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Article history: Background: The biomechanical effects of different tarsometatarsal (TMT) arthrodesis configurations on
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Methods: Six TMT arthrodesis configurations, from isolated first TMT fusion to constructs including the
third TMT joint, were analyzed. Joint reaction forces, plantar pressure, and tibiotalar contact pressure were

IF?S’ ;Zﬁrds' assessed relative to an intact model across stance phases.

Computational Results: Arthrodesis altered midfoot joint reaction forces, while total tibiotalar forces remained largely
Lisfranc injury unchanged. The medial - intermediate intercuneiform and calcaneocuboid joints showed the greatest in-
Lapidus creases, particularly with inclusion of the third TMT joint. Plantar pressure increased mainly in the first and
Pressure second metatarsal regions, and tibiotalar contact pressure redistributed along an anterolateral - poster-
Joint reaction force omedial axis.

Adjacent joint biomechanics Conclusion: TMT arthrodesis alters foot biomechanics in a configuration-dependent manner. Extension to

the third TMT joint produced the greatest biomechanical alterations.

Level of evidence: V, computational biomechanical study

© 2026 European Foot and Ankle Society. Published by Elsevier Ltd. All rights are reserved, including those
for text and data mining, Al training, and similar technologies.

1. Introduction

The tarsometatarsal (TMT) joint complex connects the midfoot to
the forefoot and consists of joints formed by the bases of the me-
tatarsals with the cuneiform and cuboid bones. The lateral portion of
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Fig. 1. Midfoot arthrodesis models. Model I: First TMT joint. Model II: Medial cuneiform - second metatarsal joint. Model Ill: Combination of Model I and Model II. Model IV:
Addition of second TMT joint to model IIl. Model V: Addition of medial-intermediate cuneiform joint to model IV. Model VI: Addition of third TMT joint to Model V.

Similarly, medial column TMT arthrodesis is increasingly used in
the treatment of Lisfranc injuries, where primary arthrodesis has
been shown to provide clinical outcomes and return-to-sport rates
comparable or superior to internal fixation [8-10]. Despite its fre-
quent use, the biomechanical consequences of extending medial
column fusion to adjacent joints remain incompletely understood.

Adjacent joint arthritis is a well-recognized complication of ar-
throdesis, particularly involving the tibiotalar and subtalar joints
[11-15]. This has been attributed to altered load transfer and in-
creased mechanical stress in adjacent joints following fusion [16].
However, biomechanical data specifically addressing adjacent joint
loading after tarsometatarsal arthrodesis remain limited [17-20]. In
addition to changes in joint loading, alterations in plantar pressure
distribution represent an important and clinically relevant mani-
festation of load redistribution following arthrodesis.

Because direct assessment of joint loading after arthrodesis is
limited in clinical settings, finite element analysis has been used to
investigate the biomechanical effects of tarsometatarsal fusion.
Existing finite element analysis studies have mainly focused on
fixation constructs [21-23] or combined first and second TMT ar-
throdesis [20], providing limited insight into how selective medial
and middle column fusions affect adjacent joints and plantar pres-
sure. Therefore, this study aimed to evaluate changes in joint reac-
tion forces, plantar pressure distribution, and tibiotalar contact
pressure across different phases of gait following selective TMT ar-
throdesis configurations.

2. Materials and methods
2.1. Study design

This study used a subject-specific finite element (FE) model to
evaluate the biomechanical effects of selective tarsometatarsal
(TMT) arthrodesis configurations on adjacent joint loading, plantar
pressure distribution, and tibiotalar contact pressure during gait.

2.2. Development of finite element model

A three-dimensional FE model of the right foot and ankle was
generated from computed tomography data of a healthy adult male
(33 years, 80kg) with no history of foot or ankle pathology. Bone
geometries were segmented and reconstructed to include the tibia,
fibula, hindfoot, midfoot, forefoot, and phalanges. A neutral anato-
mical alignment was established based on standardized joint co-
ordinate system definitions.

