
intensity of stresses/forces withstood by hand joints requires invasive methods
(Rikli et al., 2007). Alternatively, those values can be indirectly estimated
through biomechanical models using experimentally measured grip force,
kinematics, medical imaging and electromyography as input data (Esrafilian et
al., 2021). Most advanced models provide joint contact pressures for the index

finger and clarify the OA risk factor associated with joint prevalence (Faudot et
al., 2020).

One of the limits of those models is that the individual morphological
variations are neglected by using a single joint anatomy whereas the bone
morphology represents a potential factor of OA development, especially for
the TMC joint (Ladd et al., 2014). Using CT scan data and statistical shape
models, previous literature has shown that the TMC joint reveals high variation
in morphology, in terms of trapezium length and width and first metacarpal tilt
and torsion angle (Rusli and Kedgley, 2020). It has also been shown that
metacarpal and trapezium bone volumes and articular surface areas in the
TMC joint differ between men and women and that articular surface curvature
differs according to the age and OA stage (Halilaj et al., 2014; Schneider et al.,
2018; Schneider et al., 2015). These morphological variations in the TMC joint,
in particular between men and women would lead to different articular
contact location (Schneider et al., 2017). However, there is no quantified
information on the effect of TMC bones morphology on the intensity



Fig. 1. Morphological measurement of trapezium bone length and width (a) and trapezium ulno-radial curvature (Yrpyg) (b). Yellow bone represents the 3D CAD model of the trapezium
bone for one participant. L and W (a) represent trapezium length and width measurements, respectively. Trapezium length was measured along the line between the radial (M) and
ulnar (P) edges of TMC joint surface. Trapezium width was the perpendicular distance in the TMC joint surface. The blue plane and green circle (b) represent the trapezium dorso-volar
mid-plane and the analytical cylinder, respectively, created to measure the curvature radius r. The mid-plane was built with three anatomical landmarks based on (Cheze et al., 2009),
N,O and Q in this example. The curvature Y was assumed to be the curvature radius inverse. The same methodology was used for the other curvature measurements.

of joint mechanical loading values. Consequently, it appears crucial for the
understanding of TMC OA to investigate the effect of joint morphology on joint
mechanical loading values endured by cartilage tissue. This knowledge would
be beneficial for prevention and rehabilitation by highlighting the specific
morphological parameter that can lead to a higher risk of developing OA.

The aim of this study was to investigate the effect of morphological
parameters in the TMC joint on joint contact pressures. To address this
objective, patient-specific models of the TMC joint were created from CT
images. We first digitally measured the size and curvature of the first
metacarpal and trapezium articular surface. Then joint contact pressure was
estimated using finite element analysis driven by a joint reaction force
estimated from in vivo data via multi-body rigid model. We hypothesized that
there is a correlation between joint contact pressure and the morphological
parameters measured, especially with articular surface curvature.

2. Methods
2.1. Imaging

CT images (slice thickness: 0.625 mm; pixel size: 0.372 mm; resolution: 512
px x 512 px) of 15 healthy patients (age: 40.9 + 11.6 years; 9 male and 6 female;
11 right and 4 left hands) were used in this study. CT images were examined
by a surgeon to ensure no OA. Among these 15 CT scans, 14 derive from the
department of hand and reconstructive surgery in Marseille and were made in
neutral position. The CT scan from the last participant (P7) derives from a
previous study by our group (Faudot et al., 2020) and was made in pinch grip
and power grip positions. This last CT scan was used as a reference to align the
CT scans of the other participants in pinch grip and power grip positions with
a registration method (see next part). The hand of this subject was placed in a
semi-rigid cast to constrain the pinch and power grip posture. This imaging
protocol was approved by the local ethics committee.

Segmentation of the first metacarpal and the trapezium bones was
performed from the CT scans using Mimics (Research 22.0; Materialise,
Belgium) to obtain 3D models of the TMC joint for each participant. A mirror
operation was made on left hand 3D models to obtain the same coordinate
system for registration.

