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Abstract

The varus deformity of the femur and the tibia leads to an increase in the medial condylar force, which may result in osteoarthritis in the
medial condyle, if left untreated. Through Medial Opening Wedge Osteotomy for these patients, it is possible to realign the load-bearing
surfaces of the knee joint which can lead to the tightening some of the ligaments between the femur and the tibia on the medial side, and it
can generate an excessive force on the medial condyle. The correction angle of osteotomy determines how much force is removed from the
medial condyle, due to the realignment of the joint, and how much force is exerted due to the tightening of the Medial Collateral Ligament
(MCL). If the post-surgical force exerted on the medial condyle is greater than the force before surgery, it can cause even further damage on
the medial condyle. The OpenSim has been utilized to simulate patients with varus deformity as well as calculating the condylar forces
during a gait cycle. The objective of this research was to find the critical correction angle in the varus-aligned knee joint for a simulated
patient in which the medial condylar force increases after surgery, due to ligament tightening. Medial condylar force of the knee and tension
in the Lateral Collateral Ligament (LCL) and Popliteofibular Ligament (PFL) in a simulated subject showed that a scenario with a 76 degree
Medial Proximal Tibial Angle (MPTA) corresponding to 14 degrees of deformity is a critical point beyond that the surgeon must perform
an MCL release. Without releasing of MCL during High Tibial Osteotomy (HTO), an increased tension in this ligament makes a greater
force in medial condyle after the surgery.
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Introduction in greater numbers (4) which leads to greater varus deformity,

resulting in a greater force exerted on the medial compartment and

In the case of a varus knee, the medial condyle tolerates greater accelerating its degeneration (7). In order to determine forces

amounts of force compared with the lateral condyle (1-3). In  exerted on the different structures of the knee joint, the complex

addition, in the single-support phase of a gait cycle, the load is
concentrated on the medial condyle in a varus-aligned knee. This
additional pressure can cause an articular cartilage damage and
eventually osteoarthritis (OA) (4). It is shown that rate of articular
cartilage loss and subsequent arthritis, are directly related to the
peak adduction moment of the knee throughout of the stance phase
of agait cycle (5, 6). Moreover, it has been demonstrated that people
with a varus knee have a higher degree of flexion during walking,
resulting in greater tension in the quadriceps (for resistance against
knee moment flexion), and subsequent higher joint force (7). Knee
OA is often unicompartmental and affects the medial compartment

finite element models have been used in the previous studies (8-4).
However, these models have some limitations for example the exact
modeling depends on the knee geometry inside the body. Due to
the variations of force caused by unique individual geometries of
patient's bodies, medical imaging techniques such as MRI and CT
have been used to incorporate patient-specific geometry into
studies (10, 12-19).

Yang et al. (20) have created a three-dimensional finite
element model of the knee joint based on MRI to investigate the
effect of the frontal plane tibiofemoral angle on the stress and
strain distribution at the knee cartilage. Their findings showed
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that in the presence of the varus deformity, the compression in the
medial compartment of the knee was greater compared to those
with normal and valgus alignment. They suggested that subjects
with varus deformity may be more susceptible to medial
compartment OA. Agneskirchner et al. measured the impact of
valgus opening wedge high tibial osteotomy (HTO) and different
loading alignment on joint contact pressures in vitro (21). The
procedure was carried out with and without the dissection of
medial collateral ligament (MCL). When the MCL was released,
the pressure distribution was 1.4 MPa and 2.2 MPa in the medial
and lateral compartments, respectively. They also reported the
alignment which applies the greatest load to the medial
compartment was the varus knee and showed that decompressive
effect of HT'O only occurred by MCL release. Gausbeek et al. (22)
concluded that HTO not only leads to tightening in the MCL, but
also has some influences on patellar height. Schmitz and Piovesan
developed a knee model consisted of a six degrees of freedom
(DOFs) of tibiofemoral joint, and a one DOF of patellofemoral
joint used in their study. This model was created in the OpenSim
(Schmitz and Piovesan’s model) (23) and is freely available online
at OpenSim webpage (24). Schmitz and Piovesan’s model
included eighteen ligament bundles as well as tibiofemoral
contacts. It is an open source, discrete element model of the knee
where the rigid body dynamics and soft tissue loads can be solved
at the same time in a co-simulation framework in order to couple
the musculoskeletal dynamics and tissue mechanics. This model
shows that computational method selection and the accurate
acquisition of all knee DOFs are important in evaluating the loads
of the soft tissue.

