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Background: Antero-medialisation osteotomy combined with a distalisation procedure may require a more stable fixation as the osteotomy 
fragment loses both proximal and dis-tal support. This finite element analysis aimed to compare the mechanical behaviour of dif-ferent 
fixation techniques in tibial tubercle antero-medialisation osteotomy combined with distalisation procedure.
Methods: Tibial tubercle osteotomy combined with distalisation was modelled based on computerised tomography data, which were 
acquired from a patient with patellar instabil-ity requiring this procedure. Six different fixation configurations with two 3.5-mm cortical 
screws (1), two 4.5-mm cortical screws (2), three 3.5-mm cortical screws (3), three 4.5-mm cortical screws (4), three 3.5-mm screws with 
1/3 tubular plate (5), and four 3.5-mm screws with 1/3 tubular plate (6) were created. A total of 1654 N of force was applied to the patellar 
tendon footprint on the tibial tubercle. Sliding, gap formation, and total defor-mation between the osteotomy components were analyzed.
Results: Maximum sliding (0.660 mm), gap formation (0.661 mm), and displacement (1.267 mm) were seen with two 3.5-mm screw 
fixation, followed by two 4.5-mm screws, three 3.5-mm screws, and three 4.5-mm screws, respectively, in the screw-only group. Overall, 
the minimum displacement was observed with the four 3.5-mm screws with 1/3 tubular plate fixation model.

Conclusions: Plate fixation might be recom
procedure because it might allow early a
ded for tibial tubercle antero-medialisation osteotomy combined with distalisation 
ange of motion exercises and weight-bearing.
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1. Introduction

Patellofemoral (PF) instability usually occurs in the presence of various underlying anatomical risk factors that cause
abnormal patellar kinematics and alignment [1]. The major factors for PF instability include patella alta, medial patellofe-
moral ligament (MPFL) insufficiency, trochlear dysplasia, and excessive lateralisation of the tibial tubercle [2,3]. The surgical
treatment in PF instability is based on restoring the distorted anatomy to obtain a stable patella that glides within the tro-
chlear groove throughout the knee movements [3]. It has been shown that MPFL is the primary restraint to lateral patellar
translation, providing 53–67% restraint up to 30� of knee flexion [4]; thus, MPFL reconstruction is almost always indicated in
case of its insufficiency [3,4]. Besides, realignment of the extensor mechanism by reducing tibial tubercle lateralisation and
adjustment of patellar height is essential to achieve patellar stability [1]. Tibial tubercle antero-medialisation osteotomy,
also known as Fulkerson osteotomy [5,6], efficiently manages the increased tibial tubercle–trochlear groove (TT-TG) distance
[1,3,4]. Moreover, the patellar height might be adjusted at the time of surgery with the addition of a distalisation procedure.
Conversely, the distalisation procedure is a controversial issue. Some authors oppose the need for this procedure because it
can increase patellofemoral contact pressure, causing anterior knee discomfort and chondral degeneration, as well as loss of
fixation, impaired bone healing, and fractures [7,8]. However, a recent research shows that tibial tubercle osteotomy (TTO)
with distalisation is a safe and effective procedure for patients with patella alta and patellar instability [9].

Fulkerson osteotomy is a technically demanding procedure that necessitates careful planning and performance of the
osteotomy as well as the fixation [6]. Several complications might happen following Fulkerson osteotomy, such as infection,
wound dehiscence, deep vein thrombosis, proximal tibial fracture, failure of the osteotomy fixation, proximal migration of
the fragment, and non-union at the osteotomy site [1,3,7]. To avoid implant failure and non-union, maintaining the distal
cortical hinge in the osteotomised tibial tubercle is highly recommended [3,7]. However, if distalisation is additionally per-
formed due to patella alta, the procedure both causes loss of distal hinge and proximal contact between the fragment and the
tibia, which further impair the stability of the fixation [1,3,7,10].

Although there is no consensus on how to fix a Fulkerson osteotomy, two or three cortical screws are commonly used for
the fixation [3,7]. Recently, Stevens et al. [10] advocated plate fixation for Fulkerson osteotomy and reported promising out-
comes with a low complication profile. In the relevant literature, few studies investigated various fixation techniques in TTO
[10–17]. However, no previous study specifically investigated TTO combined with the distalisation procedure regarding
biomechanics. We hypothesised that the plate fixation might provide more rigid fixation compared with the screw fixation.
The purpose of the present study was to compare the biomechanical behaviour of various screw and screw-plate fixation
configurations through finite element analysis (FEA).
2. Materials and methods

