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Abstract: Patellofemoral (PF) disorders are considered a major clinical complication after total
knee replacement (TKR). Malpositioning and design of the patellar component impacts knee joint
dynamics, implant fixation and wear propagation. However, only a limited number of studies have
addressed the biomechanical impact of the patellar component on PF dynamics and their results
have been discussed controversially. To address these issues, we implemented a musculoskeletal
multibody simulation (MMBS) study for the systematical analysis of the patellar component’s
thickness and positioning on PF contact forces and kinematics during dynamic squat motion with
virtually implanted unconstrained cruciate-retaining (CR)-TKR. The patellar button thickness clearly
increased the contact forces in the PF joint (up to 27%). Similarly, the PF contact forces were affected
by superior—inferior positioning (up to 16%) and mediolateral positioning (up to 8%) of the patellar
button. PF kinematics was mostly affected by the mediolateral positioning and the thickness of the
patellar component. A medialization of 3 mm caused a lateral patellar shift by up to 2.7 mm and
lateral patellar tilt by up to 1.6°. However, deviations in the rotational positioning of the patellar
button had minor effects on PF dynamics. Aiming at an optimal intraoperative patellar component
alignment, the orthopedic surgeon should pay close attention to the patellar component thickness
in combination with its mediolateral and superior-inferior positioning on the retropatellar surface.
Our generated MMBS model provides systematic and reproducible insight into the effects of patellar
component positioning and design on PF dynamics and has the potential to serve as a preoperative
analysis tool.

Keywords: joint replacement; knee joint; total knee arthroplasty; patellar component; musculoskeletal
multibody simulation; patellofemoral joint

1. Introduction

Total knee replacement (TKR) is an established and effective surgical procedure for progressive
osteoarthritis. TKR is currently performed over 700,000 times a year in the USA and this number is
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expected to grow exponentially worldwide [1,2]. Nevertheless, the rate of satisfied patients is 80%, which
is rather low [2—4]. The patellofemoral (PF) joint represents a crucial part after total knee arthroplasty,
and persistent PF pain remains a common postoperative complication with or without patellar
resurfacing [5-7]. Complications include anterior knee pain, patellar maltracking, fracture, and patellar
component loosening [8-10]. In this context, patella resurfacing is an important intraoperative factor:
in the USA, more than 80% of primary TKRs are performed with this technique [11]. During surgery, the
accurate positioning of the patellar component remains challenging because intraoperative alignment
involves considerable inaccuracies [5,9,12,13]. The incidence of PF disorders ranges from 7% to
30% after a minimum of two postoperative years [14]. Patellar component malalignment is related
to increased retropatellar loading and abnormal patellar kinematics [15,16]. Regarding the high
number of intraoperative parameters, the dynamic interplay of the articulating joint partners of PF and
tibiofemoral joint need to be analyzed in a systematic and reproducible manner [15,17,18].

Clinical observations alone cannot entirely explain unsatisfactory patient outcomes as they are
often limited to the retrospective analysis of the influence of intraoperative parameters on pain and
functional outcome [5,7,11-13,19,20]. However, clinical observations could be correlated with the
mechanical loading of the joint to identify the underlying biomechanical causative chain. Therefore,
knowledge of the biomechanical influence of intraoperative positioning of the patellar component
during typical movements of daily living is essential to understand the underlying mechanical causes
of implant failure and to improve the postoperative outcome. In this regard, the squat motion is known
as one of the most dissatisfying motions after TKR [19].