The aim of the present study was to predict the results of a HTO
surgery on the medial condylar forces of a simulated patient with
varus knee, to determine whether the osteotomy improves the
conditions. It is possible to increase the pressure on the medial
condyle after the osteotomy as a result of the superficial MCL
stretching causing an increased rate of arthritis progression. We
tried to find a threshold as a “critical correction angle” in which
deformity correction after HTO surgery, without MCL release,
leads to an increased medial compartment pressure due to ligament
tightening. This problem was studied through modeling the gait of
a single subject by using the OpenSim software.

It should be pointed out that, although in the methodology of
this study, patient's modeling based on changing the muscles
insertion point of a healthy subject using the coding environment
of OpenSim was considered as an approximation, the results have
not been validated as of now. In most of the previous studies, at first,
approaches like statistical shape modeling (25,26) or tools like
Mimics (27) have been utilized to build the 3-dimensional bone

geometry of a specific subject based on the MRI of his/her lower
body (28). Then, the bones have been grouped and muscles have
been modeled using Meshlab (29) and NMS-builder (30,31),
respectively. NMS-builder is an open-source software application
to process
musculoskeletal models for OpenSim. The subject-specific

biomedical data and create subject-specific
geometry OpenSim model can be used to analyze motion capture
data of a patient by simulating the gait and testing the
consequences of altered geometry by the surgical intervention.
The effectiveness of the surgery on the patient’s gait functionality
and knee condylar force can be assessed using forward dynamics
provided in the OpenSim. Therefore, further studies are needed
to validate the outcomes of the current approximated
methodology. Hence, the reader should exercise caution and not
generalize these results till subject-specific geometry and larger
sample size study are used.

Methods and Materials

A healthy 25-year-old male (175 cm height and 60 kg weight)
without a varus or valgus knee deformity (thoroughly was
inspected by a knee specialist) participated in this study. He
signed the consent form before attending the test session. This
study has been officially approved by the ethics committee of
Tehran University. The following steps have been conducted to
generate an OpenSim model based on Schmitz and Piovesan’s
model used in this study:

1. The kinematic data during gait was collected by placement of
41 retroreflective markers on the participant’s body landmarks.
Two markers were placed on the right and left anterior superior
iliac spines (ASIS) and one marker on the sacrum (L4-L5). Four
other markers were placed on the following locations of the
particular limb under consideration: greater trochanter, directly
lateral to the estimated average axis of rotation of the knee joint,
lateral malleolus, space between the second and third metatarsal
heads, mid-thigh, and another on the mid-shank) as same as used
by Schmitz and Piovesan (24) at sample rates of 120 Hz to find
joint angles. Then, markers data was filtered after gap-filling
(estimating of missed markers trajectories) using the Butterworth
low pass filter with cut off frequency of 6 Hz. Ground reaction
force data was also collected during gait by using two Kistler force
plates of type 9287 synchronized with the motion capture system
(sample rates of 120 Hz).

2. These kinematics (markers trajectories) and kinetics (ground
reaction forces) data were used for running the OpenSim model.
At first, in order to record the static calibration data of the
person, he is asked to stand on the force plate motionless for 30
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Figure 1.The photograph of walk way layout showing marker

seconds. The gait test was consisted of 5 trials with 10 seconds
walking. The subject's weight and height were recorded during
the static calibration and marker data were applied on the
OpenSim model using the scaling approach provided in the
OpenSim. Marker-based scaling in the OpenSim included a
linear resizing of the bones of a generic model (in the Schmitz
and Piovesan’s model) based on the weight, height, and
coordination of markers in a specific subject. The shape of
bones did not change during the scaling procedure.

