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Abstract

Lapidus arthrodesis is used in the treatment of hallux valgus, first ray instability and midfoot arthritis. Despite being commonly
performed, few studies have addressed the regional biomechanical implications of this procedure. Our objective was to analyse
the stress concentrations caused by two commonly performed Lapidus arthrodesis on surrounding bone and soft tissue structures
of the foot. A finite element model was used to simulate the normal intact foot and scenarios of tissues deficiencies that are often
associated when a Lapidus arthrodesis is performed. Our model includes all the foot bones, cartilage and major tendons and
ligaments that support the foot arch. Both tensile stress and compressive forces were measured in the midfoot bones, joints and
tibialis posterior tendon. Results showed that the classical Lapidus arthrodesis is associated with an increase of about 76% in
the compressive stress generated around the first and second cuneiform joint, while the isolated metatarsocuneiform arthrodesis
showed a non-significant increase in stress in this region. The Lapidus procedures slightly offload tensile stresses in the tibialis
posterior tendon but were not alone able to compensate for the lack of a calcaneonavicular (spring) ligament failure despite
increasing the rigidity of the arch. We concluded that the Lapidus arthrodesis does have regional implications on soft tissues and
bone that are difficult to define. Whilst helping to decrease stresses in the tibialis posterior tendon Lapidus arthrodesis' allow
correction of both deformity and instability in the first ray, however, they cannot compensate for the restoration of proximal

talonavicular laxity/spring ligament strain when restoring arch integrity.

Keywords: Biomechanics; Flatfoot; Finite element modelling; Hallux
valgus; Lapidus

Introduction

In the 1930’s, Paul Lapidus described the surgical correction of the
hallux abducto-valgus deformity using the first metatarsocuneiform
joint arthrodesis [1]. The Lapidus procedure is a common operation
performed to address the first ray in hallux valgus deformity and
acquired metatarsal instability [2]. The latter is commonly done as
an adjunct to other procedures in the correction of the planovalgus
foot. In hallux valgus, surgery it is reserved for high intermetatarsal
angle (IMA), hypermobile and arthritic first ray surgery [3]. In
adult acquired flatfoot surgery, it can be used to address the first ray
instability [2]. The classical Lapidus further addresses intercuneiform
joint instability (first and second cuneiform) via fixation between
the medial and middle columns. In the modified Lapidus procedure,
only the metatarsocuneiform joint is fused [1]. While it is simpler,
it does not address intercuneiform joint instability. Both Lapidus
procedures can correct deformity, address midfoot instability and
stabilize the metatarsocuneiform joint, using plates, screws or semi
rigid constructs [4]. Although, the Lapidus is a well-known procedure,
the biomechanical side effects that can arise in the foot have not been
evaluated. Thus, these effects are not known despite its widespread
use. This may be because studies that evaluate stresses are difficult
to perform using clinical or cadaver evaluation. Some studies have
evaluated the biomechanical effects of Lapidus procedures [5-8], but
their evaluation is mainly structural. Difficulties arise in measuring
the biomechanics of the inner foot (such as tissue stress distributions),
standardizing different scenarios, and reproducing results from
differences in foot geometries and tissues [9-11]. Internal tissue
stresses and regional stress arising from both Lapidus arthrodesis
are difficult more to establish. Additionally, cadaveric studies require
expensive measurement equipment and meticulous control of tested
tissues to guarantee their biomechanical characteristics. Thus, it is

extremely difficult to obtain isolated information about each tissue
with consistent results.

Finite element modelling (FEM) offers an alternative to this when
studying the biomechanics of the human body. Many models have
been used to evaluate foot biomechanics and the effects of surgical
procedures. However, these models focus specifically on foot structure
deformation and plantar pressure measurement [9,12]. This study
aims to use a foot model to evaluate how two Lapidus arthrodesis
procedures affect stresses on local joints and tissues. The finite element
model includes all foot bones, cartilages, and main soft tissues that
support the plantar arch. Evaluations of these arthrodeses were
performed in the healthy state (with all the soft tissues intact) and
simulating some soft tissue failures.

