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Abstract

Objectives: Malalignment of the lower limb, such as varus deformity, can impair function by altering
joint biomechanics and gait. However, the effect of the center of rotation of angulation (CORA) location
on joint mechanics in varus deformity remains unclear.

Methods: This study proposed an approach to enhance the accuracy and efficiency of joint kinetics and kinematics
estimation during gait by incorporating precise CORA positioning along the femur. Simulations were performed using
inverse kinematics and dynamics for a 10° varus deformity. The deformities were modeled with CORA located at
fractions ranging from 1/6 to 5/6 of femoral length (measured from the hip to the knee joint), and were compared
with a baseline representing normal lower-limb alignment.

Results: The findings indicated that varus deformity had a minimal effect on the subtalar angle but substantially
altered the subtalar moment during stance. CORA placement near the hip joint increased both ankle plantar-
/dorsiflexion and knee flexion/extension angles. Proximal CORA positioning also influenced joint reaction forces,
producing higher forces at the ankle and reduced forces at the hip. While hip abduction/adduction moments showed
only minor changes, hip rotation moments varied considerably across CORA locations, particularly during stance.

Conclusion: Incorporating CORA into deformity modeling enables more accurate simulation of pathological
alignment, providing detailed insights into joint kinetics and kinematics. Such information can help surgeons better
understand patient-specific conditions and develop more precise surgical plans.

Level of evidence: V
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Introduction

P athological genu varus is defined as a condition in
which the mechanical axis angle of the lower limb

exceeds 1.3°. The mechanical axis angle is measured
as the angle between a line drawn from the femoral head
center to the intercondylar notch center of the femur and a
line drawn from the talar center of the ankle to the
midpoint of the tibial spine tips.! Genu varus may result
from deformities of the femur, tibia, or joint line, which can
be identified by measuring the mechanical lateral distal
femoral angle (MLDFA), the mechanical medial proximal

tibial angle (MMPTA), and the joint line convergence angle
(JLCA).23 This malalignment increases loading on the
medial compartment of the knee during gait and may lead
to progressive structural damage, such as knee
osteoarthritis, affecting more than 12% of adults.®
Consequently, orthopedic surgeons are particularly
interested in evaluating the kinematics and kinetics of
lower-extremity joints during locomotion.6” However,
static imaging techniques, such as computed tomography
(CT), are insufficient for assessing varus deformities, as
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they fail to account for primary and secondary gait
deviations.? Therefore, three-dimensional gait analysis is
recommended for preoperative planning to accurately
characterize and manage these abnormalities.

Previous studies have demonstrated that varus deformity
can lead to abnormal gait patterns.®1? The literature
indicates that even a 10° varus deformity can substantially
increase peak contact forces during walking.2 In addition,
secondary gait deviations—including medial weight shift at
the foot, ipsilateral trunk lean, and toe-out—have been
observed in patients with varus deformities.!* To address
these issues, recent studies have incorporated patient-
specific musculoskeletal models to account for bone
deformities.1213 Although these models provide accurate
estimations of joint forces, they are often time-consuming
and costly. Alternatively, semi-personalized approaches
have been proposed, in which generic models are adapted
to replicate the patient’s deformity.!* However, it remains
unclear how variations in the anatomical origin of varus
deformity influence joint biomechanics.

This study aimed to develop a method for improving the
accuracy of joint kinetics and kinematics estimation during
gait in adolescents with varus deformity by precisely
identifying the center of rotation of angulation (CORA). The
CORA defines the origin of the deformity and represents the
center of the excessive hinge in the bone, which can lead to
malalignment of the mechanical or anatomical axes. To
restore normal bone anatomy, performing an osteotomy at
the CORA location is considered the optimal choice, as it
ensures proper alignment and minimizes bony mismatch;
in contrast, selecting a different origin may create an
additional hinge.!5 Precise CORA positioning also influences
muscle paths and force directions. In this study, we
investigated how variations in CORA location affect the
kinematics and moments of the pelvis, hip, knee, and ankle
joints. Specifically, gait kinematics and dynamics were
analyzed in a patient with a 10° varus deformity. The
deformity was modeled with CORA positions ranging from
1/6 to 5/6 of femoral length, measured from the hip to the
knee joint. For comparison, a normally aligned lower limb
musculoskeletal model (without deformity) was also
analyzed. Joint angles and moments were estimated using
inverse kinematics and inverse dynamics, respectively.
Muscle activations and joint reaction forces (JRFs) were
determined through static optimization and the Analyze
tool in OpenSim. An open-source varus-valgus tool, an
open-source musculoskeletal model, and the OpenSim
software platform were employed to conduct the
simulations.!416