2.2. Morphological measurements

Based on the 3D TMC models, morphological measurements were done
based on earlier studies which identified morphological

a b

Fig. 2. lllustrations of the trapezium and metacarpal bone registration method used in this
study for the pinch grip position of a participant. The trapezium bone of the participant
in a neutral position was aligned with trapezium bone in the pinch grip position of the
reference participant (a). The metacarpal bone of the participant in neutral position (blue)
was then moved to be aligned with the metacarpal bone of the reference participant
(beige) using rotation axis based on the previous study of (Cheze et al., 2009).

parameters with a possible important part in OA development and with an
important morphological variability. These parameters were trapezium bone
length and width, and dorso-volar and radio-ulnar curvature of the two bones.
All these morphological measurements were performed for each participant’s
computer-aided design (CAD) model using 3-Matic (Research 14.0;
Materialise, Belgium). Trapezium width and length measurements were made
using anatomical landmarks based on previous studies (Athlani et al., 2021;
Rusli and Kedgley, 2020). Briefly, the trapezium length was measured in the
trapezium Kapandji plane view as the Euclidian distance between the top of
the radial and ulnar TMC joint surface edges and the trapezium width as the
perpendicular distance in the articular surface (Fig. 1a). Trapezium and
metacarpal
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dorso-volar (Yreov, Ymcov) and ulno-radial (Yreur, Ymcur) curvatures were
measured by fitting an analytical cylinder to the trapezium and metacarpal
articular surface projected on the dorso-volar and radio- ulnar mid-plane
respectively. These planes were constructed using anatomical landmarks
(Cheze et al., 2009) (Fig. 1b).

2.3. Registration

Each trapezium bone was superposed with the reference trapezium bone
in pinch grip and power grip positions (Fig. 2a). The reference participant was
chosen because he performed both CT scan and motion capture analysis (for
multi-body rigid model input) during the two tasks. The superposition was
done using a surface-based registration method based on the iterative closest
point algorithm (Besl and McKay, 1992; Cerveri et al., 2010). Thus, local
coordinate systems were constructed on the trapezium and the first
metacarpal bones to move the metacarpal bone in the fitting rotation axis in
order to get the same pinch grip and power grip postures for each participant
(Fig. 2b). These local coordinate systems were based on a previous study which
determined TMC joint motion using CT scan in several different positions
(Cheze et al., 2009). This operation was performed on the CAD model of each
participant using 3-Matic (Research 14.0; Materialise, Belgium) to identify
anatomical landmarks on each bone to construct a coordinates system. This
registration method has been chosen because it minimizes the manual

Fig. 3. Finite element model of one participant in the
power grip position (a) and joint contact pressure
distribution on cartilage surface after a simulation (b). A
local coordinate system was built on the metacarpal
bone inertia axis (a) and the TMC joint reaction force
direction (represented in red) was determined by the
multi-body rigid model of Goislard de Monsabert et al
2014 in relation to this local coordinate system. The
mean TMC joint contact pressure calculated represents
the average contact pressure of the articular surface
area (b).

b

intervention and the error which is in the magnitude of 1°with this technique
(Renault et al., 2018).

2.4. Finite element modelling

2.4.1. Finite element model design

Finite element modelling was performed for the 15 participants in pinch
grip and power grip position using Abaqus (2019; Simulia, USA). The first
metacarpal and trapezium bone were meshed using quadratic tetrahedral
elements (C3D10) with an edge length of 1.3 mm. Cartilage was manually
created by extruding the TMC joint articular surface from the trapezium and
metacarpal bones to get prismatic elements (C3D6). Cartilage thickness was
assumed to be consistent across participants with an average thickness of 0.7
mm (Dourthe et al., 2019; Koff et al., 2003). Bones were modelled as linear

elastic isotropic material (E = 18 GPa, v = 0.2) and cartilage was modelled as

NeoHookean hyperelastic material (C10= 0.34 MPa, D1 = 2.20 MPa™1) (Faudot
et al., 2020). Cartilage contact in the TMC joint was modelled with a friction



Fig. 4. The joint motion performed in the sensitivity analysis for one of the 15 participants.
The correct joint position in our study (blue) was moved with 5° of flexion, 5°of extension,
5° of abduction and 5° of adduction (red). coefficient of 0.02 (Wright and Dowson,

1976).

2.4.2. Loading conditions

A TMC joint reaction force was applied on the metacarpal bone extremity
to simulate the effect of force level and posture associated to the pinch grip
and power grip tasks (Fig. 3a). The norm and orientation of the TMC joint force
were estimated with a multi-body rigid model using finger and wrist joint
angles and grip force as input. This previously developed model (Goislard de
Monsabert et al., 2014) will be briefly described here as only the input data
have been modified in the current study. Tendon and muscle forces were
estimated by solving mechanical equilibrium equations of the hand joints. The
static moments of all degrees of freedom were equilibrated using the following
equation:

[R] x {t}H+{mL}+{mF} = {0} (1) where [R] represents the muscle moment
arms, {t} represents the muscle tension, {m.} represents the passive moments
due to passive tissues and {m¢} represents the moments of external forces, i.e.,
the forces applied to the phalanges during grip force exertion.

