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ABSTRACT

PURPOSE OF THE STUDY
In this study, our aim is to examine the effect of proximal fibular osteotomy on knee and ankle kinematics with finite
element analysis method.

MATERIAL AND METHODS

One 62-year-old, female volunteer’s radiologic images were used for creating lower limb model. Osteotomized model
(OM) which was created according to definition of PFO and non-osteotomized model (NOM) were created. To obtain
a stress distribution comparison between the two models, 350 N of axial force was applied to the femoral heads of the mod-
els.

RESULTS

After PFO, the average contact pressure decreased 26.1% at the medial tibial cartilage and increased 42.4% at the
lateral tibial cartilage. The Von Mises stresses decreased 57.1% at the femoral cartilage and decreased 79.1% at tibial car-
tilage. The stress on the tibial cartilage increased 44.6%, and stress on the talar cartilage increased 7.1% at the ankle joint.

CONCLUSIONS
FEA revealed that main loading at the knee joint shifted from medial tibial cartilage to the lateral tibial cartilage after PFO.
Additionally, the stresses on each cartilage were redistributed across a wider and more peripheral area. FEA also

demonstrated that the Von Mises stresses of the tibial and talar cartilages of the ankle joint increased after PFO.

Key words: knee pain, osteoarthritis, osteotomy, finite element analysis, axial loadings.

INTRODUCTION

Gonarthrosis is osteoarthritis of the knee joint, which
is the progressive chronic degeneration of the joint car-
tilage. The main symptom of gonarthrosis is knee pain,
and it is correlated with the severity of the arthritis (3).
Gonarthrosis treatment is focused on relieving the pain
that may occur during daily activities for milder cases or
at rest for severe cases. Treatment modalities for
gonarthrosis vary from lifestyle modification to arthro-
plasty. For geriatric patients, joint replacement surgery
is generally accepted as the primary treatment option, but
for early onset, gonarthrosis treatment options are chal-
lenging. Because of the need for revision with arthro-
plasty, many osteotomy techniques have been described
for younger patients. The most popular technique is high
tibial osteotomy, which is widely accepted for achieving
satisfactory long-term results in the treatment of medial
osteoarthritis (18). Many disadvantages of this technique
(e.g., lateral cortical breakage, fixation failure, device
irritation, alignment failure) have prompted the further
search for another osteotomy option.

Proximal fibular osteotomy (PFO) was described,
performed, and presented for the first time by Yang et

al. in 2015 (28). In the literature, there are many studies
about this osteotomy technique. Most have highlighted
that the patients’ knee pain decreased dramatically after
the procedure. In these studies, it is assumed that load
bearing in the knee shifted from the medial plateau to
the lateral plateau of tibia after surgery, and this phe-
nomenon caused the pain relief (21, 26). However, these
assumptions need to be proved objectively.

The finite element analysis (FEA) is generally used
in engineering and it is the computerized simulation of
any given physical phenomenon which is used to reduce
the number of physical prototypes, experiments and
optimize components in their design phase to develop
better products (23). Additionally, it is an important tool
for simulating musculoskeletal diseases, physiological
boundary conditions, orthopedic procedures and implant
designs (4).

In this study, we set out to investigate how PFO
affects knee and ankle joint. For this purpose, we used
FEA and the following hypothesis were tested:

1) after PFO, maximum and average pressures change
at the medial and lateral chondral surface of the tibia,

2) chondral surface stresses are redistributed at the
knee and ankle joint after PFO,
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3) after PFO, load distribution on the knee joint is
changed,
4) PFO leads to change in alignment of lower limb.

MATERIAL AND METHODS
Study design

This study is an in silico trial, which was conducted
between February 2020 and May 2020. For this study,
one healthy female volunteer was selected with simple
randomization method among patients who admitted
with mild gonarthrosis and met the including criteria.
The including criteria were; being between 55-70 years
old, not having any operation at the lower extremities,
not having severe lower extremity deformity or any leg
length disparity. The volunteer signed an informed con-
sent form to be included in this study. The study was
approved by the ethics committee of Maltepe University
Faculty of Medicine (N0:2020/900/20). The volunteer’s
right lower limb was used to create an in silico lower
limb model.