Materials and Methods
Musculoskeletal Models

To construct the neuromusculoskeletal model, we
employed the OpenSim 2392 full-body musculoskeletal
model.1¢ This model comprises 92 muscle-tendon actuators,
representing 76 muscles of the lower limbs and torso. It
features 23 degrees of freedom (DOF), including: 3 DOF at
each hip joint (flexion/extension, internal/external rotation,
and abduction/adduction); 1 DOF at each knee joint
(flexion/extension); 1 DOF at each ankle joint
(plantarflexion/dorsiflexion); 1 DOF at the
metatarsophalangeal joint; 1 DOF at the subtalar joint
(inversion/eversion); 6 DOF at the ground-pelvis joint (3
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translational and three rotational); and three rotational DOF
between the pelvis and torso.!”

In this study, we employed the OpenSim 2392 gait dataset
for musculoskeletal modeling. This model was chosen
because it provides a well-established benchmark
representing a healthy individual. The dataset included
complete motion data from a 31-year-old male subject (72.6
kg, 180 cm), along with scaling factors, motion-capture
trajectories, and ground reaction forces recorded during
walking.

Variations of deformities

The 2392 musculoskeletal model was modified to simulate
varus deformity at different origins along the femur [Figure
1]. Six deformed models were generated from the baseline
(normal) model, each with a distinct CORA. All deformed
models incorporated a 10° femoral varus deformity, with
CORA positions ranging from 1/6 to 5/6 of the total femoral
length (ie, 1/6, 2/6, 3/6, 4/6, and 5/6). To ensure
consistency, all CORA ratios were defined relative to the
distal joint (knee).

We developed a semi-personalized musculoskeletal model
that incorporated patient-specific anthropometric data,
including height, weight, body segment parameters, and
femoral varus abnormalities, such as deformity magnitude
(based on MLDFA) and deformity origin (based on CORA
positioning). To introduce femoral varus deformity, we used
a varus-valgus tool.* In its original version, the user was
required to manually define the CORA to generate the
deformity. We modified the tool to improve both
convenience and accuracy in determining CORA location.
Specifically, we defined CORA positioning as the ratio of the
distance from the CORA to the distal joint relative to the total
length of the femur. For femoral deformity modeling, the
foot, ankle joint, tibia, fibula, and knee joint were rotated by
the full deformity angle (MLDFA) in the coronal plane.
Subsequently, the femur was deformed according to the
defined CORA, and the corresponding muscle attachments
were adjusted to reflect the altered bone geometry.18

Gait Dynamics Simulations

The processing pipeline for analyzing both the baseline
and deformed models (including five varus configurations)
consisted of scaling, inverse kinematics, inverse dynamics,
static optimization, and joint reaction force analysis. All
procedures were implemented in OpenSim 4.2, and
simulation results were time-normalized to 100% of the
gait cycle.

During the scaling step, both segment lengths and mass
properties (mass and inertia tensor) were adjusted using a
measurement-based scaling method. This approach
determines scale factors for each body segment by
comparing distances between predefined model markers
and their corresponding experimental marker locations.
The 2392 musculoskeletal model contains predefined
markers, and the Plug-in-Gait marker set employed in the
gait analysis is compatible with this model.

