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The Influence of Component
Alignment and Ligament
Properties on Tibiofemoral
Contact Forces in Total Knee
Replacement

The study objective was to investigate the influence of coronal plane alignment and liga-
ment properties on total knee replacement (TKR) contact loads during walking. We cre-
ated a subject-specific knee model of an 83-year-old male who had an instrumented TKR.
The knee model was incorporated into a lower extremity musculoskeletal model and
included deformable contact, ligamentous structures, and six degrees-of-freedom (DOF)
tibiofemoral and patellofemoral joints. A novel numerical optimization technique was
used to simultaneously predict muscle forces, secondary knee kinematics, ligament
forces, and joint contact pressures from standard gait analysis data collected on the sub-
Jject. The nominal knee model predictions of medial, lateral, and total contact forces dur-
ing gait agreed well with TKR measures, with root-mean-square (rms) errors of 0.23,
0.22, and 0.33 body weight (BW), respectively. Coronal plane component alignment did
not affect total knee contact loads, but did alter the medial-lateral load distribution, with
4deg varus and 4 deg valgus rotations in component alignment inducing +17% and
—23% changes in the first peak medial tibiofemoral contact forces, respectively. A Monte
Carlo analysis showed that uncertainties in ligament stiffness and reference strains
induce *=0.2 BW uncertainty in tibiofemoral force estimates over the gait cycle. Ligament
properties had substantial influence on the TKR load distributions, with the medial collat-
eral ligament and iliotibial band (ITB) properties having the largest effects on medial
and lateral compartment loading, respectively. The computational framework provides a
viable approach for virtually designing TKR components, considering parametric uncer-
tainty and predicting the effects of joint alignment and soft tissue balancing procedures
on TKR function during movement. [DOI: 10.1115/1.4032464]

Introduction

Component alignment and soft tissue balance can affect the
function and longevity of total knee replacements (TKR). Exces-
sive varus and valgus malalignments are associated with substan-
tially higher rates of failure [1]. Further, clinical studies have
linked soft tissue imbalances with instability and long-term fail-
ures of the joint [2—12]. Soft tissue balance is highly dependent on
ligament tensioning achieved surgically, with changes in compo-
nent thickness and soft tissue releases employed to adjust ligament
tension and balance [13—17]. However, despite the clinical signifi-
cance, it remains challenging to assess the effects of component
alignment and ligament stiffness on the in vivo behavior of TKR
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during functional movement. Such information is important to
elucidate the underlying mechanical causes of joint failure.
Computational musculoskeletal modeling provides a powerful
platform to investigate the sensitivity of TKR behavior during
locomotor tasks, such as walking. In contrast to cadaveric experi-
ments, computational modeling can be used to comprehensively
assess parametric sensitivities of joint mechanics under functional
soft tissue and external loads. Thanks in part to the Grand Chal-
lenge Competition to Predict In Vivo Knee Loads initiated by
Fregly and colleagues [18], models used to predict TKR mechan-
ics have seen notable advances in sophistication and veracity in
recent years. Entries to the competition have employed various
modeling approaches including inverse optimization models [19],
finite-element analysis [20], electromyogram-driven simulations
[21], and dynamic simulations that couple movement and joint
mechanics [22-24]. However, modeling studies often do not sys-
tematically consider the influence that parametric uncertainty [25]
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can have on predictions of joint contact forces. Such uncertainty
analysis is particularly relevant to assessing ligament effects,
given that ligament constitutive properties cannot be measured on
a subject-specific basis and large variability exists across the pop-
ulation [26-31].

As part of the 2015 “Grand Challenge,” the objective of this
study was to investigate the influence of joint alignment and
uncertain ligament properties on TKR loading during walking. To
do this, we created a subject-specific knee model that included
deformable contact, ligamentous structures, and 6DOF tibiofe-
moral and patellofemoral joints. A novel numerical optimization
technique was employed to simultaneously predict muscle forces,
secondary knee kinematics, ligament forces, and joint contact
pressures from experimental gait analysis measures. Model pre-
dictions of tibiofemoral contact forces were compared to subject-
specific in vivo measurements obtained from an instrumented
joint replacement. We also used a Monte Carlo approach to assess
the effect of uncertainties in ligament stiffness and reference
strains on both ligament forces and tibiofemoral contact force
predictions.