Materials and Methods
FE model description

Our model reconstructs an unloaded human foot of a 49 year old
man with a weight of 75 Kg. The reconstructions are based on CT
images and were performed using MIMICS V.10 (Materialize, Leuven,
Belgium) [13-15]. The model includes bones (cortical and trabecular),
plantar fascia, tibialis posterior tendon (TPT), Achilles tendon, flexor
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hallucis longus (FHL), flexor digitorum longus (FDL), both peroneal
tendons (Brevis and Longus) and cartilages. Due to the difficulty of
segmenting the spring ligament and both plantar ligaments (short and
long) from CT images, these tissues were reconstructed based on their
anatomy, using body atlas and surgeons’ guidance. A statement on
ethical approval by a committee is not required for this work, because
neither intervention nor any contact was made with the volunteer
whose foot was used for reconstruction and modelling. However, we
have the informed consent signed by this person accepting the use
of their images to be used for foot modelling. This model has been
already used to analyse the adult acquired flatfoot development [13-
15]. The complete FE model is shown in Figure 1.
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Figure 1: Detailed description of the FE model.
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Meshing of the model

The meshing of the model was performed using ICEM CFD V.15
(Canonsburg, Pennsylvania, United States), generating 28 cortical
bone pieces, 24 trabecular bone pieces, 26 cartilage segments, 6
tendons, 3 ligaments and the plantar fascia. To optimize the mesh
size of each segment and check the mesh quality, a trial error
approach was employed, following the recommendations of Burkhart
[16]. They stated that to obtain reliable results, the total number of
inaccurate elements must be less than 5%. The following conditions
were considered in order to achieve a reasonable mesh size without
compromising the calculation time: a minimum mesh size sufficiently
small to fit into the tightest segments, a maximum mesh size consistent
with the minimum, avoidance of large differences in element size
between regions, a mesh accuracy of more than 99% of the elements
being better than 0.2 mesh quality (Jacobians) and checking that the
poor elements were located away from the region of greatest interest
(Hindfoot bones, metatarsals, PF and SL). The equilibrium was found
with 265,547 linear tetrahedral elements (C3D4). All parameters were
within good mesh quality ratios (Table 1). Both finite element analysis
and simulations were conducted with Abaqus/CAE 6.14-1 (Dassault
Systémes, Vélizy-Villacoublay, France) using the available nonlinear
geometry solver.

Quality metric | (Assessment Accurate Inaccurate
criteria) elements elements
Element >0.2 99.2% 0.8%
Jacobians
Aspect ratio <3 95.5% 4.5%
Min. angles >30 97.6% 2.4%
Max. angles >120 98.7% 1.3%
Table 1: Mesh quality metrics based on Burkhart et al. (2013)

recommendations.
Biomechanical properties of model tissues

Tissue properties (Young’s modulus and Poisson’s ratio) of cortical
bone, trabecular bone, ligaments and plantar fascia were assigned in
accordance with published data: Cortical bone (E=17000 MPa, v=0.3),
trabecular bone (E=700 MPa, v=0.3), ligaments (E=250 MPa, v=0.28)
and Plantar fascia (E=240 MPa, v=0.28) [13]. Tendons and cartilage
were modelled based on the Ogden model (hyperelastic material),
using parameters previously reported in the literature [17-19].

The stress and compressive forces in the midfoot joints for the
classical Lapidus and the modified Lapidus were evaluated. Simulated
fusions were performed with a complete union of the cuneiform
metatarsal joint (CM) and union between the first and second
cuneiforms (Figure 2) by replacing the joint cartilage with cortical
bone tissue. Fixation elements such as plates or screws were not
included, because a complete joint fusion was simulated.

‘f

Modified lapidus

Figure 2: Explanation of how the arthrodesis was simulated. The
cartilage material was replaced by a cortical bone in each of the fused
joints.

Loading and boundary conditions

A simulated load was applied in the vertical direction and at 10
degrees of inclination. The distribution was as follows: Tibiotalar
load transmission was set at 90% and Fibula Talus load transmission
at 10% [14,15]. Tendon traction forces were included as described
by [20]. To simulate ground contact, all simulations were performed
by maintaining fixed nodes in the lower part of the calcaneus and
blocking vertical displacement (z-axis) of the lower nodes of the first
and fifth metatarsals (Figure 3) [13].

Fixed Vertical axis fixed

Figure 3: Boundary and loading settings applied to the foot model
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Model validation

The model used in this analysis has been validated by other
studies in relation to adult acquired flatfoot deformity [13]. These
studies measured the vertical displacement of anatomical points in
two different loading conditions: light loading and normal stance
loading. Both were measured in the sagittal plane. This validation
method compares the results obtained from the model against the
average of values measured from real lateral RX images [21].

Model analysis and evaluation criteria

The biomechanical stress and compressive forces were quantified
using the field output spectrum available in Abaqus/CAE. The
parameters used for evaluation were both the Stress maximum
principal (S. Max) and the Stress minimum principal (S. Min).
These eigenvalues, which are generated in foot tissues during normal
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simulated stance, are closely related to the tensile stresses and
compressive forces, respectively.