To solve undetermined equation (1) (more unknown than equations), an
optimization method based on the following cost function was used:

(m)4 Enin(z)m

where (tm)s is the muscle tension for solution s and PCSAm the
physiological cross-sectional area of muscle m.

PCSAm

Following the tendon force estimations, the joint reaction forces at the
TMC joint were calculated using the following equation:
> > >
{Thm + {Fla+

m a 1

{RY+ {Ly= {0} (3)

where {Jg};is the joint reaction force for each joint j, {T}nis the tendon force
for each muscle m, {F}qis the part of the applied grip force on finger area a
and{L}/is the ligament forces for each ligaments /.

Anatomical data were taken from An et al., 1979 for muscle moment arms
and from Chao and (Ed.), 1989; Ramsay et al., 2009; Sancho-Bru et al., 2008
for PCSA. Three grip force amplitudes were simulated to consider capability
differences between participants: 60, 80 and 100 N for the pinch grip task; 120,
160 and 200 N for the power grip task, based on a previous study (Goislard De

Monsabert et al., 2012). To represent grip force exertion, these forces were
applied at the middle of the thumb and index finger distal phalanges during
the pinch grip task and shared in the entire thumb to simulate the power grip
task. The pinch grip force direction and the power grip force distribution were
averaged across the participants of a previous study (Goislard de Monsabert
etal., 2014).

Using this methodology, the TMC joint reaction forces were calculated for
each task and force amplitudes simulated to be used as an input of the finite
element model.

In terms of boundary conditions for the finite element model, the
trapezium bone was fully constrained, and the metacarpal bone was restricted
to translate only in the same direction as the TMC joint reaction force. Joint
contact pressure at each node of the TMC joint cartilage surface was calculated
in each participant model for pinch grip and power grip by the Abaqus explicit
solver. Then, the mean joint contact pressure was calculated by the average
pressure at each node of the joint contact area (Fig. 3b) The calculation were
made for all the participant bone morphology in the registration position but
a sensitivity analysis of the joint position was also performed in the pinch grip
position in order to ensure that the effect of morphology is not modified
significantly with the joint posture. This sensitivity analysis was made by
moving the metacarpal bone with 5° of flexion, 5° of extension, 5° of abduction
and 5° of adduction (Fig. 4). The calculation were made also with these
different joint positions.

2.5. Statistical analysis

Linear regression analyses with Pearson test were used to evaluate the
correlation between joint contact pressure and morphological parameters.
The mean joint contact pressure was considered as the response variable and
the morphological parameters, namely trapezium length, trapezium width,
Ymeov, Ymcur, Yreov and Yreur, Were considered as explanatory variables. Linear
regression was done for mean joint contact pressure in pinch grip and power
grip tasks to see if there is a different effect of morphology according to TMC
joint position. Paired student test was also performed between the pressure
increase between low and medium external force level and medium and high
external force level, to see if the effect of external force on joint contact
pressure is linear. The significance threshold was set at p < 0.05. Bonferroni
corrections were applied to account for the multiple comparison in the
explanatory effort.

3. Results
3.1. Morphological measurements

The mean trapezium bone length was 14.2 + 1.7 mm (range: 10.8 — 16.1
mm) and the mean trapezium bone width was 10.2 + 1.6 mm
(range: 7.3 — 13.5 mm). The mean Ywcov Was 102.1 + 22.9 m~?! (range: 66.7 —
153.8 m™1), the mean Ymcurwas 120.0 + 15.6 m=* (range: 99.0 — 147.1 m™1), the
mean Yrppywas 177.0 £ 43.7 m~*(range: 104.2 —294.1 m~!) and the mean Yreur
was 82.1+19.6 m~*(range: 54.9 - 117.6 m™1).

3.2. Joint contact pressures

The mean joint contact pressures for each participant in pinch grip and
power grip are presented in Fig. 5. Concerning the pinch grip simulation, mean
joint contact pressures at the TMC joint averaged 11.7
+2.5 MPa (range: 6.8 —15.8 MPa), 15.2 + 3.2 MPa (range: 9.0 — 21.7 MPa) and
18.8+ 4.1 MPa (range: 11.2 — 26.1 MPa) for the 60, 80 and 100 N external force
levels respectively. Concerning the power grip simulation, the TMC joint
pressure average values were 8.5 + 1.5 MPa (range: 6.2 —11.7 MPa), 10.4 + 1.8
MPa (range: 7.6 — 14.1 MPa) and 12.4 + 2.2 MPa (range: 9.2 — 17.0 MPa) for
the 120, 160 and 200 N