Methods

Experimental Data. The subject of this study was an 83-year-
old male with an instrumented right TKR (mass=70kg and
height =172 cm). The experimental data were provided by the
sixth edition of the Grand Challenge Competition to Predict
In Vivo Knee Loads [32]. Whole body kinematics and ground
reaction forces were measured in a standard motion analysis labo-
ratory while the subject executed two modified styles of over-
ground gait: smooth and bouncy. The verbal instructions for each
walking pattern were to use a ‘“reduced (increased)
superior—inferior translation of the pelvis during the gait cycle,”
respectively [18]. Motion capture marker kinematics were col-
lected at 120 Hz and low-pass filtered with a cutoff frequency of 6
Hz, and ground reaction forces were collected at 1000 Hz and
low-pass filtered at a cutoff frequency of 50 Hz. Tibial plateau
contact loads were measured simultaneously with the other exper-
imental data by an instrumented tibial component. The measured
loads were decomposed into medial and lateral components using
an empirical regression equation [33].

Knee Model. A three-body knee model was developed using
the implanted component geometries and subject-specific bone
geometries segmented from computed tomography (CT) images
(Fig. 1). The tibiofemoral and patellofemoral joints were both
modeled as 6DOF with deformable contact. An elastic patellar
tendon (PT) and 11 elastic ligament bundles were included in the
model: anteriolateral and posteriomedial posterior cruciate liga-
ment (aPCL and pPCL), superficial and deep medial collateral lig-
ament (SMCL and dMCL), lateral collateral ligament (LCL),
popliteofibular ligament (PFL), posteriomedial capsule (pmCAP),
posterior capsule (CAP), iliotibial band (ITB) medial patellofe-
moral ligament (MPFL), and lateral patellofemoral ligament
(LPFL). The anterior cruciate ligament was not included in the
model because it was resected during the TKR surgery.

Ligaments were modeled as bundles of strands extending
between the origin and insertion attachment footprints. Ellipsoidal
wrap objects were included for the SsMCL, pmCAP, and LPFL
bundles to prevent penetration of the ligament path into the bone
and component geometries. A generic ligament force—strain rela-
tionship was used, which assumed the ligament force to be quad-
ratic at low strains and linear at high strains [34,35]. For each
ligament bundle, linear stiffness and reference strain parameters
were defined to scale the generic force—strain curve (Table 1). The
linear stiffness defined the slope of the force—strain curve and the
reference strain defined the strain of the ligament in a reference
posture (extended knee). Reference strains were then used to com-
pute the ligament slack lengths. Linear stiffness was estimated
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Fig. 1 The knee model used subject-specific bone and TKR
component geometry and included an extensible PT and 11 lig-
ament bundles. The knee model was integrated into a generic
lower extremity model which included 44 muscle-tendon units
acting about the hip, knee, and ankle. The coronal plane TKR
component alignment in the nominal model was set to match
the limb alignment measured for the subject in a standing
radiograph.

Table1 Ligament and PT properties assumed in the unblinded
nominal model. For each ligament, the stiffness was evenly
divided between the individual strands included in a bundle.
Reference strains reflect the strain assumed for the ligament
with the knee in a relaxed extended posture.

Stiffness (IV/strain) Reference strain

Name Nominal (95% CI) Nominal (95% CI) Number of strands
aPCL 5700 (2280 to 9120)  0.01 (—0.03 to 0.04) 10
pPCL 2400 (960 to 3840) —0.06 (—0.10 to —0.02) 10
sMCL 2200 (880 to 3520) 0.03 (—0.01 to 0.07) 20
dMCL 2800 (1120 to 4480)  0.03 (—0.01 to 0.07) 10
LCL 1800 (720 to 2880) 0.06 (0.02 to 0.10) 10
PFL 3000 (1200 to 4800) —0.01 (—0.05 to 0.03) 10
pmCAP 2000 (800 to 3200) 0.05 (0.01 to 0.09) 10
CAP 4000 (1600 to 6400)  0.08 (0.04 to 0.12) 8
ITB 4000 (1600 to 6400)  0.02 (—0.02 to 0.06) 1
PT 14,700 (5880 to 23,520) 0.02 (—0.02 to 0.06) 30
mPFL 1000 (400 to 1600)  —0.05 (—0.09 to —0.01) 15
IPFL 800 (320 to 1280) 0.01 (—0.03 to 0.05) 15

from ligament cross-sectional areas measured from an MRI of a
subject of similar stature and an assumed elastic modulus of
125 MPa [26]. Reference strains were adapted from the literature
[23,36,37]. Ligament attachment footprints on the bone mesh geo-
metries were estimated based on anatomical studies [38—52]. The
attachment points of individual strands were evenly distributed by
uniformly sampling B-spline surface representations of the attach-
ment footprints [53].