Results
Compressive forces in midfoot joints

This first analysis aimed to evaluate the differences in compressive
forces within midfoot joints. Minimum principal stress was calculated
in scenarios of intact and dysfunctional spring ligament. Simulations
were performed in the reference case (without Lapidus) and in the
presence of both Lapidus cases. The results are shown in Figure 4.
All color scale values are in MPa (N/mm2). Red values depict less
compressive forces, while blue values depict the highest forces. All the
stress values were normalized to -20 MPa. The region marked shows
the largest difference between the classical Lapidus and the modified
Lapidus.

Region of
Iinterest

4

Figure 4: Compressive forces (Minimum principal stress in MPa) generated in the midfoot, including the navicular and cuneiform bones and

cartilages.

Spring ligament failure increases stress generated in the first
cuneiform representing the region of the insertion of the tibialis
posterior tendon. With spring ligament insufficiency, our simulations
do not show significant differences in the highest values between the
two Lapidus arthrodesis procedures (Figure 4).

Compressive forces in the joint of the first and second
cuneiform bones

To analyse and determine differential forces generated by both
Lapidus arthrodesis procedures in regional joints such as the first/
second intercuneiform joints and the naviculocuneiform joints,

compressive forces were calculated by analysis of the cartilage section
only. Analysis of the scenarios described above was included. The
results are shown in Figure 5. As was commented in the previous
section, the stress values were normalized to -20 MPa. The classical
Lapidus generates a compressive force increase of 76% compared to
the reference case. Additionally, the results show that the Lapidus
arthrodeses were not able to prevent the notable increase in
compressive force on the talonavicular joint (from yellow to orange
in the color scale) when the spring ligament fails. This reinforces the
importance of the spring ligament in the maintenance of the plantar
arch for which distal stabilization would not be able to compensate.
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Figure 5: Compressive forces (Minimum principal stress in MPa) generated in the union cartilage of the first and second cuneiform and in the

Navicular bone.

Bar charts were used to demonstrate results including the
highest compressive forces obtained in all simulation scenarios
(Figure 6).
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Figure 6: Comparison of the highest values of compressive forces
generated in all simulated cases.

Biomechanical stress comparison traction forces

The spring ligament and the plantar fascia are the static
stabilizers of the plantar arch [14,15]. The tibialis posterior tendon
is the main dynamic stabilizer of the arch. We evaluated traction
forces generated at the insertion area on the first cuneiform bone

of the tibialis posterior tendon for both Lapidus types. The results are
shown in Figure 7. The maximum principal stresses were measured. The
color scale was normalized to 20 MPa. In this diagram, the blue scale
represents the lowest stress values, whilst the red represents the highest.
Neither of the Lapidus procedures evaluated had a significant effect
on the traction forces at the insertion region of the tibialis posterior
tendon. However, in the presence of spring ligament failure there was a
significant increase in traction forces in the tibialis posterior despite the
presence of additional stabilization of the first ray from both types of
Lapidus procedure. The modified Lapidus arthrodesis generated a 79%
increase in traction force.

Figure 7: Traction forces (maximum principal stress in MPa) generated
in midfoot bones. The region of insertion of the tibialis posterior
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tendon is highlighted.

Maximum stress values generated for each scenario have been
presented as bar graphs (Figure 8).

78,47

76,57

Figure 8: Comparison of the highest values of traction forces
generated in all the cases simulated.

Discussion

Finite element analysis provides a useful means of understanding
the effects of Lapidus arthrodesis on the surrounding tissues and how
they behave as a result of these procedures. Few experimental studies
have measured the comparative biomechanical effects of the Lapidus
arthrodesis because of the difficulty of objectively measuring these
parameters in cadavers. It is well known that a stable first ray prevents
secondary issues such as metatarsophalangeal joint impingement and
osteoarthritis. Stability prevents middle column overload resulting in
second metatarsophalangeal joint synovitis, hammering, metatarsal
hypertrophy/stress fractures, and tarsometatarsal degeneration [22].
A stable first ray provides a ground reaction force that helps resist
pronation forces. Stability allows the transmission of compressive
forces through the medial column to the hindfoot in the stance phase
(60% of the gait cycle) [23].

Metatarsocuneiform instability can arise in hallux valgus from
the medial displacement of the first metatarsal out of its soft tissue
envelop which thus fails to restrain it in the dorsoplantar direction.
Dorsoplantar instability can be marked in high intermetatarsal angle
(IMA) hallux valgus. Clinical and cadaver studies have shown that
first ray instability can also be driven by spring ligament insufficiency
[24] even with a normal first intermetatarsal angle. These factors
can both act concomitantly to increase first ray instability [24,25].
Addressing both may be important when considering treatment for
instability.