Fig. 5. Joint contact pressure at the TMC joint for the 15 participants, during the two tasks. These values were calculated by averaging the contact pressure at each node of the cartilage
surface contact area. The values obtained with the low, medium and high external forces are presented in blue, orange and gray respectively for
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variable and the mean TMC joint contact pressures of the participants (r? =

. 0.62; p < 0.002). A significant correlation was also found between pinch grip
external force levels respectively.

joint pressure and the trapezium length (r?= 0.58; p < 0.002). In the power grip
position, the best-fitting linear model was the one with Yppyv as an explanatory

3.3. Relationship between joint contact pressure and morphology . . . .
variable (r? = 0.51; p < 0.008). Plots of the two best linear regression models in

The joint contact pressure results reveal a linear relation between an pinch grip and power grip positions are presented in Fig. 6.

increase in pinch and power grip external forces and TMC joint contact

pressure (Fig. 5). Paired student test reveals that pressure increase is the same 4. Discussion
from 60 to 80 N and from 80 to 100 N in the pinch grip position (p = 0.82). The
same effect is observed in power grip position (p = 0.32). For this reason, only
the results of the linear regression for the simulations with 60 N in pinch grip
and 120 N in power grip are presented. The linear regression results are
summarized in Table 1. In the pinch grip position, the best fitting linear model
(with the highest r? and the lowest p value) was the model with Yrppy as an
explanatory variable. A significant correlation was observed between this

The objectives of this study were to investigate the effect of morphological
variation of the TMC joint on joint contact pressure. To answer this objective,
trapezium length and width and TMC joint

Table 1
Multiple r2 and p value of each linear regression model between TMC joint contact

pressures and morphological variables.



Variables R- squared P value
Pinch Grip Y

TPDV 0.62 0.0005**
YTPUR 0.002 0.9

Y MCDV 0.003 0.9

Y MCUR 0.16 0.1
Trapezium Width 0.40 0.01
Trapezium Length 0.58 0.0009**
Power Grip Y

TPDV 0.51 0.003*

Y TPUR 0.01 0.7

Y MCDV 0.04 0.5

Y MCUR 0.24 0.07
Trapezium Width 0.26 0.05
Trapezium Length 0.20 0.1

Note. Bold models represent the best linear regression model

principal curvatures were measured on 15 TMC joints of healthy participants.
Then, finite element models were developed for each participant to simulate
pinch grip and power grip tasks. The finite element model was driven by a joint
reaction force estimated using in vivo motion capture, via a previously
developed multi-body rigid modelling. Finally, correlations between these
morphological variations and TMC joint contact pressure were analysed by
linear regression.

Morphological measurements of trapezium length, trapezium width, Yrpov,
YTPur and YMCUR were consistent with more population samples (Athlani et al.,
2021; Halilaj et al., 2014; Marzke et al., 2012, 2009; Rusli and Kedgley, 2020;
Shih et al., 2018). Some differences were found for
Ymcov With 82 % difference from the mean values of Halilaj et al., 2014. This
difference could be explained by this morphological measure might be less
accurate or repeatable because the articular surfaces are manually selected
from the subchondral bone. Previous literature has also observed
discrepancies in the Yucov value between studies (Halilaj et al., 2014; Shih et
al., 2018). Except for this parameter, the similar ranges between this current
study and previous literature suggest that the sample used was representative
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power grip position, for 60 and 120 N force levels respectively. These
differences could be due to the pressure estimation methods. In Goislard de
Monsabert et al., 2014, the mean joint pressure was calculated by dividing the
TMC joint reaction force by a joint contact area estimation, while in the current
study they are computed using a finite element model. The non-inclusion of
tissues’ mechanical properties in the study of Goislard de Monsabert et al.,
2014) may reduce the accuracy of joint contact pressure estimation in
comparison with the finite element method.

For 14 participants, joint contact pressure in the pinch grip position was
larger than in the power grip position, which is consistent with previous
literature (Goislard de Monsabert et al., 2014). In only one participant (P9),
joint contact pressure was larger in the power grip position. This participant
presented a lower joint contact pressure level and a lower Yrppv. Given that
dorso-volar curvature has the best correlation with joint contact pressure
compared to the other morphological parameters (Table. 1), it can be
hypothesized that this morphological abnormality explains the individual
different effects of position. The current result suggests that there may be an
interaction between joint position and morphology, given that force and
kinematic input data were the same for each participant.