Digital image acquisition

In this study, we decided to collect weight-bearing,
full-length radiographs of the right lower limb to docu-
ment the true alignment and to realign the limb after
three-dimensional (3D) modelling. Using the x-ray, we
also checked any bony deformations of the lower limb.
The alignment of the lower limb was calculated, and the
Q angle of the knee was measured as 2° of varus. The
3D geometry of the models developed in this study were
obtained using a 64-slice spiral computerized tomogra-
phy (CT; Toshiba Aqulion 64-slice spiral) and 1.5-T
nuclear magnetic resonance imaging (MRI; Philips
Intera 1.5T Eindhoven, Netherlands).The geometry of
the bones was reconstructed from the CT, and the geom-
etry of the soft tissues was reconstructed from the MRI
images. We used two sets of MRIs to scan the knee and
the ankle joints, and a single set of CT images was used
to scan the right lower limb from the femoral head to
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the foot. The MRI scan of the knee and ankle joints
included the area 5 cm proximal and 5 cm distal from
the joint line. The slice thickness and interval of both
the MRI and CT images were 1.0 mm in a 256 x 256-
pixel resolution. Images from the MRI and CT were
saved in the digital imaging and communications in
medicine (DICOM) format.

Three-dimensional modelling

First, the DICOM data set of 450 axial plane CT
images was imported into Mimics (software version
21.0, Materialise, Leuven, Belgium) to reconstruct the
surface geometry of the femur, tibia, fibula, and talus.
During the segmentation process, pixel values represent-
ing a radiodensity greater than 300 HU (Hounsfield
Units) were assigned to the bone (20). Finally, the 3D
bone models were created and saved in the .mcs (Math-
cad image file type) file format.

After the segmentation of the bones, the DICOM
datasets of the ankle and knee, which were consisted of
90 axial plane MRI images, were imported into Mimics
to reconstruct the surface geometry of the medial menis-
cus, lateral meniscus, femoral cartilage, tibial cartilage,
tibial ankle cartilage, and talar cartilage. In the MRI
dataset, bone structures were eliminated according to
reference radiodensity values. Based on the literature,
pixel values between 165 HU and 300 HU were accepted
as joint cartilage (20). The lateral and medial menisci
were created by manual masking of these soft tissues on
each coronal plane segment using the marking tool in
the Mimics software. After the segmentation process,
the 3D volumetric models of the bones and soft tissues
of the lower extremity were created with 2° of varus
alignment at the knee joint (Fig. 1). All models were
imported into the 3 Matic Research software (version
13.0, Materialise, Leuven, Belgium). The cartilage and
menisci were aligned to the knee and ankle joints. All
bone, cartilage, and meniscus models were fixed for
errors, remeshed, and saved. The contact and boundary

surfaces for the bones, carti-

lage, and ligaments were
determined. All models were
saved in the STEP file format
for the ANSYS software
(Canonsburg, Pennsylvania,
USA).

Finite element modelling

All models were imported
into the ANSYS software for
FEA. Models were remeshed,
and all bones, cartilage, and
menisci were discretized into
10-node, tri-linear, tetrahedral
elements. Tetrahedral ele-
ments were chosen over hexa-
hedral elements due to their

Fig. 1. Bones images which were taken from CT images were segmented. After segmentation,
soft tissue components were reconstructed by using MR images. Finally, 3D models of the
bones and sofi tissues of the (4) ankle, (B) knee and (C) lower limb were created.

great flexibility in meshing
complex, curved geometry.
A refined mesh was used in
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the articular cartilages and menisci. To
mimic the anatomic model of the joint,
the ligament system that provides the
mechanical connection between the
femur, tibia, fibula, and talus was created
using spring elements in ANSYS.

Proximal fibular osteotomy
modelling

We used two models of the lower
extremity in this study. The first was the
normal non-osteotomized model (NOM),
and the second was the osteotomized
model (OM). After the tetrahedral mesh
was built in ANSYS for the OM model,
two axial resection planes, which were
between 6 cm and 10 cm distal from the
proximal end of fibula, were created
according to the definition of the PFO
(28) (Fig. 2). The total numbers of ele-
ments and nodes for the NOM were
1,030,073 and 1, 522,751, respectively;
for the OM, these values were 1,018,269
and 1,507,030, respectively. The element
quality averages for the NOM and OM
were 0.84556 and 0.84234, respectively.