The articular surface geometries of the tibial, femoral, and
patellar components were represented as triangulated meshes
(10,000; 21,000; and 8000 triangles, respectively). We performed
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a set of simulations with increasing mesh densities to determine
the minimum number of triangles per mesh required to generate
converged contact force predictions. Joint contact surface pres-
sures (p) were calculated on each triangle based on the local sur-
face penetration depth according to the elastic foundation model
[54]

B (1=v)E d
P v — 2k

M
where E is the elastic modulus, v is the Poisson’s ratio, / is the
thickness of the tibial insert, and d is the penetration depth. The
femoral component was assumed to be rigid, and the polyethylene
tibial insert was assumed to have a uniform thickness of 9 mm and
exhibit linearly elastic material properties. The commonly
reported value for elastic modulus of polyethylene inserts
(E =463 MPa) [55] was reduced by a factor of 10 to improve the
numerical stability of contact in the gait simulations. The Pois-
son’s ratio was 0.46 [56]. Contacting regions between the articu-
lating surface meshes were determined using ray-casting
techniques in conjunction with hierarchical object orientated
bounding boxes [23].

Lower Extremity Musculoskeletal Model. The knee model
was integrated into a generic lower extremity musculoskeletal
model [57] which consisted of pelvis, thigh, shank, and foot seg-
ments. The hip was modeled as a 3DOF ball and socket joint and
the ankle as a 1DOF pin joint. The thigh and shank segments were
scaled such that the generic tibia and femur geometries matched
the subject-specific bones. All the remaining segments were
scaled to minimize the differences between anatomical landmarks
on the generic model and anatomical marker positions measured
with the subject in a static upright posture. The subject-specific
femur and tibia were manually aligned to the scaled generic
bones. The femoral and tibial components were placed such that
the limb alignment in the coronal plane matched the
hip—knee—ankle angle measured from a standing radiograph [58]
(Fig. 1). The patella was manually positioned relative to the femur
such that it matched the CT scans in the reference posture.

The generic model included 44 muscle—tendon units crossing
the hip, knee, and ankle joints [57]. Individual muscle forces (F)

Enhanced Static

were assumed to linearly scale with activation level (a), i.e.,
F=a-Fy, where F is the maximum isometric force for the muscle
(see Supplemental Information available under ‘“‘Supplemental
Data” tab for this paper on the ASME Digital Collection). The full
model was implemented in Software for Interactive Musculoskel-
etal Modeling (SIMM) [59] with the Dynamics Pipeline (Muscu-
lographics, Inc., Santa Rosa, CA) and SD/Fast (Parametric
Technology Corp., Needham, MA) used to generate the code
describing ligament wrapping and the multibody equations of
motion.

Gait Simulations. At each frame of the gait cycles, a global
optimization inverse kinematics routine determined pelvis transla-
tions, pelvis rotations, hip angles, knee flexion angle, and ankle
angle that minimized the sum of squared differences between
model marker locations and measured marker locations. During
inverse kinematics, the secondary tibiofemoral and all patellofe-
moral kinematics were constrained to be functions of the knee
flexion angle. These functions were determined by simulating pas-
sive knee flexion (0-70deg) using the subject-specific knee
model.

An enhanced static optimization (ESO) routine was then used
to simultaneously predict the muscle forces, secondary tibiofe-
moral and patellofemoral kinematics, ligament forces, and joint
contact pressures at each frame in the gait cycle (Fig. 2). The opti-
mization problem was formulated to solve for muscle activations
and secondary knee kinematics which minimized an objective
function (J) while satisfying overall dynamic constraints.

Nmuscles Nfaces

J= Z V,-a,-2+WZU,-
i=1 Jj=1

The objective function minimized the muscle volume (V)
weighted sum of squared muscle activations (@) [60] plus the net
knee joint contact energy. Contact energy (U) associated with
each face of a contact mesh was computed as the integral of its
force—deformation relationship (Eq. (1)). The net contact energy
was then obtained by summing energy over all faces of the articu-
lating surface meshes. In a sensitivity study, we found inclusion
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Fig. 2 A numerical optimization approach was used to simultaneously predict patellofemoral
kinematics, secondary tibiofemoral kinematics, and muscle forces that, together with the
induced ligament forces and contact pressures, generated the measured hip, knee, and ankle

accelerations at each time step of a gait cycle.