2.1. Study design

This FEA study was conducted under linear static loading conditions and homogenous isotropic linear elastic material
model assumptions. Additionally, nonlinear contact behaviour between related components was considered. Tibial tubercle
antero-medialisation osteotomy with distalisation was created, and the model was fixed with different screws and plate-
screw configurations. A total of six simulation scenarios was set up and analyzed.
2.2. Modeling of the tibial tubercle osteotomy

The knee joint was modeled using computerised tomography (CT) data of a male patient (20 years old, 174 cm in height
and 76 kg in weight), who presented to our clinic with recurrent patellar dislocation, to simulate a realistic model. In the
radiological evaluation of the patient, there was patella alta (Caton–Deschamps index: 1.3), and the TT-TG distance was
23 mm. Based on both clinical examination and radiological assessments, the tibial tubercle antero-medialisation with dis-
talisation was indicated in this patient.

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:120 KV, 30 mA, slice distance of 1.0 mm, FoV: 218 mm, from supracondylar
femur down to the proximal tibia, a total of 232 axial slices. Written informed consent was taken from the patient to use the
imaging files anonymously. Materialise Mimics–Medical 3D image-based engineering software (Materialise NV, Belgium),
SolidWorks parametric solid modeling software (Dassault Systems SolidWorks Corp, Waltham, USA), and ANSYS Workbench
FEA code (ANSYS, Ltd., Canonsburg, PA, USA) were employed in order to model and simulate the FEA scenarios, respectively.

The tibial tubercle antero-medialisation osteotomy with distalisation was created according to the previous descriptions
of the technique. The osteotomy length was 72 mm, and the plane of the osteotomy cut was 45� according to the posterior
condylar axis of the tibia. Ten millimetres of medialisation and 10 mm of distalisation were performed to normalise the TT-
TG distance and correct the patella alta. Distalisation was achieved by removing a 10-mm bone fragment from the distal part.
After completing the osteotomy, the model was fixed using either 4.5-mm or 3.5-mm cortical screws or 1/3 tubular plate
screws made of Ti–6Al–4 V (Ti G5) alloy (Figure 1). There was no gap between the fragments at the osteotomy plane. A total
of six different fixation scenarios was created (Figure 2).



Figure 1. (a) Details of the tibial tubercle osteotomy. (b) Implants used for the fixation of the osteotomy and an example of the resultant solid model.
2.3. Boundary conditions and material properties

To imitate the tension force from the extensor mechanism, the model was loaded with a 1654-N traction force to the
patellar tendon footprint at the tibial tubercle [15–17]. According to the biomechanical study conducted on fresh-frozen
cadavers, Davis et al. [15] reported that the failure load of tibial tubercle osteotomy fixed with two 4.5-mm cortical screws
was 1654 N. Thus, a worst-case scenario was created and tested in this FEA. The area of the patellar tendon footprint and the
direction of force were determined from the CT data (Figure 3). The tibia was fixed at the bottom, and two supports were
applied on the tibial condyles, medial and lateral, respectively. The contact definitions between 3D model components were
included as frictional contact (nonlinear contact) between screw–bone surfaces and the fragment surfaces. Furthermore,
bonded contact definitions were defined between cortical and trabecular bone. The implants were preloaded with 50 N
as previously described [18]. The coefficients of friction are presented in Table 1 [18–21]. The material properties defined
in the FEA were collected from previous literature. The material properties for cortical bone, trabecular bone, cortical screws,
and 1/3 tubular plate were separately assigned under consideration of isotropic homogenous linear elastic material model
assumptions (Table 2) [22–28].
2.4. The mesh structure of the models and its verification

The quality of the mesh structure of a model significantly affects the accuracy of an FEA simulation. Therefore, verification
of the mesh structure is an important issue. One of the primary quality measures for a mesh structure in an FEA is the skew-
ness metric. Skewness determines how close to ideal a face or cell is in a finite element model. The shape and asymmetry of a



Figure 2. Solid models showing the configuration of the fixation and the implants. Note that the screws were inserted perpendicular to the osteotomy
plane.

Figure 3. (a) Volume rendered 3D computerised tomography image from the lateral and anterior view. The patellar tendon footprint and the patellar
tendon force vector were calculated. (b) Boundary condition of the models during loading.

Table 1
Coefficients of friction and fixation screw preload assigned in the finite element analysis set up.

Coefficient of friction between Bony parts and fixation screw/plate 0.37

Bony parts 0.46

Fixation Screw Preload (N) 50

Table 2
Material properties assigned in the finite element analysis set up in accordance with the homogenous isotropic linear elastic material model.