Ligaments were modeled as tension-only elements, and articular
cartilage and encapsulated soft tissue were incorporated to allow

physiologic joint motion. All materials were assumed to be homo-
geneous, isotropic, and linearly elastic, consistent with commonly
used foot and ankle FE models [24-47]. Detailed material properties,
ligament definitions, and mesh characteristics are provided in the
Supplementary Material.

2.3. Midfoot arthrodesis models (Fig. 1)

In the finite element analyses, the intact model was evaluated
first and served as the reference condition. Subsequently, six ar-
throdesis configurations (Models I - VI) were generated to represent
commonly used clinical fusion strategies. Arthrodesis was simulated
by removing the articular cartilage at the corresponding joints, as-
signing bone material properties to the joint interfaces, and applying
bonded contact conditions between the fused surfaces. This ap-
proach eliminated relative motion at the fused joints while preser-
ving load transfer across the fusion sites. No fixation hardware was
modeled in order to isolate the biomechanical effects of joint fusion
itself.

In Model I, fusion was applied solely to the first tarsometatarsal
(TMT) joint. Model II represented isolated fusion of the medial cu-
neiform - second metatarsal joint. Model Il combined these two
fusions. In Model 1V, fusion of the second TMT joint was added to
Model III. Model V further included fusion of the medial - inter-
mediate intercuneiform joint. In the final configuration (Model VI),
fusion of the third TMT joint and the intermediate - lateral inter-
cuneiform joint was added, resulting in the most extensive fusion
construct (Fig. 1).

2.4. Boundary and loading conditions

Physiologic loading conditions corresponding to normal walking
were applied. Ground reaction forces and major muscle forces were
obtained from a validated musculoskeletal gait model [28] and ap-
plied to the FE model. Three representative phases of stance - early
stance, midstance, and late stance - were analyzed.

The proximal tibia and fibula were fully constrained. Ground
contact was modeled with friction, allowing force transmission to
the plantar surface. Identical boundary and loading conditions were
applied to the intact and all arthrodesis models to enable direct
comparison (see Supplementary Material).

2.5. Outcome measures
For each arthrodesis configuration and gait phase, the following

outcomes were evaluated and compared with the intact model: Joint
reaction forces (JRFs) at 17 selected foot and ankle joints, plantar
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Fig. 2. Joint reaction force comparisons relative to the intact model. (a) Early stance. (b) Midstance. (c) Late stance.

pressure distribution and contact pressure distribution at the tibio-
talar joint. Differences were quantified to assess changes in load
transfer and pressure redistribution associated with each fusion
strategy.

2.6. Model credibility

Model behavior was qualitatively compared with previously
published experimental and computational studies evaluating
plantar pressure distribution and ankle joint mechanics, demon-
strating consistency in both the magnitude and spatial distribution
of results [24,25,29,30]. This comparison was used to support the
biomechanical credibility of the model.

2.7. Software

All simulations were performed using a commercial finite ele-
ment solver (ANSYS Workbench 2021 R2; ANSYS Inc., Canonsburg,
PA, USA). Additional details regarding meshing strategy, convergence
assessment, and material assignments are provided in the
Supplementary Material.

3. Results

The intact model served as the reference condition for all bio-
mechanical comparisons.

3.1. Joint reaction force alterations (Fig. 2)

Across all gait phases, joint reaction force (JRF) alterations were
predominantly observed within the midfoot in all models. The
medial - intermediate intercuneiform and calcaneocuboid joints
demonstrated the most pronounced increases in JRF. Forces at the
tibiotalar and subtalar joints remained largely unchanged (generally
< 5% deviation from the intact condition).