The linear regression analysis results (Table 1) indicate that the variation of
joint contact pressure across participants could be related to dorso-volar
curvature of the trapezium (Yreov) in both pinch grip and power grip positions.
This confirms our hypothesis on the joint curvature effect on contact pressure.
This significant correlation could be explained by the location of the peak
contact pressure which is located almost always at the trapezium central-ulnar
side for all the participants. At this location the Yrppv gradient seems to be
larger than the other curvatures and we can suppose that this curvature lead
to the principal effect on the joint contact pressures in this manner. Therefore,
the regression results showed that the more Yrpovis large, the larger joint
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Fig. 6. Best-fitting linear regression models for pinch and power grip position simulations with 60 and 120 N, respectively. Mean joint contact pressure at the TMC joint for each participant
is represented by blue points. The red line represents the regression line. This figure represents the relationship between the best morphological explanatory variable and the mean joint
contact pressures at the TMC joint. The best morphological explanatory variable is the trapezium dorso-volar curvature Yrppy for the two positions.

of the population, in terms of TMC joint morphology. This verification was
essential to study the effect of morphological variation on joint contact
pressure, given the small size of the sample in the current study.

Joint contact pressure values were consistent with previous literature on
the same simulated task and force amplitudes (Goislard de Monsabert et al.,
2014). In comparison to this previous study, mean contact pressure values
observed here differ by 26 % in the pinch grip position and by 27 % in the
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Fig. 7. Results of the sensitivity analysis for all the participants. The blue points represent
the relationship between joint contact pressure and trapezium dorso- volar curvature in
the good pinch grip position. The red triangles represent this relationship in the four
moved pinch grip positions.

contact pressures are. This point is crucial since it corroborates previous
literature which has shown that early TMC OA is also associated with a large
Yreov (Halilaj et al., 2014). The current study highlights the fact that a high Yreov
could be a risk factor for TMC OA. The significant correlation with trapezium
length, during the pinch grip position could indicate another potential TMC OA
risk factor and corroborates previous literature suggesting a link between this
morphological parameter and the potential development of TMC OA (Ladd et
al., 2015). Nevertheless, the correlation was only significant with pinch grip,
meaning that certain morphology could be at risk when associated to specific
tasks. The weak correlation with the other morphological measurements
seems to indicate that these morphological parameters do not play a crucial
role in the modulation of pressures and thus on the development of TMC OA.
Nevertheless, other tasks should be tested to confirm this idea as our results
only focused on pinch grip and power grip tasks whereas, as mentioned above,
some morphological parameters might be correlated to joint mechanical
loading in specific tasks.

This study shows a significant effect of the variations of TMC joint
morphology on joint contact pressures, especially with Yrppv. Considering
mechanical loading is an important OA risk factor (Buckwalter et al., 2013;
Droz-Bartholet et al., 2016), this morphological parameter could have a key
role in OA development. Consequently, our results might be applied to detect
an OA risk in patients based on simple measurement from medical imaging.
Detected patients could then be advised to either reduce the load they carry
or adapt their daily life to avoid certain grip techniques.

Some limitations should be considered. First, we only simulated two tasks
while daily life activities require more complex loading, for example jar twist,
which can influence joint contact pressure differently (Schneider et al., 2017).
Another limitation is the TMC joint position in pinch grip and power grip tasks
which were standardized in the same position as the reference participant.
Joint posture indeed can differs across participants for a same task, which
further influence muscle forces and ultimately joint contact pressure (Faudot
et al., 2020; Goislard de Monsabert et al., 2014). However, the sensitivity
analysis (Fig. 7) of the TMC joint position on contact pressure has shown that
the morphology effect seems to be more important than position effect. The
multi-body rigid and finite element models used in this study include some
other limitations like modeling hypothesis and lack of direct validation, even if
this method is the only way to estimate joint contact pressure. Curvature
measurements in a plane could be another limitation considering that it varies
spatially. The different ligamentous constrains between participants were not
modelled, but ligament of TMC joint seems slack in the modelled position and
their contributions are probably negligible (Halilaj et al., 2015). The number of
participants could also be another limitation of this study as morphological
variations can be large in the population. Nevertheless, the morphological

parameter ranges in the current sample are consistent with the values from
previous studies that included larger samples.

Despite these limitations, this study provides interesting new information
that may contribute to our understanding of the development of TMC OA. The
current study reveals that trapezium dorso-volar curvature is correlated with
higher joint contact pressure. Based on our study outcomes, further studies
on TMC OA development should focus on possible correlation with this
curvature, including patient specific orientation and an extremely large
number of patients.
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