Muscle force distribution was determined by

minimizing an objective function that consisted of a sum of volume weighted squared muscle

activations and the knee joint contact energy.
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of the contact energy term reduced tibiofemoral contact loads,
particularly at the second loading peak of stance phase. The regu-
larization scale factor w was held constant for all the simulations
at a value for which further increases had relatively small effects
on the predicted peak contact loads (see Supplemental Informa-
tion available under “Supplemental Data” tab for this paper on the
ASME Digital Collection). The optimization constraints required
that the muscle forces and internal knee loads (contact pressures
and ligament forces) produced by the optimized knee kinematics
generate the measured hip, knee (flexion), and ankle accelerations
while also inducing equilibrium (zero accelerations) in the sec-
ondary tibiofemoral and all patellofemoral DOF. Linear viscous
damping effects were included on the knee DOF to ensure the gener-
ation of smooth frame-to-frame kinematics. Pelvis coordinates were
prescribed to reproduce measured values, and measured ground
reaction forces and moments were applied directly to the feet. It
should be explicitly noted that tibiofemoral and patellofemoral
behaviors were not pre-assumed in our simulations, but evolved as a
result of the interaction of external, joint contact, ligament, and mus-
cle forces. Thus, each gait simulation provided a prediction of the
ligament and contact forces over the entire gait cycle which were
then analyzed for the purposes of this study.

Grand Challenge Competition. For the blinded phase of the
competition, we incorporated the TKR components into a healthy
knee model [61], aligning and orienting the components in way
that best fit the natural knee cartilage surfaces. For the unblinded
phase, we replaced the bone geometries with the skeletal geome-
tries provided for the subject. We also repositioned the TKR com-
ponents to both match the articular surfaces based on the subject’s
CT scans and coronal alignment based on standing radiographs
(Fig. 1). We defined the ligament origins, insertions, and wrapping
geometries to the subject-specific bone geometries using literature
descriptions of normal attachment sites [38—52].

The tibiofemoral medial, lateral, and total contact force predic-
tions of the blinded and unblinded models were quantitatively
evaluated against the measured contact forces for the smooth and
bouncy gait styles by computing the bias (average difference in
force predictions), precision (standard deviation of the force pre-
diction errors), squared Pearson’s correlation coefficient (pz), the
coefficient of determination (R?), and rms errors.

Sensitivity to Coronal Plane Alignment. To assess the influ-
ence of coronal plane component alignment on the contact force
predictions of the model, we performed a series of simulations
with the knee alignment modified 2 deg and 4 deg varus and val-
gus from the nominal orientation in a standing posture. This was
achieved by rotating the femoral component by 1 deg and 2 deg in
the coronal plane and counter-rotating the tibial component by an
equal amount. Passive forward simulations were performed itera-
tively with the knee fixed at 0 deg flexion to settle the tibia and

30%

patella and establish a new reference posture. For each reference
posture, the unaltered reference strain of each ligament was then
used to compute ligament slack lengths. Smooth and bouncy gaits
were then resimulated using the inverse kinematics and ESO
methods described previously (Fig. 3).

Probabilistic Simulations. The sensitivity of the predicted
tibiofemoral contact forces during smooth gait to ligament consti-
tutive properties was assessed using the Monte Carlo method. The
linear stiffness and reference strains of each ligament bundle were
represented by independent Gaussian distributions. The distribu-
tions were centered at the nominal model stiffness and reference
strain values and the standard deviations were assumed to be 30%
of the nominal stiffness and 0.02 strain, respectively [62]. A total
of 2000 simulations were performed on a high throughput com-
puting grid using randomly selected values from the constitutive
property distributions. The uncertainty in the predicted medial,
lateral, and total tibiofemoral contact forces was quantified by cal-
culating the time varying means and standard deviations of all the
simulations. The number of simulations was justified by verifying
that the mean of the total tibiofemoral contact force at each frame
of the gait cycle varied by less than 1% when the final 10% of the
Monte Carlo simulations were removed.

We then performed a sensitivity analysis to determine the rela-
tive influence of the properties of each ligament on the predicted
tibiofemoral contact forces. At both the first and second peaks of
tibiofemoral loading during stance, we computed the Pearson’s
correlation coefficient (R) to quantify the correlation between the
stiffness and reference strain of each ligament to the tibiofemoral
contact forces (Fig. 4). The Pearson’s correlation coefficients
range between —1 and 1, with values of 1 indicating a perfect pos-
itive correlation, —1 indicating a perfect negative correlation, and
0 indicating no correlation. The absolute values of the Pearson’s
correlation coefficients were used to determine the relative influ-
ence of the stiffness and reference strain of each ligament on the
tibiofemoral contact forces.