Isolated medial cuneiform - second metatarsal fusion (Model II)
consistently produced the smallest deviations from the intact con-
dition, with JRF changes remaining below 10% across all evaluated
joints and gait phases. In contrast, inclusion of the third tarsome-
tatarsal (TMT) joint (Model VI) resulted in the greatest alterations,
with increases in JRF reaching approximately 25-32% at the calca-
neocuboid and lateral column joints, particularly during late stance.
Intermediate configurations (Models III - V) demonstrated compar-
able JRF patterns, with differences between these models generally
remaining below 5% (Fig. 2).

3.2. Plantar pressure distribution changes (Fig. 3)

Relative to the intact model, plantar pressure increases were
predominantly observed in the first and second metatarsal regions
across most arthrodesis configurations. These changes were phase
dependent and most pronounced during late stance.

Model II showed minimal deviation from the intact plantar
pressure pattern, with peak pressure changes generally remaining
below 10-15 kPa across all gait phases. In contrast, Model VI de-
monstrated the largest plantar pressure alterations, reaching ap-
proximately 25-30 kPa during midstance and up to 50-60 kPa
during late stance. Models III, IV, and V exhibited highly similar
plantar pressure distributions, with inter-model differences re-
maining small compared with those observed in Model VI (Fig. 3).

3.3. Tibiotalar contact pressure redistribution (Fig. 4)

Total tibiotalar joint reaction forces did not change substantially
following tarsometatarsal arthrodesis; however, a consistent redis-
tribution of tibiotalar contact pressure was observed across all ar-
throdesis models. Pressure alterations followed a characteristic
anterolateral - posteromedial pattern on the talar articular surface
throughout the stance phase.

The magnitude of tibiotalar pressure redistribution increased
with the extent of fusion. Model II demonstrated the smallest
changes, whereas Model VI exhibited the greatest alterations, with
peak contact pressure differences reaching approximately 300-350
kPa during midstance and up to 500-550 kPa during late
stance (Fig. 4).

4. Discussion

The most important finding of the present study is that the
biomechanical consequences of tarsometatarsal arthrodesis
strongly depend on the extent of fusion. While isolated medial
cuneiform - second metatarsal fusion resulted in minimal altera-
tions in joint reaction forces, plantar pressure, and tibiotalar
contact mechanics, extension of fusion to the third tarsome-
tatarsal joint produced pronounced changes, particularly invol-
ving the lateral column and adjacent joints. Among these, the
calcaneocuboid joint consistently demonstrated increased joint
reaction forces, highlighting its susceptibility to load redistribu-
tion following more extensive fusion constructs. Notably, al-
though total tibiotalar joint reaction forces remained largely
unchanged, a consistent redistribution of contact pressure along
an anterolateral - posteromedial axis was observed, with in-
creasing magnitude as the fusion construct was extended. These
findings suggest that selective fusion strategies may substantially
influence load transfer patterns beyond the fused joints.

TMT joint arthrodesis is commonly employed in the treatment of
various forefoot and midfoot pathologies. The first TMT joint ar-
throdesis (Model 1), popularized by Lapidus, is widely used in the
surgical management of advanced hallux valgus [4]. In selected
cases, fusion may be extended to additional medial column articu-
lations to enhance construct stability or address midfoot instability
[5,6]. Isolated fixation between the medial cuneiform and the second
metatarsal represents a treatment option, particularly for liga-
mentous Lisfranc injuries (Model IT) [31]. Furthermore, arthrodesis of
the third TMT joint should be considered in degenerative conditions
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Fig. 3. Plantar pressure distribution comparisons relative to the intact model. (a) Early stance. (b) Midstance. (c) Late stance.
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Fig. 4. Tibiotalar contact pressure distribution comparisons relative to the intact model. (a) Early stance. (b) Midstance. (c) Late stance.

[32] or following Lisfranc injuries [25] (Model VI). Collectively, the
arthrodesis configurations evaluated in this study span a range of
fusion extents and were included to provide a structured bio-
mechanical framework for assessing the biomechanical effects of
incremental midfoot fusion on load transfer and adjacent joint me-
chanics.

