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Comparison of Fixation Techniques in Obliqgue and Biplanar Chevron Medial Malleolar

Osteotomies; a Finite Element Analysis
Abstract

This study aimed to evaluate different fixation techniques and implants in oblique and
biplanar chevron medial malleolar osteotomies using finite element analysis. Both oblique
and biplanar chevron osteotomy models were created, and each osteotomy was fixed with
two different screws (3.5 mm cortical screw and 4.0 mm malleolar screw) in two different
configurations; (1) two perpendicular screws, and (2) an additional third transverse screw.
Nine simulation scenarios were set up, including eight ostectomy fixations and the intact
ankle. A bodyweight of 810.44 N vertical loading was applied to simulate a single leg stand
on a fixed ankle. Sliding, separation, frictional stress, contact pressures between the
fragments were analyzed. Maximum sliding (58.347um) was seen in oblique osteotomy fixed
with two malleolar screws, and the minimum sliding (17.272 um) was seen in chevron
osteotomy fixed with three cortical screws. The maximum separation was seen in chevron
osteotomy fixed with two malleclar screws, and the minimum separation was seen in oblique
osteotomy fixed with three cortical screws. Maximum contact pressure and the frictional
stress at the osteotomy plane were obtained in chevron osteotomy fixed with three cortical
screws. The closest value to normal tibiotalar contact pressures was obtained in chevron
osteotomy fixed with three cortical screws. This study revealed that cortical screws provided
better stability compared to malleolar screws in each tested osteotomy and fixation
configuration. The insertion of the third transverse screw decreased both sliding and
separation. Biplanar chevron osteotomy fixed with three cortical screws was the most stable

model.

Keywords: finite element analysis, medial malleolar osteotomy, screw fixation, biplanar

chevron osteotomy, oblique osteotomy, biomechanics

Level of evidence: Level 5, Computer model study
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Introduction

Medial malleolar osteotomy (MMO) is a well-known surgical approach that may be
required for the treatment of large osteochondral lesions of the talus (OLT), mainly when
osteochondral autograft transplantation (OAT) is selected (1). The OAT procedure requires
perpendicular access to the talar dome to prevent angled insertion of the osteochondral
plugs. Perpendicular insertion of osteochondral plugs is crucial to restore the articular
congruence and to simulate the native joint contact pressures (2, 3). Various configuration of
MMO has been described so far, but the most convenient osteotomy types for OAT
procedure is the oblique and the bi-planar chevron type osteotomies (4-12). When performed
with an appropriate technique, these two ostectomies provide an adequate surgical field to

reach the talus dome (5,9,13).

However, many authors reported that the plane of the osteotomy should be created
up to 60° relative to the harizontal plane for perpendicular access to the talar dome. Although
an MMO adequately increases the surgical field, the osteotomy itself may be the source of
some complications and bring about some challenges such as non-union, malunion, delayed
weight bearing, and hardware-related problems (14, 15). Among these problems, malunion is
particularly important because earlier biomechanical studies have shown that even 1 mm of
displacement or step-off on the medial malleolus significantly increases the contact pressure
of the ankle joint that may eventually lead to osteoarthritis (16). Therefore, anatomic
reduction, stable fixation, and maintenance of the fixation until the union of the osteotomy are
crucial to prevent complications. Besides, the fixation should be stable enough to allow early

rehabilitation and weight bearing to preserve ankle movements and muscle mass.
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Currently, two parallel screws inserted perpendicular to the osteotomy plane is
usually advocated. Nevertheless, some authors suggested that this fixation is insufficient,
and an additional parallel screw should be placed in order to prevent vertical migration of the
oblique (around 60°) osteotomy (17). Moreover, some other authors argued that MMO
should be fixed with a buttress plate, claiming high malunion and non-union rates (14).
Current information in the literature on how to fix both oblique and biplanar chevron MMOs is
contradictory and insufficient. Unfortunately, there is no biomechanical study on this subject.
The biplanar chevron osteotomy is a pyramid-shaped osteotomy with two planes, which has
been accepted to have inherent stability (5, 18). In contrast, the oblique osteotomy is a
single-plane osteotomy and theoretically more prone to vertical sliding (14, 19). We
hypothesized that each MMO type requires different fixation techniques and implants due to
their different three-dimensional shape. The current study aimed to evaluate different fixation
techniques and implants in obliqgue and biplanar chevron MMOs utilizing finite element

analysis (FEA).
Materials and methods

Study design

This study is a finite element method-based analysis study that is performed under
consideration of linear static loading conditions and homogenous isotropic linear elastic
material model assumptions. Furthermore, nonlinear contact behavior between related
components was defined. Both oblique and biplanar chevron MMOs were created, and each
osteotomy was fixed with two different screws in two different configurations. A total of nine
simulation scenarios were set up, including eight osteotomy fixations and the intact ankle

joint as a control.
Modeling of the ankle joint and osteotomies

An intact ankle joint was modeled based on computerized tomography (CT) data of a
patient in order to create a realistic digital model. The patient was a male subject who was