Results

The blinded model predictions of total tibiofemoral loading
mimicked the overall measured temporal patterns, with squared
Pearson’s correlation coefficients of 0.86 and 0.82 during smooth
and bouncy gaits, respectively (Table 2). However, the blinded
predictions were biased toward overpredicting the total contact
force magnitude (smooth=0.28 BW and bouncy=0.3 BW).
Much of the bias arose from overpredicting the loading on the
medial compartment throughout the gait cycle, while slightly
underpredicting the lateral compartment loading throughout much
of stance (Fig. 5). Blinded rms errors were 0.52 BW and 0.29 BW
on the medial and lateral compartments, respectively, in the
smooth gait trial.

e a ViV SN o ?

60% 75% 90%

Fig. 3 Lower extremity posture, activated muscles (shown in red), and computed contact
pressures on the femoral and tibial components throughout the smooth gait cycle (see online

version for color)
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Fig. 4 Representative scatter plots showing the correlation between the second peak tibiofe-
moral contact forces and ligament reference strain. Each data point corresponds to 1 of the
2000 simulations run. The strength of the correlation between the predicted contact forces
and the reference strain was evaluated using Pearson’s correlation coefficients (R).

Table 2 Agreement between the measured and model (blind
and unblind) predicted tibiofemoral joint contact forces during
the smooth and bouncy gait trials

Medial Lateral Total
Smooth gait
02, squared Pearson’s correlation coefficient
Blinded 0.83 0.48 0.86
Unblinded 0.81 0.70 0.83
Rz, coefficient of determination
Blinded —0.47 0.19 0.68
Unblinded 0.71 0.56 0.79
Bias (BW)
Blinded 0.44 —0.18 0.28
Unblinded 0.14 —0.06 0.10
Precision (BW)
Blinded 0.27 0.24 0.30
Unblinded 0.19 0.21 0.32
rms error (BW)
Blinded 0.52 0.29 0.40
Unblinded 0.23 0.22 0.33
Bouncy gait

p?, squared Pearson’s correlation coefficient
Blinded 0.80 0.42 0.82
Unblinded 0.70 0.61 0.72
RZ, coefficient of determination
Blinded —0.26 0.21 0.66
Unblinded 0.62 0.26 0.62
Bias (BW)
Blinded 0.44 —0.14 0.30
Unblinded 0.12 0.06 0.18
Precision (BW)
Blinded 0.25 0.26 0.34
Unblinded 0.25 0.28 0.44
rms error (BW)
Blinded 0.50 0.29 0.45
Unblinded 0.28 0.29 0.48

The unblinded model included the subject-specific skeletal
geometries and knee joint alignment as well as ligament attach-
ments determined from the bone geometries. Unblinded total knee
load predictions were substantially more consistent with
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measurements, with only a slight bias toward overprediction
(smooth =0.10 BW and bouncy =0.18 BW). The temporal pat-
terns of stance phase loading were well predicted on both com-
partments, while the late swing loading peak on the lateral
compartment was predicted to occur slightly later than was meas-
ured (Fig. 5). Unblinded rms errors were reduced to 0.23 BW and
0.22 BW on the medial and lateral compartments, respectively, in
the smooth gait trial. The corresponding coefficients of determina-
tion (R?) were 0.71 and 0.56 for the medial and lateral compart-
ments, respectively.

Coronal Alignment Effects. The coronal plane alignment of
the TKR components had minimal effect on the net knee contact
force over the entire gait cycle, but had a substantial effect on the
medial-lateral distribution of the predicted contact forces during
stance (Fig. 6). As expected, more varus alignments shifted the
contact force distribution to the medial side of the joint, with the
medial compartment supporting 42%, 54%, and 67% of the total
predicted knee load at the first peak for the 4 deg valgus, nominal,
and 4deg varus component alignments, respectively. Similarly,
the medial compartment accounted for 33%, 45%, and 58% of the
total load at the second peak.

Probabilistic Ligament Simulations. The predicted ligament
forces were relatively low with means of <50N for each of the
ligament bundles throughout the gait cycle (Fig. 7). The deep
MCL, superficial MCL, and ITB remained engaged at relatively
constant tensions throughout much of stance. The CAP and LCL
forces exhibited a distinct peak of ~50N when the knee was
extended in late swing. The PFL and PCL exhibited peak loads
just prior to toe-off and then remained engaged throughout swing.

There was substantial variability in predicted ligament forces
due to uncertainty in ligament stiffness and reference strains (Fig.
7). The superficial MCL, deep MCL, PCL, and ITB forces were
particularly sensitive in stance phase, with the 95% confidence
intervals (Cls) extending from O to >100 N for each of these bun-
dles. During swing, CAP and LCL forces were highly sensitive,
with magnitudes that could vary from O to 100N in terminal
swing.

