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Abstract. Surgical treatment of Bush-Hoffa fractures is still controversial, since a treatment protocol has not been
defined. The objective of this study is to evaluate, through finite element analysis, the biomechanical behavior of two
surgical solutions that use screws with a posterior-to-anterior and anterior-to-posterior approach, commonly used in
the literature for the treatment of Bush-Hoffa type | fractures. Under the conditions of vertical shear loading, the
displacements along the femur axis, the von Mises stresses and the absolute maximum and minimum stresses in the bone
were evaluated. The values found for the displacements were 1.536 mm and 1.225 mm and the von Mises stresses of
555.537 MPa and 700.357 MPa for the posterior-to-anterior and anterior-to-posterior approaches, respectively. The
solution with the use of two 4.5 mm cannulated screws from anterior to posterior presented the satisfactory results
evaluated for mechanical behavior.

Keywords: coronal fractures, femur fractures, finite elements, biomechanical behavior, Bush-Hoffa Fractures
1. INTRODUCTION

Fractures of the femoral condyles are extremely rare and occur due to high-energy trauma (Freitas et al., 2021; Onay
et al., 2018; Pires et al., 2018). The first description of femoral condyle fracture in the coronal plane was credited to
Friedrich Busch in 1869 (Bartoni¢ek & Rammelt, 2015; Busch & Fall, 1869). Later, Albert Hoffa (Hoffa, 1904), in 1888,
defined this type of fracture as an intra-articular unicondylar type in the coronal plane of the distal end of the femur. These
fractures occur more commonly on the lateral condyle than on the medial condyle (Arastu et al., 2013; Orapiriyakul et
al., 2018). Fracture patterns were subsequently classified by Letenneur into Type I, 1l and Il according to the
configuration of the fragment (Letenneur et al., 1978; Pires et al., 2018). Among the three reported types, type | is the
most frequent occurrence (Xie et al., 2017).

The treatment of Busch-Hoffa fractures basically consists of anatomical reduction of the fracture, with restoration of
the joint surface and fixation with the principle of absolute stability to allow early joint mobilization. The usual treatment
techniques reported in the literature employ screws perpendicular to the fracture line in the coronal plane. The screws
used to fix Busch-Hoffa fractures vary from mini-fragment implants, cortical screws or cannulated screws, depending on
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the size of the fractured fragment, the location and the preference of the surgeon. Despite reports of this studies of fixation
techniques in the literature, there is still no consensus on the best method, or even on the configuration of the intervention
(Jarit et al., 2006; Patel & Tejwani, 2018; Zhou et al., 2019). The characteristic of the fracture design and the associated
injuries are crucial aspects to delineate the surgical treatment plan.

The treatment of this type of fracture must, therefore, consider a structural rigidity capable of fixing the fragment with
absolute stability. Still, the academic literature leaves inconclusive the question about the best surgical approach, whether
it should attend to an anterior or posterior access route, this definition of treatment is extremely important from the point
of view of the possibility of causing neurovascular injuries (Jarit et al., 2006; Yao et al., 2020).

One of the classic and common stabilization methods consists of using cannulated screws in the anterior to posterior
direction and in the posterior to anterior direction (Orapiriyakul et al., 2018). Therefore, the main objective of this study
is to evaluate and compare the biomechanical performance related to displacements of the fragment originating from a
Hoffa Type | fracture treated with an anterior approach versus a posterior approach, using 4.5x65 mm cannulated screws
in the anterior-posterior and posterior-anterior direction as an example of intervention. It is noteworthy that biomechanical
studies via Finite Elements are rare in the literature for this type of fracture (Freitas et al., 2021) where this work seeks to
contribute by evaluating the mechanical performance regarding anterior and posterior approaches.

It is reported in the scientific literature that the anterior-to-posterior approach technique, from a surgical point of view,
is easy to access and perform (Arastu et al., 2013), whereas the posterior approach is more difficult, which may endanger
neurovascular structures and increase chances of damaging the articular cartilage (Jarit et al., 2006), and this point of view
is very important to be considered when choosing the approach.