84 cm in height and 98 kg in weight. The CT examination was performed due to a suspicious
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fracture following an ankle sprain in the ED. He was otherwise healthy without a previous
history of ankle trauma and congenital or acquired deformity. No osseous lesions were
detected on the CT, which was reviewed by one experienced radiologist and one orthopedic
surgeon. CT examination was performed using the CT device (Siemens go. Up, Siemens,
Munich, Germany) installed in the authors' institution. The scan parameters were as
follows:130 KV and 42 mA a slicing distance of 0.7 mm from 80 mm above the ankle joint
down to the heel in the supine position, a total of 334 axial slices. Written informed consent
was taken from the patient to use the imaging files anonymously. 3D Slicer v.4.10.2 (3D
Slicer, BWH, Boston, MA, USA), Meshmixer v.3.5 (Autodesk, San Rafael, CA, USA),
SolidWorks 2020 (Dassault Systemes SolidWorks Corp, Waltham, USA), and ANSYS
Workbench 17.0 (ANSYS, Ltd., Canonsburg, PA, USA) were employed in order to model and

simulate the FEA scenarios, respectively.

Both the oblique and biplanar chevron osteotomies were created at a 60° angle with
the horizontal plane on the coronal plane following the previously described techniques (17-
19). The biplanar chevron osteotomy had two equal osteotomy planes separated from each
other with 142° on the axial plane. A 4.0 mm partially threaded malleolar screw and a 3.5 mm
full threaded cortical screw made of Ti-6Al-4V (Ti G5) alloy were used for the fixation. Each
osteotomy was fixed with two different screw configurations, either with two or three screws,
as shown in Figure 1. No gap existed between the osteotomized medial malleolar fragment

and the tibia.
Boundary conditions and material properties

The ankle joint model was loaded to simulate a single leg stance weight-bearing in a
neutral position. The patient's weight (98 kg) was the reference loading magnitude at this
stance, and the main load was undertaken by fibular and tibial columns. Wang et al. reported
that the human tibia and fibula share the axial loading magnitude with a ratio of 84.3 % and
15.7 %, respectively (20). The loading magnitude carried by the tibial column was calculated

as 810.44 N (98 kg x 9.81 m s x 0.843) (embedded gravity effect), and this was assigned in
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the simulations. The contact definitions between components were included as frictional
contact (nonlinear contact) between screw-bone surfaces and the tibiotalar articular cartilage
surfaces. Furthermore, bonded contact definitions were defined between cortical and
trabecular bone and subcortical bone and the articular cartilage. A screw preload of 2.5 N
was also considered in order to obtain realistic simulation results of the fixed fragments and

screw performance (Fig.2). The coefficients of friction are presented in Table 1 (21-25).

The material properties defined in the FEA were collected from previous literature.
The material properties for cortical, trabecular, and articular cartilage were separately
assigned under consideration of isotropic homogenous linear elastic material model

assumptions (Table. 2) (26-34).
Mesh structure and quality verification

It has been shown that the mesh structure of the model has a direct effect on the
results of FEA, and minimum requiremenis for model selection, proper parameter
identification, and verification has been described to obtain an accurate output (35). Thus,
both mesh density (sensitivity) analysis and skewness metric (mesh quality) checks were
employed in order to verify the FE model for the predefined FEA scenarios. The results of the
mesh sensitivity study advised the minimum element size of 1 mm for tibial cortical and
trabecular bone. Additionally, the average skewness values of 0.217 and 0.235 were
obtained for intact tibia and fixation scenarios, respectively. These skewness values
correspond to the minimum element size of 1 mm indicated an excellent mesh quality for the
FE Models. With this verification, an identical curvature meshing strategy was utilized for all
simulation scenarios. Dell Precision M4800 Series (Intel Core™ i7-4910MQ CPU
@ 2.90GHz, NVIDIA Quadro K2100M-2GB, and Physical Memory: 32 GB) mobile

workstation was employed as the solving platform.