Inverse kinematics was used to estimate joint angles from
experimental walking data, without accounting for the
forces or moments that drive the motion. A scaled subject-
specific model and experimental gait data were used. At
each time step of the recorded motion, the optimal joint
angles that best reproduced the experimental kinematics
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were computed. These angles were determined by solving
a weighted least-squares optimization problem that
minimized marker error, defined as the distance between
experimental markers and their corresponding model
markers.16

Net joint moments were calculated using the inverse
dynamics method. This procedure incorporated the
model’s joint angles, angular velocities, and angular
accelerations, along with experimental ground reaction

J

Magnitude of MLDFA

I
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forces and moments, to estimate the net joint moments.
The equations of motion were solved iteratively based on
the kinematic description and mass properties of the
musculoskeletal model. Net reaction forces and moments
at each joint were obtained by enforcing dynamic
equilibrium and applying appropriate boundary
conditions, including fixed supports, prescribed motions,
and external loads.!?

Location of CORA

6 deformed models

J

Generic 2392 model

:

Maker data

OpenSim Scaling tool

Semi-personalized model

J

Generic gait

:

Figure 1. A flowchart for the steps involved in creating a semi-personalized model for a patient with femoral varus deformity

Joint reaction forces (JRFs) were computed using the
Analyze tool in OpenSim through joint reaction analysis.20
These forces were used to satisfy joint constraints,
represent internal loading, and account for the combined
effect of all external and muscle forces acting on the model.
However, due to errors in motion data and limitations of
the musculoskeletal model, the calculated JRFs
occasionally violated Newton’s second law.2! To address
this issue, residual forces and moments were applied to the
pelvis segment of the model to ensure compliance with
Newton’s second law of motion.

Muscle moment arms were also calculated using the
Analyze tool in OpenSim. Average moment arms were
computed for both agonist and antagonist muscle groups,
with grouping based on the mean moment arm in each
anatomical plane across the gait cycle. Muscle moment
arms were then classified into six categories for hip
rotations (adductor/abductor, extensor/flexor, and

internal/external rotator), two categories for ankle
function (plantarflexor/dorsiflexor), and two categories
for knee function (flexor/extensor).

The next stage involved applying the static optimization
method to estimate muscle activations that reproduced the
observed segment positions, velocities, accelerations, and
external forces (e.g., ground reaction forces). Calculations
were performed independently at each time frame,
without integrating the equations of motion across time
steps.

We categorized the muscle data into functional groups
based on their anatomical roles during the gait cycle, and
applied this classification to both muscle activation and
muscle moment arm analysis. The hip flexors, which
include the iliopsoas, rectus femoris, sartorius, and tensor
fasciae latae, are responsible for hip flexion. The hip
extensors comprised the gluteus maximus,
semitendinosus, semimembranosus, biceps femoris (long
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head), and both heads of the adductor magnus, which
extend the hip. The hip abductors—gluteus medius,
gluteus minimus, and tensor fasciae latae—facilitate
movement of the leg away from the midline, whereas the
hip adductors—pectineus, adductor longus, gracilis,
adductor brevis, and both heads of the adductor magnus—
bring the leg toward the midline. The hip internal rotators
(tensor fasciae latae and gluteus minimus) rotate the hip
inward. In contrast, the external rotators (gluteus
maximus, sartorius, piriformis, gemellus superior,
obturator internus, obturator externus, and quadratus
femoris) perform the opposite action. At the knee, the
flexors consist of the semimembranosus, semitendinosus,
biceps femoris (both heads), gracilis, sartorius,
gastrocnemius, plantaris, and popliteus, which enable knee
flexion. The extensors included the rectus femoris, vastus
lateralis, vastus medialis, and vastus intermedius, which
extend the knee.

As recommended in previous studies, joint moments
were normalized to body mass, enabling more accurate
comparisons across individuals of different sizes.
Specifically, joint moments were divided by the
participant’s body mass and expressed as Newton-meters
per kilogram (N-m/kg). Joint contact forces were
normalized to body weight to account for inter-individual
variation in gravitational load. To compute the net load on
each joint, we calculated the vector sum of forces across the
sagittal, frontal, and transverse planes by summing the
squares of the respective force components. This approach
captures the combined multidirectional loading and
provides a comprehensive measure of joint loading.2?
Muscle activations were normalized to the peak activation.
Statistical analysis was performed using one-way ANOVAs
with Tukey’s post-hoc tests (p < 0.05) for both mean
muscle activations and moment arms. Additionally, linear
regression analyses were conducted for these variables
across all CORA locations (p < 0.05), and results were
presented graphically.