2. METHODOLOGY
2.1 Dimensional characteristics

The finite element model for the synthetic bone was created from digital images (DICOM) file obtained from a
computed tomography scan of a synthetic bone sample (Sawbone Model 3403-102, 20 PCF, Pacific Research
Laboratories, Inc., Vashon, WA, USA). The fracture was reproduced as a 1 mm thick cut without creating space between
the fracture and the bone, extending towards the posterior cortex of the distal femoral metaphysis, thus representing a
type | Hoffa Fracture, classification 33-B3.2 according to AO/OTA (Marsh et al., 2007; Martinet et al., 2000; Onay et al.,
2018). The cannulated screws applied for the surgical treatment were modeled according to the dimensional
characteristics of the manufacturer, having the dimensions of 4.5x65 mm. Their mechanical properties correspond to the
alloy Ti-6Al-4V, observing the NBR I1SO 5832-3 (NBRISO5832-3, 2022) standard and the values provided by the
manufacturer (OCX®, Sao Paulo — SP, Brazil).

The insertion observed the tracing obtained in a radiographic image of an experimentally studied sample for the
anterior-posterior direction. For the creation of the posterior-anterior model, the same line of tracing of the screws was
observed for their positioning. Also, only the distal region of the femur was considered, in order to simplify the analysis,
evaluating the first 120 mm from the distal condylar end.

Figure 1 illustrates the positioning of the implants and the section of the fracture studied.
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Figure 1. Geometric characteristic of the studied model; a) Postero-anterior, b) Antero-posterior.
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2.2 Characteristics of the Finite Element models

All materials were assumed to be homogeneous, isotropic and linear elastic, as long as its geometric limits are
respected. The mechanical properties inserted in the numerical model were the Young’s modulus (Luo et al., 2022;
NBRIS05832-3, 2022) and Poisson ratio, presented in Table 1. The values considered were those informed by the
manufacturer's catalog for the synthetic bone and researched in the literature for the screws that are manufactured in Ti-
6AI-4V.

Table 1 - Mechanical properties considered in the model (t = tension, ¢ = compression).

Material Young's modulus (N/mm?)  Poisson ratio ~ Ultimate strength (MPa)
Cortical bone 16.000 0,30 157 (t) /106 (c)
Trabecular bone 210 0,30 210 (t) / 284 (c)
Screw Ti-Al-4V 115.000 0,34 860 (t)

For the delimitation of the loading conditions, a static incremental load (ten increments) represented by a pressure
force of magnitude resultant equal to 1000 N was applied in the direction of the cartesian Z axis (blue arrows, Figure 1),
at the upper face of the fractured segment near the fracture line. The magnitude of 1000 N was chosen to compare with
the results obtained with those performed by experiments carried out by (Sun et al., 2017). The model was considered
fixed in the base, with restricted translation in the three cartesian axises (red triangles, Figure 1).

A very important stage of the analysis was to evaluate and consider the contact between the geometric parts of the
model. The contact interaction between the fracture and the bone was evaluated as slippery, without penetration and
without friction. This consideration is valid, since the mobility situation just after surgery has not yet allowed for bone
consolidation. The interaction between the screw and the bone was evaluated as a contact with friction, however, without
penetration. The unfasten of the screw with the bone is also considered. The coefficient of friction between the screw and
the bone was considered equal to 0.30 (Zeng et al., 2020).

Mesh generation was performed using the Hypermesh™ program to construct the finite element mesh, assign the
material properties (as shown in Fig. 1 and Table 1) and define the boundary conditions. The element used was the 4-
node linear tetrahedron, the choice of the linear tetrahedron is due to the fact of the complex geometry that is the condylar
region of the femur, where the format of this finite element manages to better discretize the geometry variation. The mesh
was created with edge elements of approximately 2 mm receiving refinement around the screws, where the elements had
edges of around 0.5 mm, the screws were also generated with edge elements of approximately 0.5 mm. With the model
definitions, it was exported for resolution in the Optistruct™ solver.

This analysis, therefore, was geometric non-linear, where the desired values to be obtained were the relative vertical
displacement between the movement of the fracture and the rest of the femur bone, the maximum Von Mises stress on
the screw and the maximum (traction) and minimum (compression) principal stresses absolute in bone and fracture.