Material properties
The ligament and cartilage material

dependent viscoelastic properties (9). Hori
and Mockros (10) also reported that the
elastic modulus at the first second of load-
ing for normal cartilage is in the range of
5.6 to 10.2 MPa, and for degenerative car-
tilage, it is in the range of 1.4 to 9.3 MPa.
Poisson’s ratio for normal and degenera-
tive cartilage was also found to lie in the
range of 0.42 to 0.49.

In our study, the patient had grade 2
gonarthrosis. Thus, we assumed the elastic
modulus of the knee cartilage was 1.4 MPa
and that Poisson’s ratio was 0.49. Howev-
er, for the ankle joint, the cartilage elastic
modulus accepted 1 MPa and a Poisson’s
ratio of 0.4 (29). In this study, the menisci
were also specified as a single-phase linear
isotropic and elastic material with the fol-
lowing average properties: an elastic mod-
ulus of 120 MPa, a Poisson’s ratio of
0.475, and a density of 1,100 kg/m?® (4).
To understand the process of loading and
the stress distribution of the knee and ankle
joints, we created all ligaments around the
knee and ankle joint. Spring elements were
used as knee and ankle ligaments in this
study (Fig. 3A-D). All ligament names and
stiffnesses that were created according to
the literature are shown in Table 1.

properties used in this study were deter-
mined according to the related literature.
Various studies have assumed that the
femur and tibia are hard bodies because
they have high densities and high Young's
modules compared to the cartilage and meniscus in the
knee joint (16). On the other hand, most FEA studies
have considered the entire bone structure of the knee
joint as cortical bone (6, 30). Guess et al. developed
a dynamic 3D anatomical knee joint model with enough
computational competence for human motion simula-
tion (6). In their study, the tibia was considered a rigid
body, and the femur was assumed to be a linear elastic
isotropic material with a Young’s modulus of 17 GPa
and a Poison’s ratio of 0.2. Moreover, the cancellous
bone was neglected, and the femur, tibia, and fibula were
modeled as linear elastic isotropic material in the study
conducted by Zheng et al. (30). In our study, the femur,
tibia, fibula, and talus were assumed to be a linear elastic
and isotropic material with a Young's Modulus of 17
GPa, a Poisson’s ratio of 0.3, and a density of 1,600
kg/m? (25). In the mathematical models of healthy
human joints in the literature, cartilage is often repre-
sented as a single-phase, elastic material with homoge-
neous and isotropic properties (10). This value is valid
when the cartilage is loaded for 1 to 5 seconds. During
this time, the cartilage’s response is elastic. Donzelli et
al. proved that there are no significant changes in the
cartilage contact response shortly after loading (5). After
more than 1 minute, however, the response of the carti-
lage is dominated by the nonlinear, stress-relaxation-

to literature.

Fig. 2. Lower limb model with
PFO was created according

Boundary conditions and loads
ANSYS was used to obtain approxi-
mate solutions to all static simulations in
our study. Contact interfaces were mod-
elled between the femoral cartilage, proximal tibia car-
tilage surfaces, and superior/inferior menisci surfaces in
the knee as well as between the distal tibial cartilage and
talar cartilage in the ankle. Attachment points were also
generated between the femur and femoral cartilages, the
tibia and proximal tibial cartilages, the talus and talar
cartilages, and the tibia and distal tibial cartilages. All
surfaces were modelled as frictionless (15). The “hard”
contact model was used to define the surface interaction.
This implies that no penetration of the nodes from one
surface into the other surface was allowed. An augment-
ed Lagrangian algorithm was used to simulate the con-
tact between the femur cartilage and the superior surface
of the menisci, the inferior surface of the menisci and
the proximal tibia cartilage, and the distal tibial cartilage
and the talar cartilage. The Iubrication in the joint was
assumed with frictionless behavior. During simulation,
the talus bone was considered fixed in all degrees of
freedom, and the tibia and femur were fixed in the coro-
nal and sagittal degrees of freedom but free in the axial
degree of freedom. The fibula translations were free in
all degrees of freedom. Additionally, the rotations of the
femur, tibia, and fibula were free in all degrees of free-
dom. Restriction of some anatomic components’ move-
ments which was obligatory to perform FEA, may influ-
ence the results. But it was thought to be negligible for
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results of the study. Finally, a single axial force was
applied to obtain the stress distribution at the articular
cartilages of the knee and ankle for both NOM and OM,
respectively, in this study. To obtain a stress distribution
comparison between the two models, 350 N of axial
force was applied to the femoral head.