Validation

To validate our model, we used experimental data from
a 36-year-old male subject presenting with knee pain.
Radiographic assessment showed an MMPTA of 90° and
an MLDFA of 89° for the right leg, and an MMPTA of 84°
and an MLDFA of 91° for the left leg (extracted from X-ray
images).23,24 A semi-personalized model was created
based on the subject’'s bony abnormalities and
corresponding CORAs. Both generic and semi-
personalized models were analyzed. The models were
scaled and processed using the same inverse kinematics
setup, with equal weighting applied to markers and
coordinates. The mean errors of lower extremity markers
during inverse kinematics were then calculated for both
models.25

Results

During the gait cycle, joint angles and moments were
analyzed for different varus deformity alignment models
and compared with the generic model. The results
indicated that certain dynamic variables were influenced
by varus severity, whereas others remained unaffected
[Figures 2 and 3]. Hip and knee flexion/extension angles
were essentially unchanged. In contrast, the hip
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abduction/adduction angle increased significantly as the
CORA was positioned closer to the hip joint. Hip rotation
demonstrated a phase-dependent pattern, with greater
proximal CORA positioning resulting in increased rotation
during early stance, decreased rotation in late stance, and
increased rotation again during the swing phase. At the
ankle, plantar-/dorsiflexion decreased slightly, whereas
the subtalar angle increased with CORA placement closer
to the knee joint. Pelvic kinematics were also affected:
pelvic rotation (twisting around the vertical axis)
decreased moderately, while pelvic list (lateral pelvic
displacement) increased considerably with more proximal
CORA positioning. Pelvic tilt (anterior-posterior pelvic
rotation) increased during early stance, late stance, and
swing, but decreased during mid-stance as the CORA
moved proximally [Figure 2].

From a kinetics perspective [Figure 3], slight changes
were observed in pelvic tilt, hip flexion/extension, and
knee flexion/extension moments during the swing phase.
At the same time, these variables remained largely
unaffected in stance. With more proximal CORA
positioning, pelvic rotational moments decreased in early
stance and late stance/swing, and pelvic list moments
decreased moderately. In contrast, hip rotational moments
increased—slightly during stance and more substantially
during swing. Hip abduction/adduction moments,
however, were moderately reduced as the CORA was
positioned closer to the hip joint. At the ankle, plantar-
/dorsiflexion and subtalar moments were largely
unaffected during swing, but both exhibited alterations
during stance, with the subtalar moment showing
considerable changes.

Resultant hip, knee, and ankle joint reaction forces (JRFs)
were obtained for the different models [Figure 4]. CORA
positioning had a pronounced effect on hip JRF,
particularly at the first and second peaks of the stance
phase. Proximal CORA placement reduced hip JRF, while
producing a moderate increase in ankle contact force. In
contrast, knee JRF was largely unaffected, showing only
slight increases during the first peak of stance and during
swing as the CORA moved closer to the hip joint.

The average muscle activations and their standard
deviations for each functional muscle group were analyzed
across the gait cycle [Figure 5]. The gait cycle was divided
into stance and swing phases, each exhibiting distinct
patterns of muscle activity. Muscle activations were
normalized by dividing each value by the maximum
activation recorded across all muscles and trials, identified
during the stance phase. This normalization enabled
meaningful comparisons between muscle groups and
facilitated the interpretation of their relative contributions
to movement. Linear regression analysis revealed that
muscle group activations either decreased (hip abduction,
hip extension, hip internal rotation, and knee extension),
increased (hip external rotation, ankle dorsiflexion, and
ankle plantarflexion), or remained relatively unchanged
(knee flexion, hip flexion, and hip adduction) with more
proximal CORA positioning. The effect of CORA positioning
was strongest for hip abduction, hip extension, hip
internal/external rotation, and ankle dorsiflexion (R > 0.9),
and weakest for hip flexion, hip adduction, and ankle
plantarflexion (R < 0.5). Finally, statistical testing (one-way
ANOVA with Tukey’s post-hoc analysis) confirmed that
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differences between the deformed models and the baseline
condition were significant (p < 0.001).