3. RESULTS
3.1 Description of vertical displacements

The stiffness of the fracture stabilizing solution was evaluated through the distribution of vertical displacements (Z
axis) along the finite elements of the fracture and bone, being found a maximum displacement value of 1.536 mm for an
approach with screws from posterior to anterior (Figure 2a) and 1.225 mm for an anterior-to-posterior screw approach
(Figure 2b). The comparison between the two approaches shows a 25.39% smaller displacement in the approach with the
screws applied from anterior to posterior. The displacements found were more significant along the fracture than in the
body of the bone in both of cases, due to the sliding of the fracture at the interface with the bone. This displacement is
counteracted by the rigidity caused by the use of screws.
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Figure 2. Distribution of vertical displacements along the model with scale factor of five for better visualization; a) Postero-
anterior, b) Antero-posterior.

3.2 Distribution of absolute principal stresses

The absolute maximum principal stresses found in the bone in the region of the orifice were within a range between
50 MPa and -50 MPa for the posteroanterior approach and anteroposterior approach. Figure 3 illustrates the stress
distribution along the hole on the bone face, in contact with the fracture. It can be seen that there was a predominance of
compressive stresses in the lower part of the hole and no significant stresses in the upper part, this is due to the
displacement of the screw in relation to the bone in the contact modeling, which faithfully represents reality.
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Figure 3. Distribution of principal stresses on the face of the bone in contact with the fracture; a) Postero-anterior, b)

Antero-posterior.
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The distribution of maximum principal stresses found in bone fracture in the hole region is represented by Figure 4
along the hole on the face of the bone, in contact with the fracture. It can be seen that there was a predominance of
compressive stresses in the lower part of the hole and there were no significant stresses in the upper region of the hole,
the upper part being the most distal location. Stresses with absolute values greater than 75 MPa were not found on the
contact face. This distribution is inverse to the distribution observed on the face of the bone, since it is a shear movement
between the fracture and the bone.

Contour Plot Contour Plot
Element Stresses (2D & 3D)(Absolute Max Principal) Element Stresses (2D & 3D)(Absolute Max Principal)
Analysis system Analysis system

50.000 50.000
35.714 35.714
21.429 21.429
— 7143 — 7.143
-7.143 -7.143
21429 21429
-35.714 -35.714
-50.000 -50.000
av »
AvAa LIS
o, :
RN
X Y ’ X Y

Figure 4. Distribution of principal stresses on the fracture face in contact with the bone; a) Postero-anterior, b) Antero-
posterior.

Stress peaks above 50 MPa are observed in the bone and in the fracture in the region of the screw thread and web.
The maximum values resisted by the synthetic bone for traction and compression efforts are, respectively: 157 MPa and
106 MPa for the cortical part and 210 MPa and 284 MPa for the trabecular part (Sawbone Model 3403-102, 20 PCF,
Pacific Research Laboratories, Inc., Vashon, WA, USA).

3.3 Von Mises stress distribution in screws

The von Mises stress distribution was evaluated to verify whether the stresses acting along the screw are within the
acceptable limits of resistance, which according to the manufacturer's data, the limit of resistance to flow is 888 MPa
(OCX®, Séo Paulo — SP, Brazil). Figure 5 illustrates the stress distribution for the screws, with a maximum value of
555.537 MPa for posterior to anterior use and 700.357 MPa for anterior to posterior use. The von Mises stress values
found in the screws for the anterior posterior approximation were 26.07% greater than the values found for the posterior
anterior approximation.
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Figure 5. Distribution of von Mises stresses on implanted screws; a) Postero-anterior, b) Antero-posterior.

4. DISCUSSION

The correct treatment and diagnosis for Bush-Hoffa fractures are still a challenge in the clinical context (Xu et al.,
2016; Zhou et al., 2019). The most common and simplistic solutions used in the literature are the use of cannulated screws
in different directions and different approaches. The main contribution of this study was to evaluate the stabilization
conditions of the proposed solutions, highlighting important aspects such as fracture displacement, screw resistance and
the stresses involved in the bone in the region of contact with the screw. Clinical considerations are also relevant for the
choice of the best treatment.

The present biomechanical study analyzed the use of two 4,5x65 mm cannulated screws in the posterior to anterior
(PA) and anterior to posterior (AP) directions for the treatment of type | Hoffa fractures. The PA solution showed a greater
displacement than the AP solution, when compared to the experimental study carried out by (Sun et al., 2017), this
information was reaffirmed, where the author found 2,835 mm for the PA approach and 2,292 mm for the AP approach
for a load of 1000 N.

A direct comparison between the numerical model and the experimental values found is not possible, because the test
conditions involve accommodation of the specimen (this fact justifies smaller displacements found), in addition to the
experimental displacement being measured between two horizontal points on the lateral face of the sample, while our
numerical analysis demonstrates the displacement variation along the fracture, the maximum displacement being
presented only for purposes of comparison between the models.