3. Figure 1 shows the subject with markers placed on his body.
4. Furthermore, MotoNMS software was used to transform
the recorded Vicon format of marker position data “csv” to a
“trc” format file and force plate data to a “mot” format file to
be prepared for the OpenSim modeling. Using inverse
kinematics, the joints angles related to the subject were
extracted. Then, by using the Reduce Residuals Algorithm
(RRA), kinetic and kinematic data was prepared as an input for
the next step in which the muscle forces were calculated by
applying the Computed Muscle Control (CMC) approach.
Using CMC, muscle activation data and ligaments forces on
condyles during gait were provided. CMC performed this
(activation estimation) by using a combination of proportional-
derivative (PD) control and static optimization (32, 33). The
aforementioned steps were conducted on data collected from a
healthy participant. The next step was calculating the
kinematics and kinetics of a patient who did HTO. In the
present study, instead of using imaging data of a real HTO
patient, we numerically altered insertion points to simulate the
HTO surgical intervention with different degree of varus
deformity in the Schmitz and Piovesan’s model (23, 24).

Figure 2. Medial opening wedge HTO of the knee joint for a varus
patient (34)

The model developed by Schmitz and Piovesan, using the
discrete element method embedded in the OpenSim model,
provides the user with the ability to obtain force at the level of
the condyles. After analyzing the gait of the healthy person
mentioned in the model, because we could not change the
geometric structure of the bone in this model, we changed the
insertion point of the muscles so that the effect of the operation
was simulated with the different medial proximal tibial angles
and under each defined scenario for each angle, the gait test
was run again. In this way, the results of model with the various
surgical conditions were compared with the healthy subject.

In order to analyze the effect of HTO on the condylar forces
of the knee joint, it is necessary to study how the HTO affects
the tibia, muscles, ligaments, and tendons of the knee. In the
healthy participant, none of the ligaments or tendons were
removed, and only the geometry of the tibia was changed. As
the focus of this research was on contact and ligament forces,
the only geometric parameters were the origins and insertion
points of the muscles, tendons, and ligaments on the tibia.
Some of the insertions may change after the HTO surgery,
therefore, the new coordinates of these insertions must be
found. Figure 2 shows medial opening wedge HTO surgery of
the knee joint model of a varus patient.

The cutting plane is defined according to the widely
accepted surgical technique and in order to achieve correction,
the proximal section of the tibia was fixed, and the distal
section was rotated about the lateral cortex (24). Insertion
points which are inferior to the cutting plane were rotated
within the Schmitz and Piovesan’s model; therefore, the
corresponding model of each deformity was produced in
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Figure 3. Comparing the OpenSim simulation results (green line) to EMG data reported by literature (red line) for A) Gluteus Maximus
(GM), B) Rectus Femoris (RF) and C) Vastus Lateralis (VL) muscles, for a gait cycle

OpenSim. By modifying the connecting points of the muscle,
tendon, and ligament affected by the osteotomy, different
scenarios with varus deformities were simulated. These
scenarios included changes of Medial Proximal Tibial Angle
(MPTA) from 74 to 80 degrees corresponding to deformities
of 16 to 10 degrees, respectively. These scenarios have been
considered in advice of an orthopedic surgeon from Imam
Hossein Hospital at Tehran, Iran. In the model, new
connective points have been defined for each scenario, and
each scenario model with different degrees of varus deformity
was produced in the OpenSim. Additionally, due to the model
deformity, the length of the ligaments whose insertion points
lie on either side of the osteotomy plane changed. The extent
of deformity correction determines the change in length of
these ligaments post operatively. The change in the length of
these ligaments is equal to the width of the tibia plateau in the
Anterior-Posterior (AP) view at the deformity correction

angle. The variation in the length obtained in varus patients
has been subtracted from the initial length of the MCL
ligaments to reproduce the initial state of patients.