Parameters Unit Model components

Cortical bone Trabecular bone Fixation screws and 1/3 tubular plate
(Ti-6Al-4V)

Modulus of elasticity (MPa) 19,100 1000.61 115,000
Poisson’s ratio (–) 0.30 0.30 0.33
Density (kg m�3) 1980 830 4500



Figure 4. Finite element model mesh structure and the numerical details.
distribution can be measured by its skewness, providing mesh structure verification [29]. According to the definition of
skewness in the analysis code, a value of zero (0) indicates an equilateral cell (best), and a value of one (1) indicates an
entirely degenerate cell (worst) [30]. Therefore, skewness metric (mesh quality) control was performed to verify the mesh
structure in this study. The skewness values showed good mesh quality with a mean of 0.285 ± 0.01 for all tested scenarios.

A curvature-based meshing strategy was utilised to create the final mesh structure of the solid models. An average of 1.28
million elements and 1.93 million nodes in total were obtained for all finite element models (detailed information is avail-
able in the Supplementary Material). A visual example of the meshing of the models is given in Figure 4. Finally, each sim-
ulation scenario was run separately with identical boundary conditions after completing the pre-processor steps, and then
visual and numerical outputs were recorded. The solving platform was a Dell Precision M4800 Series (Intel CoreTM i7 4910MQ
CPU @ 2.90 GHz), NVIDIA Quadro K2100M-2 GB, and Physical Memory: 32 GB) mobile workstation.
2.5. Assessment of sliding and separation

The maximum separation and sliding distance magnitudes between the osteotomy fragments were
calculated from the FEA results (Figure 5). Additionally, the equivalent (von Mises) stress and total deformation distribu-

tions on the fragments were extracted from the simulation results.
3. Results

In the screw-only groups (FEA-001–FEA-004), the highest values of gap formation (0.660 mm), maximum sliding
(0.661 mm), and displacement (1.267 mm) were seen with two 3.5-mm screws, followed by two 4.5-mm screws (gap for-
mation: 0.608 mm, maximum sliding: 0.522 mm, and displacement: 0.995 mm), three 3.5-mm screws (gap formation:
0.578 mm, maximum sliding: 0.353 mm, and displacement: 0.750 mm), and three 4.5-mm screws (gap formation:
0.590 mm, maximum sliding: 0.312 mm, and displacement: 0.680 mm), respectively. The three 3.5-mm screws with 1/3
tubular plate fixation model demonstrated better results (gap formation: 0.590 mm and maximum sliding: 0.312 mm)
except displacement (0.696 mm) than the screw-only group. Overall, the most favourable results were seen with the four
3.5-mm screws with 1/3 tubular plate fixation model (gap formation: 0.410 mm, maximum sliding: 0.176 mm, and displace-
ment: 0.618 mm) (Figure 6).

Under defined boundary conditions, any permanent deformation or damage was not detected on any of the analysed
components; cortical bone, trabecular bone, and the screws. Maximum equivalent (Von Mises) stress values on each com-
ponent were far less than their yield stress points reported in previous studies [22,26,31,32]. Visual simulation outputs of
each scenario are presented in Figure 7.



Figure 5. The sliding and the gap between the osteotomy fragment and the tibia were calculated after loading.
4. Discussion

The present study compared six different fixation models for Fulkerson osteotomy with distalisation using the finite ele-
ment method. The first group comprised four different screw fixations that represented conventional fixation techniques,
and the second group comprised two different plate-screw fixations that represented a relatively new fixation technique.
Both the sliding and gap between fragments were higher in the screw-only fixation configurations. Three 4.5-mm screws
inserted perpendicular to the osteotomy plane resulted in the highest stiffness among the screw-only fixation models. Plate
fixation decreased shearing forces between the fragments and reduced the gap formation due to its buttress effect. Plating
with four 3.5-mm screws provided the most robust construct among the tested models. Distalisation of Fulkerson osteotomy
results in loss of proximal support and the distal continuity of the fragment, and is thus prone to complications related to
fixation failure. Based on the results of this study, the use of tubular plate fixation might be suggested for Fulkerson osteot-



Figure 6. The summary of sliding, gap formation, and total displacement.

Figure 7. Visual simulation outputs showing the first (two 3.5-mm screws) and the last model (1/3 tubular plate with four 3.5-mm screws). See the
Supplementary Material for all the data.



Table 3
List of previous studies on the biomechanical behaviour of the various fixation methods of tibial tubercle osteotomy.

Author Year Type of study Model Fixation methods Results

Cosgarea et al. [36] 1999 Cadaver (13 pairs) Fulkerson osteotomy
Flat osteotomy

Two 3.5-mm screws (screw material unspecified) Mean load to failure was significantly higher in the flat
osteotomy specimens (1639 N vs. 1166 N, P < 0.05).