Still, with regard to the displacement in question, as observed by (Egol et al., 2004), stability determines the
deformation at the fracture site, and the deformation determines the type of healing that can occur at the fracture site, the
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ideal for bone consolidation being a deformation not exceeding 10%. Our values found 1.536 mm and 1.225 mm
representing 3.15% and 2.52% of deformation, since the fracture has an average length of 48.7 mm.

In this analysis, the behavior of the displacements along the screws was also observed to evaluate the influence of
considering the contact at the interface of the different materials. The detachment of the screw from the bone was observed
as the displacements progressed, being clearer in the region without the screw thread. Through this behavior, we can infer
that the thread contributes more significantly to reducing the displacement of the screw along the bone, which probably
contributed to reducing the displacements found in the anterior to posterior approximation, since the region of the thread
is in the fracture and this helps causing the fracture to "slip less" along the screw.

Regarding the absolute principal stresses found in the thread region on the fracture and bone face, these did not exceed
the material's rupture stresses. Knowledge of stresses in this region is important, as (Egol et al., 2004) observed that high
stresses that exceed bone strength led to bone failure or bone absorption and subsequent loosening of the screw. Therefore,
the solutions studied do not present a risk of failure due to the adhesion of the screw to the bone at first for a load of 1000
N.

The third analysis observed the von Mises tensions acting on the screw to evaluate the safety of the implants in relation
to their resistance against the requests, observing the results found, it can be stated that the AP direction presents greater
stress on the implants, however, the stress found corresponds to 78.87% of the maximum resisted by the material informed
by the manufacturer, which does not present a risk of failure for a load of 12000 N.

In this scenario, our results showed that an anterior approach using a lateral route, using screws from anterior to
posterior, presented better results in the evaluated aspects, which was also observed in the experimental study by (Sun et
al., 2017). This solution has also clinical preference due to the fact that it is easier to perform, reducing the possibility of
damage to the articular cartilage and neurovascular. This evaluation requires clinical and experimental tests to provide
higher levels of evidence, producing an interface between medicine and engineering through the comparison between
biomechanical behavioral studies techniques and techniques of clinical surgical approaches.

It is observed that in terms of biomechanical studies, the methodology using finite elements allowed an evaluation of
important aspects of the behavior of this stabilized fracture with a different surgical approach, such as the evaluation of
the resistance capacity of the bone at the bone-screw interface and the tensions acting along of the implant, which allows
a greater understanding of the problem from a microstructural aspect, where experimental tests would have difficulty
representing with greater scope and precision, being limited, in most cases, to obtaining the vertical displacement, which
was also evaluated.

It should also be remembered that the analyzed model was simplified because it did not consider the contribution of
soft parts (ligaments, muscles), given the difficulty of predicting the behavior of these structures, although they contribute
to stability (Mékinen et al., 2015). We also emphasize that the properties taken from the literature, such as coefficient of
friction and Young's modulus of the implants used, may not exactly correspond to the properties of the materials used in
the experiments carried out by (Sun et al., 2017).

Finally, the development of the methodology of the present study for this type of fracture is rare in the literature and
serves as a basis for the creation of new analyzes capable of evaluating the influence of the position and diameter of the
screws, as well as the use of screws with full thread. In addition, these numerical studies must be aligned with medical
knowledge to decide on the choice of techniques that optimize surgical time, reduce surgical risks and lead to better
postoperative recovery.

5. FINAL CONSIDERATION

The solution of applying 4.5x65 mm cannulated screws from anterior to posterior showed the best mechanical results
via Finite Elements with the smallest vertical displacement and has a von Mises stress acting on the implants lower than
the yield stress for the material, to the models considered in the treatment of Type | Hoffa fractures. The maximum tensile
and minimum compressive stresses acting on the bone did not exceed the limit resisted by the material, not presenting a
risk of screw loosening.

This study aims to contribute to the interface between engineering and medicine in the academic community and
provide support for further studies on Hoffa fractures, making it possible to consider and evaluate in the model the
different mechanical properties for an individual model, dependent of the variation in bone densitometry (that can be
obtained in CT scans), and also to evaluate the behavior of the fixation when submitted to different loads of the gait cycle
during the patient's recovery.
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