RESULTS

The volunteer was 62-year-old woman with 70 kg of
weight and 165 cm of height. In the NOM with mild
varus and grade 2 gonarthrosis, the maximum contact

—

|
i

of |
E
e
i
A
il
=1

ORIGINAL PAPER
PUVODNI PRACE

pressure took place in the medial and posterior regions
of the medial tibial cartilage, with a maximum of 2,300
KPa, and in the central region of the lateral tibial carti-
lage, with a maximum of 1,200 KPa. The maximum con-
tact pressure values for the medial and lateral tibial car-
tilages were 386.4 KPa and 396.5 KPa, respectively in
the OM (Fig. 4). Furthermore, the maximum contact
pressures at the medial and lateral tibial cartilages
decreased 83.2% and 66.9%, respectively after PFO.
The average contact pressures for the medial and lateral
tibial cartilages were 213.9 KPa and 120.3 KPa, respec-
tively in NOM. The average contact pressures for the
medial and lateral tibial carti-
lages were 157.9 KPa and 171.4
KPa, respectively in OM (Fig.
4). Additionally, the average
contact pressure  decreased
26.1% at the medial tibial carti-
lage and increased 42.4% at the
lateral tibial cartilage after PFO.

The maximum Von Mises
stress in the articular cartilages
was obtained to assess the over-
all stress distribution. Our
results for the knee with mild
varus and grade 2 gonarthrosis
revealed that the maximum Von
Mises stresses in the femoral and
tibial cartilages were equal to
320 KPa and 720 KPa, respec-
tively. As the ankle joint carti-
lage stress distribution was also
simulated in this study, the Von
Mises stress in the ankle tibia
and talar cartilages were equal to
103 KPa and 45 KPa, respec-
tively in NOM. In the OM, the
maximum Von Mises stresses in
the femoral and tibial cartilages
of the knee joint were equal to
137.51 KPa and 145.98 KPa,
respectively. After PFO, 57.1%
of the stress decreased at the
femoral cartilage, and 79.1%
decreased at tibial cartilage. The
maximum Von Mises stresses
for the tibial and talar ankle car-
tilage were equal to 149 KPa and
46 KPa, respectively. After PFO,
the stress on the tibial cartilage
increased by 44.6%, and stress
on the talar cartilage increased
by 7.1% at the ankle joint (Fig.
5). The Von Mises stresses were
redistributed. For the medial tib-
ial cartilage maximum, the Von

Fig. 3. Figures shows artificially created ligamentous structures of (A) anterior view of
the knee joint, (B) posterior view of the knee joint, (C) anterior view of the ankle joint

and (D) posterior view of the ankle joint.

Mises stress region moved from
the central and posterior regions
circumferentially to the antero-
medial site of the cartilage. For
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the lateral tibial cartilage, the maximum stress region
also moved from its sharp central location circumferen-
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Table 1. Reference values of ligamentous Structures (spring
elements) of the knee and ankle joint

tially to the posterolateral site. The same explanation can " dankle ; i element
be said for the femoral cartilage as well (Fig. 6A-D). nee and ankle ligaments (spring elements) _

We calculated the average load for the medial and | aAnatomic names Stiffness | ~iotions
lateral tibial cartilages using the following equation (N/Mm)
(Equation 1); ALL 20 (13)

FOL 335 (14)

F=PxA, 3)