Joint reaction force (JRF) is the vectoral sum of all the forces
acting on a joint, and increase in JRF can be considered as a key
factor in osteoarthritis pathogenesis [33]. Although there are no
established cut-off points for alterations in JRF in terms of clinical
relevance, the investigation of changes in this study implicates
several findings. One of the main findings is that without fusion of



F. Bar¢a, E.B. Demir, M. Giingortirler et al.

medial-intermediate intercuneiform joint, there was a constant in-
crease of JRF on this joint. Intercuneiform joint issues, especially
instability, was emphasized in hallux valgus [34,35], and adding a
fusion of this joint to the construct was recommended to avoid
potential complications related to this joint [35]. The present find-
ings biomechanically support consideration of intercuneiform fusion
in selected cases by demonstrating increased joint loading when this
joint remains unfused.

The calcaneocuboid joint is a key component of the transverse
tarsal joint complex and plays a critical role in maintaining the lat-
eral longitudinal arch. Although isolated pathology of this joint is
relatively uncommon, it has been previously reported that calca-
neocuboid joint arthritis may progress to tibiotalar joint arthritis and
contribute to chronic pain over the long term [36]. In this context,
the present findings demonstrate increased loading of the calca-
neocuboid joint following more extensive TMT arthrodesis, sug-
gesting a potential biomechanical mechanism by which adjacent
joint degeneration may be promoted. Nevertheless, the clinical im-
plications of this altered loading pattern require confirmation in
future clinical studies.

The total JRF at the tibiotalar joint did not change substantially
across any arthrodesis model. However, analysis of contact pressure
distribution revealed a consistent shift in pressure toward an ante-
rolateral - posteromedial direction in nearly all models. This redis-
tribution was minimal in Model II (isolated medial cuneiform -
second metatarsal fusion) and tended to increase with the number
of fused joints, reaching its greatest magnitude in Model VI across all
phases of gait. Previous biomechanical studies investigating ankle
fractures or malalignment have demonstrated marked alterations in
tibiotalar contact pressures [30,37,38]. Although the magnitude of
pressure change observed in the present study was quantitatively
smaller than that reported in fracture models (maximum 558 kPa
during late stance in Model VI), we believe that these alterations
may nonetheless have clinical relevance. While no definitive
threshold for clinically significant tibiotalar pressure changes has
been established, even subtle modifications in cartilage load transfer
may predispose to secondary pathological processes, including car-
tilage degeneration and the development of ankle arthritis.

We found that inclusion of the third TMT joint in the fusion con-
struct, particularly affecting the lateral column joints (calcaneocuboid
and cuboid - lateral cuneiform), resulted in increased JRF and exerted
the greatest influence on both tibiotalar joint loading and plantar
pressure distribution. Although incorporation of the third TMT joint
may be necessary in certain clinical scenarios, particularly following
Lisfranc injuries, it is not routinely included in fusion constructs except
in cases of isolated pathology such as fracture or degenerative arthritis.
In a cadaveric study, Kim et al. demonstrated that inclusion of the third
TMT joint significantly altered the kinematics of adjacent joints and
highlighted the importance of carefully evaluating the indication for
extending the fusion to this joint [19]. The findings of the present study
are consistent with and support this recommendation.

We observed minimal changes in JRF at the first metatarsopha-
langeal joint following TMT arthrodesis. Previous studies have re-
ported conflicting findings: while one study demonstrated a 25%
increase in first metatarsophalangeal joint dorsiflexion following
first TMT joint arthrodesis [21], Kim et al. did not observe a similar
effect [19]. When evaluating JRFs at the first metatarsophalangeal
joint, our results are more consistent with those reported by Kim
et al. Nevertheless, increased plantar pressure was observed in the
first and second metatarsophalangeal joint regions in all models
except Model II, particularly during the midstance and late-stance
phases. These findings suggest that TMT arthrodesis may influence
plantar pressure distribution even in the absence of substantial
changes in joint reaction forces at the metatarsophalangeal level,
and this potential effect should not be overlooked.