Despite improvements in surgical instruments and techniques, many of the causes of revisions
and patient dissatisfaction are directly related to implant component malalignment [6,18,21,22].
The morphology of the knee joint differs between both genders and different ethnicities [23-26].
These differences cannot only affect the implant component size selection but also the trochlear
groove geometry, as well as the positioning of the patellar component between patients. Likewise,
interindividual morphological joint variation is known to influence knee joint dynamics [27] and
functionality of TKRs [26,28]. In this regard, Chen et al. [29] showed that the internal rotation of
the femoral component and the varus malpositioning of the tibial component led to unfavorable
postoperative loading conditions. Moreover, the malpositioning of the implant components often results
in the overloading of the articulating joint compartments [18,30,31]. Different designs (dome-shaped,
modified dome or anatomic design) and positions of the patellar button have been shown to affect
knee joint dynamics [6,28,32-37]. An increased patellar component size was reported to affect
the patellofemoral kinematics and postoperative outcome [38,39]. For instance, variations in the
mediolateral and superior—inferior position of the patellar component resulted in different PF
contact forces and kinematics [6,28,30,32,33,40,41]. Furthermore, the PF dynamics is influenced
by the patellar component design [6,28] and the considerable impact of the patellar component
thickness on PF kinematics and knee flexion has been widely reported [6,21,35,42-45]. For example,
Abolghasemian et al. [43] reported a flexion loss of 1.28° with every millimeter of increased patellar
component thickness. Bracey et al. [42] performed a similar study on 10 cadaveric knees and showed
a flexion loss of 1.2° for each 2-mm increase of the patellar component thickness which resulted
in a lateral patellar shift of more than 2 mm and a lateral patellar tilt of more than 4° whereas the
patellar rotation remained nearly unchanged [43]. Bengs et al. [35] showed for 31 CR-TKRs with
four different patellar thicknesses that on average the flexion was decreased by 3° for every 2-mm
increase of the patellar component thickness but had no major impact on patella subluxation or tilt.
Additionally, PF overstuffing has been reported with increased polyethylene wear, PF maltracking,
and aseptic loosening of the patellar component [6,35,42,46,47]. Biomechanical studies have analyzed
various mechanical aspects of patellar maltracking [15,32,33], e.g., medialization of the patellar
component decreased the PF contact force [32,36,48,49] and altered the PF kinematics [36,41,48,50]. In a
biomechanical study, Anglin et al. [48] found for a 2.5 mm component medialization a mean change in



Materials 2020, 13, 2365 30f 22

lateral patellar shift of 1.9 mm and a mean change in lateral tilt of 3.2°. These studies have contributed to
understanding the positioning and design of the patellar component from a biomechanical perspective.

However, most experimental studies have only investigated passive knee flexion without
active muscle forces, simulated rather uncommon motion patterns, commonly the knee rig
configuration [28,33,42,51], or assumed a static quadriceps force, usually some predefined maximum
value [28]. Furthermore, only a few studies addressing the biomechanical impact of different patellar
component positions and designs on PF dynamics could be identified [15,18,28,33]. Instead, studies have
revealed that the optimum position of the patellar component remains controversial [5,28,33,43,49],
although evidently important for the postoperative outcome [28]. Some research groups have
recommended medjialization [8,41,48,50,52], while others have suggested centralization [32]. Moreover,
biomechanical studies analyzing the superior-inferior position of the patellar component have reported
contradictory findings [5,32,33,48], indicating a lack of understanding of this issue [5,49]. Hence, the PF
joint mechanics have not yet been sufficiently quantified and understood so far [5,33]. The effects of
various surgical parameters remain unclear and somewhat controversial. Using computational models,
the influence of surgical and implant design parameters on knee joint dynamics can be investigated
more comprehensibly [29,33,53-56].

Therefore, the current computational study aimed to systematically analyze and determine the
biomechanical impact of patellar component malpositioning and design on PF dynamics during a
dynamic squat motion using musculoskeletal multibody simulation (MMBS) in which a detailed knee
joint model resembled the loading of a virtually implanted unconstrained cruciate-retaining (CR)-TKR
including a dome patellar button. The findings could contribute to improving surgical techniques,
preventing postoperative complications, and reducing wear propagation.