Previous studies have utilized a two-dimensional inverse
kinematic and kinetic approach from gait data obtained from
patient populations to determine the internal kinetics
structures of the knee joint soft tissue (35-37). Changing the
position of muscle insertion points to simulate varus scenarios
with various degrees of deformities can change the force in the
muscles connected to the tibia. This can result in the change of
the contact pressure exerted on the condyles which itself is
comprised of forces exerted by the muscles, ligaments, and
tendons as well as the force transfer through the joint. Using
distinct degrees of deformity and post-operative conditions to
simulate scenarios, the force applied to the medial condyle and
the force created in the LCL can be compared in pre and post-
operative conditions. In the stance phase, due to the
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Figure 4. Forces exerted in the medial condyle for different varus scenarios with various deformities
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Figure 5. Lateral collateral ligament (LCL) force for different varus scenarios with various deformities

application of ground force, femoral and tibial condyles are
expected to bear a greater amount of load and that is why the
focus of this paper was on the stance phase. In this study,
additionally, the activity of the Gluteus Maximus, Rectus
Femoris, and Vastus Lateralis muscles, obtained from EMG
data reported in the literature, were compared with muscles
activation results obtained from simulation in the OpenSim
software, for verification purposes.

The Rectus Femoris muscle originates on the anterior
inferior iliac spine and is inserted on the tibial tuberosity via the
quadriceps tendon, patella, and patellar ligament which
produces the extension of the knee (38). Since HTO causes a
rotation in the tibia distal region, the Rectus Femoris muscle
remains constant relative to the femur, and the only part which
changes is the distance between the patella and the tibial
tuberosity (39). In some types of HTO like Z-osteotomy, tibial
tuberosity is more proximal than the cutting plane, since the

forces exerted by the quadriceps muscle and the direction of
action are constant in the patella ligaments; so, the knee flexion
rate for patients before and after surgery is constant (40). In
other types of HTO, the cutting plane is more proximal than the
tibial tuberosity and causes its displacement. In these surgeries,
the maximum opening of the cortex is about 15 mm (40).

To study the exerted force on the medial condyles during
the gait cycle, the force tolerated by the collateral ligaments
must also be examined. In a varus deformity, the majority of
the force exerted on the knee joint is tolerated by the medial
condyle of the knee and the LCL. In a normal gait cycle, the
compressive force exerted on the medial or lateral condyles of
the knee and the tensile force present in the collateral ligaments
are in equilibrium. In this research, the medial condyle and
LCL forces are investigated in the presence of the varus
deformity and based on the geometry of the knee; these are
expected to increase at greater degrees of deformity.
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Figure 6. Popliteofibular ligament (PFL) force for different varus scenarios with various deformities
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Figure 7. Root-mean-square of the forces exerted in the medial condyle for different varus scenarios with various deformities

Results and Discussion

The results of comparison of Gluteus Maximus, Rectus Femoris,
and Vastus Lateralis activity obtained from simulation
(OpenSim) with these muscles activity obtained from EMG data,
which were reported in the literature (41-45) indicated a good
agreement as shown in Figure 3.

Forces exerted in the medial condyle (Figure 4) and force of
LCL (Figure 5) and PFL (Figure 6) were predicted during a gait
cycle for different varus scenarios with various deformities. It is
important to note that all 3 forces (ligaments and condylar
forces) which lead to equilibrium in the knee for the varus
patient must be consider together, in order to be able to
successfully analyze the knee. As shown in Figure 4, the
maximum force in the medial condyle corresponding to heel
contact and foot flat part of the gait cycle (10%) for patients with
a MPTA of 74 and 76 degrees (corresponding to deformities of
16 and 14 degrees, respectively) is lower than a healthy person.
After surgery, this force was increased. The reason was the

change in the length of the MCL while simulating varus patients
with various deformities. Vertical force in the medial condyle
after correction decreased for a scenario with an MPTA of 78
degrees, but increased for the scenario with an MPTA of 76
degrees. The minimum amount of force tolerated in the medial
condyle and LCL occurred at an MPTA between 78 and 76
degrees, that after corrective osteotomy, the force on the medial
condyle increased due to the stretching of MCL. The difference
in the exerted pressure on the medial condyle in the scenario
with a 76 degree deformity was less than that of a deformity with
74 degrees as compared with the healthy subject. In order to
remove the noise from the OpenSim output, the “sgolyfilt”
function in MATLAB (Mathworks, Inc., Natick, MA, USA) was
utilized.