Calculation of sliding and separation
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The maximum displacement of the osteotomized medial malleolar fragment in the y-
axis was calculated and recorded as the sliding distance. The maximum perpendicular
displacement between the proximal tibia and osteotomized medial malleolar fragment in the
x-axis was calculated and recorded as the separation (gap) distance (Fig. 3). In addition to
visual outputs, numerical values of the equivalent (Von-Mises) stress and total tibiotalar
structure deformation distributions on the components, tibiotalar articular cartilage contact
pressure, frictional stress, and contact pressure between osteotomy fragments were

extracted from the simulation results.
Results

Maximum sliding (58.347 microns) was seen in oblique osteotomy fixed with two
malleolar screws (O0O-2M), and the minimum sliding (17.272 microns) was seen in chevron
osteotomy fixed with three cortical screws (BCO-3C). The maximum separation was seen in
chevron osteotomy fixed with two malleolar screws (BCO-2M), and the minimum separation
was seen in obliqgue osteotomy fixed with three cortical screws (BCO-3C). Maximum contact
pressure and the frictional stress at the osteotomy plane were obtained in chevron osteotomy
fixed with three cortical screws (BCO-3C). The closest value to normal tibiotalar articular
contact pressures was obtained in chevron osteotomy fixed with three cortical screws (BCO-

3C). The summary of the results is presented in Figure 4.

Under defined boundary conditions, any permanent deformation or damage was not detected
on any of the analyzed components; cortical bone, trabecular bone, cartilage, and the
screws. Maximum equivalent (Von-Mises) stress values on each component were far less
than their yield stress points reported in previous studies (26, 29, 33, 36-41). Visual

simulation outputs of each scenario are presented in Figure 5.
Discussion

In this study, the most commonly used MMO types and fixation techniques were

analyzed by means of FEA. The results of this study showed that cortical screws provided
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more stable fixation compared to malleolar screws in each tested configuration. The AO
foundation traditionally recommends two parallel 40 mm length 4.0 mm diameter partially
threaded cancellous screws (malleolar screws) for the fixation of the transverse and oblique
medial malleolar fractures (42). Because an MMO is a controlled medial malleolar fracture,
the same principles can be used for the choice of fixation technique. In contrast to current
recommendations, fixation with full thread cortical screws resulted in less sliding and gap
formation in this study. Thus, the use of full thread cortical screws instead of malleolar
screws might be advocated during the fixation of MMOs. There are two previous studies that
support our findings in the current literature. Parker et al. compared 4.0 mm malleolar screws
and 4.0 mm cortical screws with different lengths in a cadaver model of medial malleolar
fracture. The authors found that 30 mm 4.0 mm cortical screws were stiffer than malleolar
screws (43). A possible explanation for this result lies in the length of the threads and the
anatomy of the distal tibia. The purchase of the threads throughout its socket is greater in
cortical screws. Secondly, the proximal trabecular bone loses its density towards the
proximal tibia and becomes a hollow intramedullary space. Thus, the purchase of shorter
screws would be higher compared to longer screws. Pollard et al. compared the pullout
strength of two bicortical 3.5mm cortical screws and 4.0mm partially threaded cancellous
screws for the fixation of medial malleolar fractures in a cadaver model (44). The average
pullout strength of cortical screws was almost three times greater (116.2 N vs. 327.6 N) in
cortical screws than the malleolar screws. Similarly, in the current study, equivalent
(Von-mises) stresses were accumulated around the proximal shaft of the screws, but it was
almost uniformly distributed throughout the cortical screws. Despite the fact that the diameter
of cortical screws is less than malleolar screws (3.5mm vs. 4.0mm), they provided better

fixation stability.

Secondly, three screw fixations resulted in less sliding and gap formation in both
osteotomy types compared to two screw configurations. An additional third transverse screw

was first recommended by Kennedy et al. to prevent the superior migration of the osteotomy
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fragment (17). However, this proposal was based on their clinical experience but not based
on biomechanical testing or experiment. The problems with two screws fixation have also
been reported in previous clinical studies. Bull et al. reported that loss of reduction and step-
off at the articular surface was seen in 30% of their patients who underwent biplanar chevron
MMO (14). Similarly, Gaulrapp et al. reported around 50% malunion and consequent ankle
joint osteoarthritis in their clinical study with obliqgue MMO (45). Based on our findings and

previous clinical studies, a third transverse screw may be recommended for both osteotomy
type.