PT 83.7 (14)

where F is the force, P is the pressure, and A is the PFL 28.6 (14)
area. As the areas of the medial and lateral tibia cartilages | pp7p( 133 (17, 24)
were 0.0013988 m? and 0.001268 m?, respectively. The c
average loads for the medial and lateral tibial cartilages AcCL 1600 ®)
were 299.20 N and 152.54 N, respectively, in NOM. PpTFL 109 (2,17, 24)
Thus, under a 350 N axial force, the lateral and medial | oL deep 315 27)
tibial cartilage of the NOM carried 33.6% and 66.4% of MGL icial e o7
the total load, respectively. In the OM, the load distri- superficia i 7)
butions for the medial and lateral tibial cartilages were | Interosseous 1 100 (19)
calculated as 220.87 N and 217.33 N, respectively. Con- Interosseous 2 100 (19)
sequently, under a 350 N axial force, the lateral and It 3 100 19
medial tibial cartilage of the OM carried 49.6% and Terosseous (19)
50.4% of the total load, respectively. Interosseous 4 100 (19)

Change of lower extremity alignment after PFO AITFL 78 (22)
could not be evaluated due to boundary conditions of AFTL 140 22)
FEA.

CFL 120 (22)
DISCUSSION PITFL 101 1)

In 2015, the PFO surgical technique was described PFTL. —— 160 (22)
(28), and since this time, many surgeons have performed | Deltoid (anterior ibiotalar) 70 (22)
this procedure for medial.gonarthr.osi.s..PFO has become Deltoid (tibiocalcaneal + tibionavicular) 162 (22)
more popular because of its small incision, short surgery Deltoid (posterior fibiotalar) 80 22)

2500

2300

2000

1500 -

1000 E NOM

mOM
500 +
213,9 1579 120,3 171,4
it e =
Medial tibial Lateral tibial Medial tibial Lateral tibial
cartilage cartilage cartilage cartilage
Maximum Contact Pressure (Kpa) Average Contact Pressures (KPa)

Fig. 4. Maximum contact pressure decreased at the medial and lateral tibial cartilage, but average contact pressures increased
at the lateral tibial cartilage while it decreased at the medial tibial cartilage after PFO.
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time, low complication rate, and low cost as well as the
fact that it does not use any device and does not affect
a TKA operation in the future (21). The main feature and
advantage of PFO is the dramatic rapid pain relief imme-
diately following the operation. There are many studies
(21, 26) concerning PFO, and many authors agree that
PFO is an effective treatment for pain relief in medial
compartment knee osteoarthritis. Some theories have
been suggested concerning the pain-relieving mecha-
nism, but it has not been explained objectively. This
study revealed that, although PFO is a minor surgical
procedure, it has many effects on the knee and ankle
joint. PFO effectively decreased the medial compart-
ment stresses and increased the lateral compartment
stresses in a mild varus and grade 2 gonarthrosis model.
By this way, PFO provided homogeneous distribution
of loading on medial and lateral tibial cartilage of the
knee joint which was the major effect of PFO. More
peripheral location of stresses on tibial and femoral car-
tilages of the knee joint was observed after PFO. Despite
these advantages of PFO, surface stress elevation was
observed at the ankle joint cartilages.

This study had a number of limitations. The main
limitation of the study is that the musculature of the low-
er extremity was not included in the FEA. Some fibers
of the flexor hallucis longus, peroneus longus, peroneus
brevis, extensor digitorum longus, soleus, and tibialis
posterior originate from the proximal fibula (12). These
muscles, especially the peroneus longus and soleus,
which pull the fibula distally, have direct effects on the
proximal tibiofibular joint (PTFJ). After the partial
resection of the proximal fibula, the PTFJ dynamics are
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likely to change, and this situation may contribute to
reducing the pressure on the medial compartment of the
knee. Second limitation of this study is that lower
extremity alignment alteration was not evaluated by
FEA. Shah et al. revealed that resection of the small part
of the fibula caused a loss of lateral support of the fibula
and a decrease in the lower extremity varus alignment
(21). Additionally, there are some studies that have sup-
ported that the medial joint space shows widening with
changing of lower extremity alignment after PFO (11).
For example, Wang et al. reported that the medial joint
space was increased, and the lower extremity alignment
ofthe varus knee was corrected after PFO in radiograph-
ic measurements (26). However, alignment changes of
lower limb and the widening of the medial joint space
after PFO could not be evaluated in our study due to
tibia and femur were fixed in the coronal degree of free-
dom.