Warner et al. [13] 2013 Cadaver (five pairs) Fulkerson osteotomy Two 4.5-mm screws vs.
Three 3.5-mm screws

Maximum failure load for osteotomies secured with two
4.5-mm screws was
1459 ± 540 N, and for three 3.5-mm screws, it was
1360 ± 707 N (P = 0.723).

Nurmi et al. [14] 2017 Cadaver (22 pairs) Flat osteotomy 4.5-mm PLLA screws vs.
4.5-mm stainless-steel screws

The mean yield load was 566 ± 234 N in the
bioabsorbable screw group and 984 ± 630 N in the metal
screw group (P = 0.002).

Chang et al. [16] 2019 FEA Flat osteotomy Two titanium 4.5-mm screws with six configurations:
parallel horizontal screws placed at a 20-mm interval,
parallel horizontal screws placed at a 30-mm interval,
parallel upward screws, parallel downward screws,
trapezoid screws, and divergent screws

The configuration of two parallel downward screws
yielded the highest stability with the lowest fragment
displacement and gap opening. The configuration of two
upward screws resulted in the highest fragment
displacement and gap deformation between the
fragment and tibia. The stress of the osteotomised bone
fragment was highest with the configuration of two
upward screws.

Chang et al. [17] 2019 FEA Flat osteotomy with
three fragment shapes:
step cut, bevel cut, and
straight cut

Two titanium 4.5 mm screws with three configurations:
parallel horizontal screws with an interval of 20 mm,
trapezoidal screws with an angle of 45, and parallel
downward screws
with an interval of 15 mm

The step cut resulted in higher stability than the bevel
and straight cut, but the stress was higher as well.
Among the screw configurations, two parallel downward
screws resulted in the highest stability, given the same
fragment shape. In the horizontal configuration, the step
cut tibia developed the largest contact force to achieve
stability of the bone fragment under loading.

Current study 2021 FEA Fulkerson
osteotomy + distalisation

Two 3.5-mm cortical screws
Two 4.5-mm cortical screws
Three 3.5-mm cortical screws
Three 4.5-mm cortical screws
Three 3.5-mm screws with 1/3 tubular plate
Four 3.5-mm screws with 1/3 tubular plate

Maximum sliding (0.660 mm), gap formation
(0.661 mm) and displacement (1.267 mm) were seen
with two 3.5-mm screw fixation, followed by two 4.5-
mm screws, three 3.5-mm screws, and three 4.5-mm
screws, respectively, in the screw group. The minimum
displacement was observed with plate and two 3.5-mm
screw fixation models.

PLLA: poly-L-lactide; FEA: finite element analysis.



omy with distalisation. If screw fixation is preferred, three 4.5-mm cortical screws inserted perpendicular to the osteotomy
plane might be a better choice.

Another significant issue in this study was that the screws were inserted perpendicular to the osteotomy plane but not to
the posterior cortex. Because Fulkerson osteotomy is an oblique osteotomy, tips of the screws were directed towards the
posteromedial cortex of the tibia. This configuration protects the neurovascular structures from iatrogenic injury during dril-
ling and bicortical fixation. Two previous studies by Hernigou et al. [33] and Shetty et al. [34] described the safe zone for TTO
fixation to avoid neurovascular injury. They reported that the posteromedial cortex is safe for bicortical fixation. Therefore,
perpendicular fixation might be a better option both for stability and the reduced risk of neurovascular injury.

Several previous studies have been conducted to compare the fixation techniques of TTO [10–12,35]. However, the major-
ity of those researches have focused on the osteotomies used to extend the surgical exposure in revision knee arthroplasty
[12,35]. None of them has evaluated the effect of medialisation and distalisation. Only a few studies specifically assessed the
biomechanical behaviour of oblique and flat TTO used for patellar instability (Table 3). Cosgarea et al. [36] reported a cadav-
eric study in which they compared the fixation strength of two 3.5-mm bicortical screws in oblique versus flat TTOs. Inter-
estingly, they found that flat osteotomy was stronger despite a larger contact area in the oblique osteotomy. Warner et al.
[13] compared two 4.5-mm and three 3.5-mm cortical screws in Fulkerson osteotomy in a cadaver model. They reported that
4.5-mm fixation resulted in higher stability than three 3.5-mm screws, similar to the results of the present study. Nurmi
et al. [14] compared the bioabsorbable 4.5-mm screws made of poly-L-lactide (PLLA) with conventional stainless-steel
screws on a flat osteotomy cadaver model. Because the mechanical properties of PLLA were weaker than stainless steel,
the metallic screws demonstrated almost two-fold higher stiffness. But, bioabsorbable screws were still capable of with-
standing patellar traction force during active knee extension.