Average moment arms of agonist and antagonist muscle
groups during the gait cycle were calculated and are
presented in [Figure 6]. To better illustrate differences
between values, moment arms were visualized on a
logarithmic scale. Linear regression analysis showed that
average moment arms decreased for hip flexion/extension,
hip external rotation, and ankle dorsiflexion, but increased
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for hip internal rotation, hip adduction, hip abduction,
ankle plantarflexion, and knee flexion with more proximal
CORA positioning. The influence of CORA positioning was
pronounced for nearly all reported moment arms (R > 0.9),
except knee extension (R < 0.5). Finally, differences
between the deformed models and the baseline condition
were statistically significant (p < 0.001, one-way ANOVA
with Tukey’s post-hoc analysis).
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Discussion

This study introduced a method to improve varus deformity
modeling by explicitly incorporating the precise location of
the CORA. We evaluated the effect of CORA positioning on
lower-limb biomechanics in femoral varus deformity using
musculoskeletal modeling and numerical simulations. The
analysis assessed how variation in the origin of the deformity
influences joint kinetics and kinematics. Inverse kinematics,
inverse dynamics, and static optimization were employed to
compute joint angles, net joint moments, muscle activations,
joint reaction forces, and muscle moment arms. The primary
focus was on comparing simulations across different levels of
femoral varus deformity rather than on subject-specific joint
load predictions. Finally, the approach was validated with
experimental data. The semi-personalized model
substantially reduced marker error in inverse kinematic
analysis, highlighting the effectiveness of the proposed
method for individuals with femoral varus deformity.

The primary contribution of this work is the assessment of
how variations in femoral varus origin influence joint
kinematics. We found that changes in CORA positioning
significantly affected pelvic and hip kinematics as well as
pelvic, hip, and subtalar kinetics. Specifically, pelvic list,
pelvic tilt, ankle plantar-/dorsiflexion, and knee
flexion/extension angles increased as the CORA was
positioned more proximally on the femur. Rotational
alterations in the femur due to varus deformity were
compensated mainly by hip abduction/adduction and pelvic
list, reflecting the knee’s limited degrees of freedom in
abduction/adduction [Figure 2]. In contrast, subtalar, hip
abduction/adduction, and pelvic internal /external rotational
angles decreased with more proximal CORA positioning. Hip
internal/external rotation increased during early stance and
swing, but decreased in late stance, when the CORA was
located closer to the hip joint.

From a kinetic perspective, as the CORA shifts proximally
toward the hip joint, pelviclist, hip adduction/abduction, and
subtalar moments decrease in magnitude; however, all
deformity models still demonstrate higher values compared
to baseline. Pelvic internal/external rotation, ankle plantar-
/dorsiflexion, and hip internal/external rotation exhibit
lower peak values with more distal CORA locations;
nevertheless, these values remain below baseline,
particularly during late stance. Proximal CORA positioning
results in increased ankle contact force and reduced hip
contact force, as the longer knee moment arm associated
with a proximal CORA alters the load distribution. Knee
contact forces show only minor variations, which can be
attributed to the one-degree-of-freedom (1DOF) definition of
the knee joint. Most muscle activation patterns are largely
unaffected; however, reductions are observed in hip
abduction, hip extension, hip internal rotation, and knee
extension, while increases occur in hip external rotation and
ankle plantar flexion for varus deformities with a proximal
CORA. Muscle moment arms generally show minimal
significant changes. Specifically, hip abductor moment arms
increase with proximal CORA, hip extensor moment arms
decrease, hip internal rotators demonstrate larger moment
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arms, and hip external rotators decrease when the CORA is
located close to the hip joint.