The results showed that the pressure on the medial condyle and
the tension in the LCL was decreased in the 78 and 80 degrees of
deformity. It is reported that beyond the aforementioned degrees of
deformity, the femoral condyle comes into contact with the
eminence of the tibia. This may explain the reduction of vertical
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force in the medial condyle in these degrees. In addition, this
finding was further supported by an increase in the shear force
reported by OpenSim. This may be caused due to not modeling the
joint capsule ligament in this simulation. As shown in Figure 4, an
MPTA of 76 degrees of deformity had the lowest peak force in
medial compartment as well as tension in the LCL and PFL. The
greatest amount of increase in these forces occurred when it is
brought to normal conditions (post osteotomy). On the other hand,
by calculating the root-mean-square (RMS) of the force exerted
onto the medial condyle in all deformities compared to this value in
a normal person, a scenario with an MPTA of 78 and 76 degrees
had the highest levels compared with a normal subject, as shown in
Figure 7. According to the Figure 4, the force exerted on the medial
condyle in a scenario with a deformity of 78 degrees had the highest
levels compared to this value in the normal subject and when this
scenario is brought to normal conditions (post osteotomy), a lower
force was exerted on the medial compartment. As a result, the most
critical situation occurs in a scenario with an MPTA of 76 degrees
and the surgeon for osteotomy should release the MCL in a scenario
with an MPTA greater than 76 degrees for the subject studied in the
present research.

Conclusion

In this study, after thorough investigation of the pressure in the
medial side of the knee and tension in the LCL and PFL in a
simulated subject, a scenario with a 76 degree MPTA
corresponding to 14 degrees of deformity was found to be a critical
point beyond that the surgeon must perform an MCL release. It was
shown if a surgeon chooses not to perform the MCL release, an
increased tension in the MCL may lead to an even greater pressure

in the medial condyle after the medial high tibial osteotomy.

Limitations

The movements and degrees of freedom of the knee joint are a
function of ligaments, tendons, and joint capsules which help to
control the medio-lateral motion of the knee joint. In reality,
therefore, the contact of the femoral condyles with the eminence of
the tibia rarely happens. However, in this simulation, due to not
modelling the articular capsule, we expected that vertical force was
dropped in the medial condyle for some deformities; which is due
to the collision of the femoral condyles with the eminence of the
tibia. Additional studies are required to confirm this hypothesis. It
should be pointed out that in order to correct the force direction of
the knee joint, it was assumed that after the osteotomy, the force
passes through the center of the knee joint. In order to exert the
tightening of the MCL after osteotomy, its initial length was

simulated in different scenarios with various deformities. In the
other word, in order to compare the force on the medial condyle for
different deformities, the tightening of the MCL after osteotomy in
scenarios with various deformities were simulated in the form of the
correction of the length of the MCL before osteotomy. Since the
purpose of this study was to find the limit of increasing the force on
the medial condyle in correcting various deformities, comparison
of force in different deformities was important. Change in the initial
length of the MCL before surgery may change the force of the
medial condyle compared with the actual patient. However, when
comparing the force applied to the medial condyle, it does not make
a mistake in various deformities.

An important limitation of the present study was using the
kinematic data of a healthy participant to simulate patient behavior
by changing the muscles insertion point. It is necessary to do this
process for real patients individually and experimentally, in order to
calculate the force on the medial condyle, based on their specific
geometry, the amount of muscle strength, and other influential
factors. Therefore, it is suggested that future studies analyze
experimentally captured patients gait data to obtain more accurate
results.
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