Ligament properties had substantial influence on the predicted
medial and lateral contact forces (Fig. 8). The 95% CI of the pre-
dicted medial, lateral, and total contact force remained nearly

FEBRUARY 2016, Vol. 138 / 021017-5



Smooth Gait

Measured
ssnnn Blind
m— Unblind

Bouncy Gait

Force (BW)

3| Lateral

| Lateral

0 L 1 1 L 1 n
0 10 20 30 40 50 60

70 80 90 1000

10 20 30 40 50 60 70 80 90 100

Gait Cycle (%)

Fig. 5 Comparison of the blinded and unblinded model predicted tibial component contact
forces (in tibia superior direction) to measured contact forces throughout the smooth and
bouncy gait cycles. Error metrics are given in Table 2.
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Fig. 6 Sensitivity of the joint contact forces to variations in
coronal plane component alignment for smooth gait. Placing
the components in a varus alignment relative to the nominal
position shifted more of the total contact force to the medial
compartment. The opposite relationship exists when placing
the components in a valgus alignment, relative to nominal.
Comparable results were found for bouncy gait.

constant (=0.2 BW) throughout the gait cycle with similar vari-
ability seen in the medial and lateral compartments.

For all the ligaments, the total contact force was positively cor-
related with ligament stiffness and reference strain (Fig. 9). The
properties of the deep and superficial MCL had the primary influ-
ence on the predicted medial contact force at both first and second
peak of tibiofemoral loading in stance. The reference strain of the
aPCL was a secondary influence at both peaks and the reference
strain of the pmCAP had influence at the second peak. The

021017-6 / Vol. 138, FEBRUARY 2016
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Fig. 7 Variability in ligament forces (shaded area represents
the 95% confidence interval) throughout the smooth gait cycle
due to uncertainty in ligament stiffness and reference strains.
The dark center line is the mean of the Monte Carlo simulations,
which is nearly identical to the force predicted by the nominal
model.

100

reference strain of the ITB showed a minor negative correlation
throughout stance, acting to shift the load to the lateral compart-
ment. The lateral contact force was primarily influenced by the
properties of the ITB over the entire stance phase. At first peak,
the ITB exhibited the highest correlation with load (stiffness:
R =0.27 and reference strain: R =0.81) while the properties of
both bundles of the MCL showed slight negative correlations. At
the second peak, the ITB properties were again the primary
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Fig. 8 Variability in predicted tibiofemoral joint contact forces
(95% confience interval) throughout the smooth gait cycle due
to uncertainty in the stiffness and reference strains assumed
for ligaments

influence with the PFL, LCL and aPCL acting as secondary posi-
tive contributors.

Discussion

Our primary objective was to investigate the effect of TKR
component alignment and ligament constitutive properties on
tibiofemoral contact forces during gait. To accomplish this, we
developed a subject-specific knee model, incorporated it into a
lower extremity musculoskeletal model and then used numerical
optimization to simultaneously predict muscle, ligament, and joint
contact loads from motion analysis measures. We found that the
incorporation of subject-specific component alignment was criti-
cal to achieve predictions of the medial-lateral contact force