The most common cause of secondary surgical intervention following TTO is the requirement for removal of the hardware
because the soft tissue overlying tibial tubercle is thin, which is a frequent contact area during kneeling. Prominent screw
heads might be symptomatic and necessitate implant removal [7]. In a recent systematic review, Saltzman et al. [37]
reported a 19% overall incidence of implant removal in 1055 TTO procedures. In another systematic review, almost half of
the cases (49%) required hardware removal after Fulkerson osteotomy [3]. Moreover, some authors reported routine implant
removal in all patients (100%) regardless of symptoms [38,39]. Thus, using bioabsorbable screws to fix the tibial tubercle may
prevent secondary procedures and thus avoid any additional expenses. Furthermore, Ünal et al. [40] have reported the clin-
ical efficiency of 4.8 mm magnesium bioabsorbable screws in the fixation of Fulkerson osteotomy in 10 patients.

Besides these cadaver studies, two FEA studies evaluated the fixation of TTO [16,17]. Both studies focused on the TTO used
in knee arthroplasty extended exposure. The first study compared the fixation of flat osteotomy with two 4.5-mm titanium
screws implanted in parallel horizontal, parallel downward, parallel upward, trapezoid, and divergent configurations [16].
The authors reported that two parallel downward screw configurations had demonstrated the highest stability as well as
the least magnitude of fragment displacement and gap opening. The second study compared the three configurations of
TTO (step-cut, bevel-cut, and straight-cut), in addition to various two 4.5-mm screw configurations [17]. Step-cut was found
to be the most stable TTO.

The present study is distinct from the previous studies in several aspects. First of all, CT images of a patient with excessive
lateralisation of the tibial tubercle and patella alta have been utilised for the modelling. Thus, the model is much more real-
istic compared with the previous studies. The second distinctive feature is the assessment of the effect of distalisation. Due to
loss of proximal support and distal continuity with the distalisation procedure, the fixation of this sort of osteotomy should
be performed more meticulously. The third distinctive feature is the inclusion and biomechanical assessment of the plate-
screw configurations.

Patella alta has been demonstrated as a strong predisposing risk factor for recurrent PF instability, and approximately
one-quarter of patients have patella alta in combination with other risk factors [41]. In the current treatment algorithms
of PF instability, the distalisation procedure is recommended in the presence of patella alta despite controversies that exist
[42]. The distalisation procedure brings some problems, particularly regarding the union of the osteotomy. In a series of 153
patients (122 standard Fulkerson osteotomies versus 31 Fulkerson osteotomy and distalisation procedure), Johnson et al. [7]
reported a significant rate of a delayed union in the distalisation group. Payne et al. [3] reviewed 19 studies including 787
tibial tubercle osteotomies. They also reported a high risk of complications (10.7%) related to the distalisation procedures
that involve complete detachment of the tubercle. All these previous studies suggest that more stable fixation is required
for these patients. An optimal fixation technique should allow early rehabilitation and weight-bearing, resulting in complete
bony union and reducing complications regarding hardware. In the relevant literature, a single clinical study, conducted by
Stevens et al. [10], has described plate fixation to address all these problems and reported 30 consecutive patients treated
with TTO and distalisation procedure. Union was observed in all patients, and only one screw breakage was observed. Sim-
ilarly, the present study indicates greater stability of plate-screw fixation models than the stability of screw fixation models.
Distal placement of the plate-screw constructs appears to provide a buttress effect on the fragment, thus diminishing the
magnitudes of proximal sliding and gap formation. The findings of this study shed light on these clinical results and provide
a biomechanical explanation.

The present study has some strengths and limitations. First, the limitations specific to the FEA should be kept in mind.
Various predefined assumptions, including boundary conditions, material properties, and modelling, were applied. But, a
pathological tibia was used to obtain a realistic model. Cortical bone and trabecular bone were modelled separately, and



bonded contact definitions were defined. Multiple scenarios were studied. Although the model was not verified with a
cadaveric study, the current research is valuable in understanding the biomechanical behaviour of TTOs.
5. Conclusions

The outputs of this FEA favour the fixation with the plate and screw combinations in TTO. Plate and screw fixation pre-
vents superior migration of the fragment and gap formation by its buttress and anchor effect. Early rehabilitation, including
active range of motion exercises and weight-bearing, might be allowed with plate-screw fixation combinations. However,
the plate-screw fixation increases the costs, moreover the risk of skin irritation and subsequent implant removal. Thus,
the pros and cons should be carefully weighed.
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