Stabilization in hallux valgus can be achieved by osteotomies
or fusion of the first cuneometatarsal (CM) joint with a Lapidus
procedure. Proximal metatarsal osteotomies reduce the metatarsal
head over the sesamoids and this realignment increases first
ray stability and improves the windlass mechanism. However,
recurrence of the instability may occur if spring ligament integrity
is not addressed. Lapidus arthrodesis prevents this and can correct
metatarsal pronation that osteotomes fail to address [26]. These
procedures are commonly performed in high IMA hallux valgus and
hypermobile CM joint to address degenerative changes. In flatfoot
surgery, Lapidus arthrodesis decreases instability and addresses fixed
dorsiflexion/supination. It can also be used as a substitute for opening
wedge osteotomies [1,2].

The classical Lapidus procedure controls the intercuneiform
pronation and coronal plane instability [27]. In our model, we created
arigid fusion between the middle and medial intercuneiform joints by

changing joint tissue to bone. Surgically, this is achieved using many
types of constructs from a screw fixation into the second metatarsal
base or middle cuneiform to semi rigid fixation devices such as the
mini tightrope [3].

The CM joint allows five degrees of dorsoplantar motion [28]
which the Lapidus arthrodesis decreases. This has a clinical impact
on foot shock absorption. The effects of first ray stabilization on the
surrounding bone, joints, ligament, and tendons are not defined. Both
Lapidus arthrodeses in our simulations do not lead to a significant
increase in stress on the adjacent naviculocuneiform joint. Clinically,
this is important as it is unlikely to accelerate degenerative changes in
the naviculocuneiform joint.

In the classical Lapidus, there is a concentration of stress forces
in the intercuneiform area around the fusion region. This local
stress concentration within the bone is exacerbated when the spring
ligament is also failed. Often this cause of instability is overlooked
or not assessed for. Compressive forces through the second
metatarsocuneiform joint increase in classical Lapidus arthrodesis. A
coronal cross section of the intercuneiform region may explain the
increased stress. In the stance phase, an upward ground reaction force
through the stable first ray is transmitted to this region. The triangular
shape of the cuneiform orientates this second metatarsocuneiform
horizontally, that may create vertical vector compression force here.
Differential load going through the second and the first ray that
may also concentrates stress forces here. When the spring ligament
is also lax, stress concentration increases from 20 MPa to 36 MPa,
representing a 75% increase.

Hindfoot pronation may further accentuate the horizontal plane
of the second metatarsal cuneiform joint as the medial pronates and
further increases pressures. There was no significant increase in stress
concentration through individual naviculocuneiform joint facets. The
clinical significance of this stress localization to the midfoot is not
certain. Elevated forces in the bone may lead to pain/bone edema/
stress features. This may be a cause of persistent pain in the foot.
Caution with offloading during the union process may also allow the
arthrodesis to form better. Both Lapidus arthrodesis leads to a small
decrease in stress in the tibialis posterior regardless of the state of
the spring ligament. The presence of a fused first metatarsocuneiform
joint increases arch stiffness and exerts a greater ground reaction
force through the more rigid medial column (a supination moment).
This, therefore, decreases tensile stresses in the tibialis posterior
tendon. Spring ligament deficiency significantly increases the traction
forces in the tibialis posterior that further stability in the first ray can
only partially counteract. Lapidus arthrodesis used to treat first ray
instability in the presence of spring ligament insufficiency only leads
to a small decrease in the traction forces in the tibialis posterior [2].
This is important clinically as when correcting both hallux valgus and
first ray instability to treat second ray overload pathology, stabilizing
the first ray alone will not offload the tibialis posterior tendon if it has
become reactive and symptomatic unless the spring ligament laxity
is corrected. Further offloading of the talonavicular axis would be
needed by spring ligament augmentation or a calcaneal osteotomy.

Conclusion

We conclude that computational modelling provides a useful
insight into the regional effects of Lapidus arthrodesis on local
tissues/joints, helping to evaluate them in ways not achievable by
cadaver modelling. The Lapidus arthrodesis is such a commonly
used procedure to address both instability and deformity of the first
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ray that even small changes in regional effects on tissues need to be
understood. Each arthrodesis has regional effects on other structures
including the tibialis posterior tendon, spring ligament, and bone
stress within the bones themselves. The widespread usage of these
operations means that this increased understanding is beneficial.

This study has some limitations, which include the lack of an
evaluation of fixation devices such as screws, plates, and bone graft.
However, it does not affect the joint and tissue stress evaluation
performed nor the clinical interpretation of the results. Additionally,
we accept that Lapidus arthrodesis may result in the shortening of the
hallux from cuts required to correct the deformity. This shortening
was not considered in the model, because joint fusion was simulated
replacing the cartilage by cortical bone.
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