First Peak of Stance
I Stiffness [ Reference Strain
0g| Total Force

distributions that agreed with the measurements from an instru-
mented TKR. Our sensitivity analysis showed that the predicted
ligament forces and medial-lateral contact force distributions
were quite dependent on ligament stiffness and reference strain,
with variations of 0.2 BW due to uncertainties in these parame-
ters. Ligament properties are often manipulated in TKR proce-
dures, such that our new simulation framework provides a viable
approach for predicting the effects of TKR component designs
and surgical techniques on postoperative knee function.
Musculoskeletal modeling and simulation techniques have
notably advanced in recent years. The “Grand Challenge Compe-
tition to Predict in vivo Knee Loads” has contributed to this
advance by providing rich subject-specific data sets of medical
images, TKR geometries, motion analysis data, and joint contact
load measurements, which allow researchers to benchmark vari-
ous modeling techniques against each other. Prior approaches
have included traditional optimization techniques to estimate mus-
cle forces as inputs to finite-element models of the knee joint [20],
EMG-driven simulations [21], and multibody dynamic simula-
tions that include joint contact between articulating surfaces
[22-24,]. The 2014 “Grand Challenge” winner introduced a
unique optimization approach, termed force-dependent kinematics
(FDK), that iteratively solved for the muscle forces and secondary
tibiofemoral kinematics that balanced lower extremity dynamics
[19]. However, that modeling approach pre-assumed an inextensi-
ble PT, resulting in an artificial kinematic constraint. We have
extended the FDK approach by simultaneously solving the muscle
forces, secondary tibiofemoral, and all patellofemoral kinematics
that would induce the measured joint accelerations. Our joint con-
tact load prediction errors (rms error =0.33 BW in smooth gait)
are comparable to that obtained using FDK (rms error =0.26
BW), and slightly better than those that have been obtained using
traditional optimization or forward dynamic simulations [18,23].
Our knee model and simulation technique includes several
other notable features. The tibiofemoral and patellofemoral joints
are each treated as 6DOF joints, with contact loads, muscle forces,
and ligament tension contributing to joint stabilization. The model
represented the ligaments as bundles of strands acting in parallel
and included more passive structures of the knee than prior mod-
els. The ESO simulation routine provides for simultaneous esti-
mates of muscle forces, ligament forces, joint contact pressures,
and secondary kinematics at each time step, accounting for the in-
herent dynamic coupling between them. Of these, the joint contact
pressures are particularly relevant in TKR given the links between
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the loading patterns and wear [63—67]. Finally, our simulation
times were approximately 20 min per gait simulation on a tradi-
tional desktop computer (3.10 GHz Intel Xeon Processor, 16 GB
RAM). As a result, by deploying simulations in parallel on a high
throughput computing grid, 2000 probabilistic simulations can be
performed in approximately 2 hrs. This capability allows the use
of a Monte Carlo approach to quantitatively assess the influence
of uncertain model parameters, such as ligament properties, on the
knee joint contact.

In agreement with previous modeling studies [23,68,69], the
coronal alignment of the femoral and tibial components affected
the predicted knee contact loading patterns. While total contact
force magnitudes were insensitive to alignment (Fig. 6), each 2
deg shift in valgus alignment resulted in equal (~0.15 BW)
increases and decreases in the lateral and medial loads during
stance, respectively. Accordingly, refining the TKR alignment in
the model to better match the standing radiograph (Fig. 1) was the
single most important factor that improved the agreement between
our model predictions and measurements between the blinded and
unblinded simulations (Fig. 5). In particular, our blinded model
overpredicted the medial compartment contact forces resulting in
an rms error of 0.52 BW in the smooth gait condition (Fig. 5). The
coronal plane orientation of the components was adjusted in the
unblinded model to closely match the valgus joint alignment seen
in the standing radiographs (Fig. 1), resulting in substantially lower
medial contact forces and rms errors (0.23 BW). This observation
highlights the importance of considering subject-specific joint anat-
omy for characterizing mediolateral contact force distributions
[70]. Furthermore, coronal plane alignment has been linked clini-
cally to TKR component loosening and wear problems [7,71-76],
such that our modeling framework could be further used to investi-
gate the interaction of alignment, contact loads, and pressure pat-
terns to understand how to better mitigate adverse TKR outcomes.

We systematically considered the influence of ligament proper-
ties on our predicted knee contact loading patterns. While prior
models in the Grand Challenge Competition have included liga-
ments [18,19,22,23], our study is the first to consider the depend-
ence of joint loading on uncertain ligament constitutive
properties. The uncertainty analysis is important as there are cur-
rently no viable approaches for measuring ligament elasticity
in vivo. As a result, ligament stiffness and reference strains must
be estimated from cadaveric studies [23,34-37], which contributes
to uncertainty in the model. Our results show total knee contact
loads varied by 0.2 BW (95% ClIs) given our assumed uncer-
tainty in ligament properties (Fig. 8), and that the total load
increased monotonically with stiffness and reference strain for all
the ligaments (Fig. 9). The latter result arises from the fact that
our simulated tibiofemoral kinematics varied minimally with liga-
ment properties, such that an increase in stiffness or reference
strain (i.e., shorter slack length) enhanced the ligament tension
and thus increased the contact load.

The influence of ligament stiffness and reference strain on the
medial-lateral load distributions was highly variable between the
ligaments and throughout the gait cycle (Fig. 9). MCL sensitivity
was quite interesting with both the deep and superficial bundles
exhibiting tensions that varied from 0 to ~100N during stance
(Fig. 7), depending on the properties assumed. Further, increased
MCL tension induced an increase in medial compartment loading
that exceeded a simultaneous decrease in lateral compartment
loading. This is in agreement with a loaded cadaveric study which
measured a 46% reduction in medial force and a 9% increase in
lateral force at full extension following a major MCL release
using an instrumented tibial insert [77]. Of the ligaments consid-
ered, lateral compartment loading was most sensitive to the ITB.
Given the clinical significance of soft tissue balancing and known
effects on long-term TKR function and longevity [66], our model-
ing framework may aid surgeons in positioning components and
in planning soft tissue releases.