Biplanar chevron medial malleolar osteotomy has been claimed to be inherently
stable and has been popularized by several surgeons, although there is no biomechanical
study (5,9,18,46). In our study, it has been shown that biplanar chevron MMO apparently has
less sliding than obliqgue MMO. However, the gap formation was less in oblique osteotomy
with the same fixation technique. Looking at the stress analysis, it is seen that the stress is
concentrated at the apex of the pyramid-shaped chevron osteotomy and the frictional forces
across the osteotomy plane were higher compared to oblique osteotomy. This mechanical
behavior of the chevron osteotomy prevented sliding; however, the apex of the osteotomy
acted as a fulcrum point and resulted in varus deformation and gap formation. In the oblique
osteotomy, on the other hand, since the stress is distributed along the surface of the single
plane osteotomy, sliding occurred rather than the gap formation. It can be claimed that the
biplanar chevron osteotomy is more resistant to sliding, but it also appears to be
disadvantageous in terms of gap formation. However, this disadvantage can be

compensated by the insertion of the third transverse screw.

This study suffers from a number of limitations, notably related to the methods used in
FEA. Although FEA is a useful complementary tool to understand the mechanical behavior of
biological materials, it is prone to several errors during each step of the analysis (47). The
ankle joint is a complex anatomical structure composed of several bones, ligaments,

tendons, muscles, and surrounding soft tissues. Unfortunately, simplified assumptions in
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describing this complex anatomy under several boundary conditions were applied. Secondly,
these approximations may result in numerical solution errors, which should be carefully
interpreted by considering the real-life conditions. Although the results of this study were not
verified with a cadaveric study, it is still valuable and provides important information about

the behavior of different fixation techniques used for MMO.

In conclusion, MMO is a secondary source of complications and must be managed
correctly in all steps, from the creation of osteotomy to the fixation. In the light of the results
obtained from this study, it was clearly observed that cortical screws are superior to malleolar
screws, and the third transverse screw reduces sliding and gap formation. A biplanar
chevron MMO fixed with three cortical screws was found to be the most advantageous
osteotomy and fixation technigue among tested models. If the surgeon is experienced in
performing the obligue osteotomy, again, three cortical screw fixation is advocated. This
study can be considered as the first study that investigates the fixation techniques in MMOs.
Additionally, this study provides a well-described FEA study design and a useful 'how-to-do'
strategy for informing further research on complicated stress and deformation analysis of

MMOs through advanced engineering simulation techniques.
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Tables

Table 1. Friction coefficients and screw fixation preload assigned in the FEA set up.

References are provided as uppercase numbers.

Table 2. Material properties assigned in the FEA set up in accordance with the homogenous

isotropic linear elastic material model. References are provided as uppercase numbers.
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Figure Legends
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Figure 1. (a) The osteotomy was created at a 60° angle with the horizontal plane, and the
screws were inserted perpendicular to the osteotomy plane. (b) Model of the oblique
osteotomy. (c) Model of the biplanar chevron osteotomy. (c) Solid models showing the

configuration of the screw fixation and the type of screws.
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B Screw Preload-1: 2.5 N

B Screw Preload-2: 2.5 N

B Screw Preload-3: 2.5 N

B C. Plate Force : 810.444 N
E C. Plate Displacement
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Figure 2. The boundary conditions that are assigned in the simulation scenarios. Biplanar

chevron osteotomy fixed with three cortical screws (BCO-3C) is illustrated as a sample.
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»: Separation (Gap)

Figure 3. lllustration showing the measurement of sliding and the gap formation between

fragments.
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Figure 4. The summary of all results is presented .in graphs. (a) Maximum sliding and
separation. (b) Contact pressure and the frictional stress across the osteotomy plane. (c)
Contact pressure on the tibiotalar articular surface. (d) Maximum equivalent stress by the

components of the model.
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Figure 5. Visual outputs of the simulations showing von-Mises stress, sliding and separation

of the osteotomy.
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Table 1. Friction coefficients and fixation screw preload assigned in the FEA set up.

References are provided as uppercase numbers.

Parameters Value
Coefficient of Friction between Cartilage and Cartilage 0.0164°
Bony Parts and Fixation Screw 0.37%%

Bony Parts 0.46**

Fixation Screw Preload (N) 2.5%
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Table 2. Material properties assigned in the FEA set up in accordance with the homogenous

isotropic linear elastic material model. References are provided as uppercase humbers.

Parameters Unit Model Components
Cortical Trabecular Fixation Screws
Cartilage
Bone Bone (Ti-6Al-4V)
Modulus of Elasticity (MPa)  19100°**"  1000.61°%%°  12%%°:% 115000%
Poisson's Ratio (-) 0.3% 0.3% 0.42%4% 0.33%
Density (kg m™) 1980% 830> 431% 4500%