Foot and Ankle Surgery Xxx (XXxx) XXX—XxX

Analysis of plantar pressure revealed that the greatest in-
creases occurred at the first and second metatarsophalangeal joint
level, measuring approximately 20-30 kPa during midstance and
50-60 kPa during late stance. Previous studies have reported the
minimal detectable change in plantar pressure in clinical settings
to range between 30 and 80 kPa [39], while a threshold of ap-
proximately 200 kPa has been adopted in many studies as clini-
cally relevant [40]. In the present study, none of the observed
pressure changes reached these established thresholds. Never-
theless, forefoot ulceration following midfoot arthrodesis has
been previously reported [41]. Therefore, awareness of potential
alterations in plantar pressure remains particularly important,
especially in high-risk patient populations such as individuals
with diabetes mellitus.

The study is not without limitations. First, as the findings are
derived from computational analyses, they are inherently based
on modeling assumptions. Consequently, real-life clinical condi-
tions may differ due to numerous patient- and case-specific fac-
tors. In addition, only a single CT-based model obtained from a
healthy individual was used for the finite element analyses. Given
that the clinical relevance of TMT arthrodesis is most pronounced
in conditions such as hallux valgus and Lisfranc injuries, the use of
models incorporating pathological anatomy might yield different
biomechanical results. The use of a neutral, non-pathological foot
model represents a simplification that facilitates comparative
biomechanical analysis. Therefore, the findings should be inter-
preted as mechanistic insights rather than direct simulations of
specific pathological conditions such as hallux valgus or Lisfranc
injury. Bone tissue was modeled as a homogeneous structure with
uniform material properties. While this approach facilitated
simplification of the analyses, it should be noted that cortical and
trabecular bone possess distinct mechanical characteristics, which
were not differentiated in the present model. Similar simplifica-
tions were applied to the modeling of arthrodesis. Joint fusions
were not simulated using fixation hardware; instead, the corre-
sponding articular surfaces were fully bonded through contact
definitions within the finite element framework. This represents a
deliberate modeling choice and constitutes a limitation of the
study, as the analysis was designed to investigate construct-spe-
cific biomechanical behavior following successful fusion rather
than to simulate fixation stability or early postoperative me-
chanics. In clinical arthrodesis procedures performed with screws
or plates, subtle differences in joint rigidity, degrees of freedom,
and force transmission may occur. This modeling approach also
precluded evaluation of the effects of different fixation materials
on overall foot biomechanics. Finally, all fusion models were
created without introducing any changes in alignment, preserving
the native anatomical position. While this strategy allowed for
direct comparison among different arthrodesis configurations, it
does not fully reflect clinical practice, where corrective proce-
dures that alter alignment are frequently performed in conjunc-
tion with fusion. Accordingly, the biomechanical consequences
observed in this study should be interpreted within the context of
these modeling constraints.

5. Conclusion

This finite element study demonstrates that the biomechanical
consequences of tarsometatarsal arthrodesis depend on the extent of
fusion. The most pronounced changes were observed at the med-
ial-intermediate intercuneiform and calcaneocuboid joints, parti-
cularly with extension of fusion to the third tarsometatarsal joint.
Accordingly, load redistribution following tarsometatarsal arthrod-
esis is strongly influenced by the extent of fusion.
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Supplementary Figure S6. Plantar pressure distributions of the intact model for the three

phases of gait.

Previous computational analyses employing flat insole materials have reported peak
plantar pressures between 0.214 and 0.266 MPa [24]. Furthermore, phase-specific plantar
pressure values documented in both experimental and numerical studies typically range around
0.18 MPa for early stance, 0.21 MPa for midstance, and 0.22 MPa for late stance [27]. In the
current analysis, the predicted peak plantar pressures across the gait cycle were found to be

0.236-0.265 MPa.
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