The results of this study highlight the clinical and modeling
benefits of considering parameter uncertainty and sensitivity when
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performing musculoskeletal simulations. While previous editions
of the Grand Challenge have focused largely on validation, sensi-
tivity studies are also important to establish model credibility
[25]. All the parameters of the musculoskeletal models have
experimental errors associated with their values, and even in
subject-specific models, many parameters must be estimated as
they cannot be measured. Additionally, musculoskeletal models
of the type used in this study can contain thousands of parameters,
which makes them subject to redundancy, where multiple parame-
ter combinations could result in agreement with the experimental
measures. Accordingly, it is important to test the robustness of
model predictions to a range of reasonable parameter values, par-
ticularly for parameters with large influence or variability [78]. In
addition to complementing model validation, sensitivity studies
are useful to reveal causal relationships between model parame-
ters and simulated outcomes, making them highly relevant to sur-
gical simulation.

To properly interpret the results of this study, several limita-
tions in methodology must be noted. First, for computational rea-
sons, joint contact pressures were computed using an elastic
foundation model [54] rather than a finite-element model which
could better characterize the component deformation state. The
appropriateness of the elastic foundation model for estimating
pressure has been previously established for TKR applications
[79]. Additionally, the stiffness of polyethylene tibial insert was
reduced by an order of magnitude to improve numerical stability
of the optimization routine. The decreased stiffness resulted in
slightly increased deformation and contact area, but had negligible
effects on the secondary knee kinematics and net contact forces.
Refined estimates of insert deformation and stress distributions
could subsequently be obtained by using the net loads as boundary
conditions on a finite-element model of the joint replacement.

We assumed muscle geometries based on a published generic
musculoskeletal model [57] and assumed that muscle forces
scaled linearly with activation. It would be reasonably straight for-
ward to include subject-specific muscle geometry [80-82], if
available, and to include more complex models of muscle—tendon
dynamics [83,84] if the research application required more infor-
mation on muscle behavior. We relied on numerical optimization
to resolve muscle redundancy, a technique widely studied and
used in biomechanics [85]. A traditional objective function based
only on muscle activations [60] resulted in an overprediction of
joint contact loads. Adding a penalty for high joint contact energy
into the objective function (Eq. (2)) reduced knee contact forces,
largely by redistributing loading among the plantarflexor muscles.
Similarly, a prior EMG-informed model needed a constraint on
the tibiofemoral contact forces in the model calibration phase [70]
to prevent overprediction of contact loads. In this study, we
imposed linear damping on the knee DOF to ensure the generation
of smooth frame-to-frame kinematics. However, the damping
force and moment magnitudes generated were relatively small,
averaging less than 10N and 1N-m, respectively, over a gait
cycle. Damping could alternatively be introduced into the model
by including viscous effects present in ligaments and muscles.

The ligament attachment footprints in the model were deter-
mined relative to anatomical landmarks because magnetic reso-
nance images were not available for the subject. However, the
locations of ligament attachments in the knee joint relative to
bony landmarks have been thoroughly documented in the litera-
ture [38-52]. The representation of each ligament bundle by many
strands that span the attachment footprints may somewhat miti-
gate errors associated with single line of action ligament models.
The Monte Carlo sampling distributions for the ligament proper-
ties were modeled as Gaussian, centered on nominal values
derived from population-based studies [62]. This assumption was
necessitated by the scarcity of experimental data and difficulty of
measuring ligament properties in vivo. Finally, our sensitivity
metrics from the Monte Carlo analysis are first-order correlation
coefficients, which inherently do not account for nonlinearities or
characterize interactions between the ligaments. The number of
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simulations can easily be scaled up using high throughput comput-
ing platforms, allowing for more advanced sensitivity analyses
[78,86] that consider parametric interactions.

In conclusion, we developed a subject-specific knee model and
introduced a novel numerical optimization approach for predicting
in vivo TKR mechanics during walking. Joint contact force pre-
dictions agreed very well with in vivo measurements obtained via
an instrumented knee replacement. We also used the model to
investigate the sensitivity of joint contact loading to component
alignment and ligament properties. Thus, the proposed framework
provides a viable objective approach for virtually designing TKR
components, considering parametric uncertainty and predicting
the effects of joint alignment and soft tissue balancing procedures
on TKR function in movement.
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