The most widely accepted theory about pain relief
after PFO is that PFO redistributes loading on the medial
and lateral tibial plateaus. Especially for osteoporotic
patients, the subchondral bone of the proximal tibial
metaphysis loses trabecular support. The proximal
tibiofibular joint helps the lateral condyle for transmit-
ting weight, but the medial condyle has no such support.
Asymmetric load transmission of the varus knee even-
tually creates more stress on the medial side, and arthritic
changes occur with the degeneration of the articular car-
tilage. Therefore, varus deformity progresses with aging,
and medial compartment osteoarthritis begins to form
(21). After PFO, the lateral compartment loses support,
and this situation leads to a shift in the stress from the

800
700
gog:- —+— Knee joint Femoral
cartilage
500
—u— Knee joint Proximal tibial
400 cartilage
~— Ankle joint Distal tibial
300 cartilage
200 Ankle joint Talar
cartilage
100 —
0 -
NOM oM

Fig. 5. Von Mises stresses of the knee joint cartilages dramatically decreased but stresses on ankle joint cartilages increased

after PFO.
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Fig. 6. Von Mises stresses concentrated intensely central part of femoral (A) and tibial (C) chondral surface at the NOM.
However, high stress points moved to peripheral part of femoral (B) and tibial (D) cartilage of the knee joint after PFO.

medial to the lateral compartment of the knee, which
results in pain alleviation (28). These studies all suggest
that successful PFO outcomes are accompanied by the
redistribution of the load after the removal of the prox-
imal part of the fibula, which supports one-sixth of the
body’s weight. In our study, the maximum contact pres-
sure decreased either the medial or lateral tibial cartilage
more than 50%, indicating that the loading pressure dis-
tribution of the medial and lateral tibial cartilages
changed after PFO. The loading pressure was distributed
across a larger area instead of across a small part of the
cartilage. The average contact pressure decreased at the
medial tibial cartilage and increased at the lateral tibial
cartilage. All these changes affected the Von Mises stress
values of the tibial and femoral cartilages. After PFO,
the Von Mises stresses of the femoral and tibial cartilages
decreased prominently and redistributed across a wider
area. Finally, before PFO the amount of the load that the
medial tibial cartilage carried was two times more than
the lateral tibial cartilage carried. However, after PFO,
loading was redistributed more homogenously. These
findings reveal that PFO caused lateral shifting of the

loading pressure at the knee joint. These changes are the
possible reasons for the dramatic pain relief after PFO.

To our knowledge, this is the first in silico study to
analyze the ankle joint stress changes after PFO. While
Guo et al. evaluated the ankle joint alignment changes
after PFO (7), they noticed that the function of the ankle
was improved but to a limited extent in radiographic
results. Although the anatomical varus angulation was
partly corrected, none of the patients underwent an
anatomic valgus alignment postoperatively. Additional-
ly, while preoperative hindfoot valgus angulation was
significantly decreased, it still existed after the PFO pro-
cedure. In contrast, we evaluated the Von Mises stress
changes after the PFO at the ankle joint. We identified
that stress was increased at the tibial and talar cartilages
of'the ankle joint. These results could indicate that poten-
tial arthritic changes at the ankle joint will occur many
years after PFO.

In conclusion, PFO has promising good results about
knee gonarthrosis and may be the most effective option
for the young patients with less complication rate. Many
authors have shown satisfactory results concerning pain
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relief and quality of life increases for patients after the
PFO procedure. In our study, FEA has revealed objec-
tively that PFO leads to changes at the knee and ankle
joint. PFO caused a shift of the main loading pressure
from the medial joint cartilage to the lateral joint carti-
lage of the tibia at the knee joint, and the stresses on
each cartilage were redistributed across a wider and
more peripheral area. The changes in knee kinematics
could be the main reason for pain relief at the knee joint
after PFO. FEA also demonstrated that the Von Mises
stresses of the tibial and talar cartilages of the ankle joint
increased after PFO. This stress increase may cause
long-term arthritic changes in the ankle joint. More com-
prehensive FEAs are needed to reveal the effects of low-
er extremity musculature and lower extremity alignment
changes after PFO.
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