The credibility of our results is supported by three factors:
(i) the use of a previously validated musculoskeletal model,
(ii) the implementation of an open-source varus-valgus
tool, 1416 and (iii) comparisons with earlier studies reporting
joint kinetics and kinematics in adolescents with varus
deformity.??¢ The overall trends observed in the inverse
kinematics (joint angles) and inverse dynamics (joint
moments) of patients with varus deformity compared with
normally aligned lower limbs were consistent with these
previous findings. For methodological validation, paired
landmark errors during inverse kinematics were calculated
for a patient with a 6° femoral varus deformity using both a
generic and a semi-personalized model. The boxplots of
these landmark errors are presented in [Figure 7]. Error
magnitudes were consistently reduced across all landmarks
when employing the semi-personalized model compared
with the generic model. Consequently, subsequent
analyses—such as inverse dynamics and muscle
optimization—are also expected to benefit from this
reduction. Our findings demonstrate the effectiveness of the
proposed approach and align with recent reports. Tabeiy et
al.* similarly showed that a semi-personalized method
significantly decreases marker errors in inverse kinematics
for patients with tibial varus deformity.

In musculoskeletal analysis, the use of generic models with
a normal mechanical lateral distal femoral angle (MLDFA) of
90° may result in imprecise outcomes and potential clinical
misinterpretation when evaluating patients with varus
deformity.2327 This limitation arises because the origin of
varus deformity is difficult to model and investigate without
a definition based on the center of rotation of angulation
(CORA). To address this issue, patient-specific models have
been developed; however, these approaches are often time-
consuming and costly. 132829 As an alternative, we modified
the varus-valgus tool to incorporate varus deformity into
generic models using CORA positioning, thereby enabling
more accurate representation of subjects with varus
deformity.* The CORA location can be readily determined
from patient geometry using either two-dimensional (2D) or
three-dimensional (3D) imaging techniques.3° Incorporating
CORA into musculoskeletal modeling provides deeper
insight into joint biomechanics (kinetics and kinematics) in
three dimensions3! and reveals the specific ways in which
varus deformity can impair movement. Such information can
support surgeons in designing more precise treatment
strategies and in reducing the risk of adverse outcomes,
including joint line obliquity, nonunion, and prolonged
recovery.32

Acknowledging the limitations of the present study, future
work will employ forward muscle-driven models, rather
than the inverse kinematics and dynamics approaches used
here, as forward simulations are expected to yield more
precise estimations of joint kinematics and Kinetics.33 The
influence of CORA positioning on the tibia will also be
investigated, since varus deformity may originate from either
the tibia or the femur, and accounting for tibial CORA will
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provide a more comprehensive understanding of its
biomechanical effects.!5 In addition, a more complex muscle-
driven musculoskeletal model with greater joint degrees of
freedom will be implemented, as the single degree-of-

EFFECTS OF CORA LOCATION ON VARUS KNEE JOINT MECHANICS

freedom assumption for the knee represents a notable
simplification.3334 Finally, the results will be validated more
rigorously using experimental data from patients with varus
deformity.

Landmark Errors During IK for Generic & Personalized Model
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Figure 7. Boxplot to describe the distribution of the errors between experimental data and inverse kinematics for both generic model (red) and semi-
personalized model (light blue). LANK/RANK: Left/Right ankle joint, LASI/RASI: Left/Right anterior superior iliac spine, LHEE/RHEE: Left/Right heel,
LTIB/RTIB: Left/Right tibia, and LTOE/RTOE: Left/Right big toe are lower limb landmarks (markers)

Conclusion

This study presents a computational modeling approach
that incorporates precise CORA positioning to improve the
estimation of joint biomechanics. Simulations with varying
CORA positions demonstrated that the origin of varus
deformity primarily influences ankle, pelvic, and hip
kinematics, as well as ankle, hip, and subtalar kinetics. The
primary surgical objective is to restore normal loading
conditions, and the use of semi-personalized models can
enhance the accuracy of these estimations, thereby
supporting preoperative planning. Nevertheless, more
advanced modeling—such as subject-specific approaches
with additional joint degrees of freedom—is required to
validate the clinical implications of these findings.
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