2. Materials and Methods

Our MMBS model is based on the experimental dataset of the 4th Grand Challenge Competition
to Predict In Vivo Knee Loads [57], which is a standardized dataset used by the research community to
validate musculoskeletal models. This dataset comprises the CT scans (pre- and post-op) of a male
subject (age = 88 years, height = 168 cm, and weight = 66.7 kg) who underwent TKR due to primary
osteoarthritis and received an instrumented cruciate-retaining (CR) TKR (PE.C. Sigma, DePuy Synthes,
Raynham, MA, USA). This implant design was imported without changing the original standard
size. The implanted TKR has a first-generation tray design eKnee and allows measuring the in vivo
tibiofemoral contact forces during activities of daily living using an integrated telemetric force sensor.
Concerning the knee implant, it represents a fixed-bearing, unconstrained bicondylar design which
was implanted into the right knee of the patient. The femoral component had an asymmetrical dual
radius design and was composed of cobalt—chromium alloy. The tibial component was composed
of titanium alloy. Regarding the patellar component, an all-polyethylene dome-shaped component
with three fixation pegs was used. The dataset enables the computational reconstruction of the 3D
bone segments of the lower right extremity (pelvis, femur, patella, tibia, fibula, and pes), as well as
the implant component geometries (femoral component, patellar button, tibial insert, and tibial tray).
Moreover, motion capturing marker trajectories for activities of daily living are included, resulting in a
comprehensive database for kinematic and kinetic model validation. A detailed description of this
dataset can be found in Fregly et al. [57].

2.1. Overview of the Deployed Workflow of Musculoskeletal Multibody Simulation

The workflow for developing our subject-specific MMBS model for the computational analysis of
the PF joint after TKR is depicted in Figure 1. Briefly, the relevant bone geometries were reconstructed
from preoperative CT scans [57,58], which allowed the virtual implantation of TKR implant geometries.
The implementation of the musculoskeletal geometry was based on the data reported in the TLEM
2.0 anthropometric database [42]. Additionally, the origin and insertion of muscles and ligaments
were verified by an experienced orthopedic surgeon. Contacting surfaces were modeled by means of
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the polygonal contact model [59] to enable physiological-like joint dynamics. In this regard, relevant
ligament structures were modeled as sets of nonlinear force elements [60,61] to resemble the respective
anatomy of the ligaments. The inverse kinematics analysis was performed on a realistic squatting
motion as reported in the SIimTK data set [57], in which recorded marker trajectories applied to a
patient allowed the calculation of the relative joint coordinates in the MMBS model deploying a
global optimization procedure [62,63]. Finally, an inverse dynamics analysis coupled with a static
optimization [55,62,64-66] allowed the computation of the individual muscle forces for the forward
dynamic prediction of knee joint dynamics, e.g., tibiofemoral and PF contact forces, tibiofemoral and PF
kinematics, as well as muscle and ligament forces under the presence of surgical parameter variations

related to TKR.

CT-Scan Segmentation & Musculoskeletal Geometry Contact Modeling Computational Ligament
Reconstruction Models

1 l
minJ(@)=a'"Va (1) C

Kinematic Analysis Inverse Dynamics Computed Muscle Controller Prediction of Knee Joint Dynamics

Figure 1. Workflow for generating the musculoskeletal multibody simulation model of the lower
extremity with a total knee replacement. The illustration marked with * was taken from [57]. Permission
to publish is granted under a CC BY open access license.

2.2. Musculoskeletal Multibody Simulation Model with a Cruciate-Retaining Total Knee Replacement

The MMBS model for the detailed analysis of the PF joint was generated based on a previously
presented and validated MMBS model of the lower right extremity [65], Figure 2A,B. Implant and bone
geometries, as well as relevant soft tissue structures, were modeled in the multibody software SIMPACK
(V9.7, Dassault Systemes Deutschland GmbH, Gilching, Germany). A variant of the computed muscle
controller (CMC) with static optimization for individual muscle force prediction was implemented in
MATLAB/Simulink® (v8.1, 2013a, The MathWorks Inc., Natick, MA, USA) and interfaced the MMBS
model via TCP/IP-communication for forward dynamic co-simulation. All simulations were performed
on an off-the-shelf computer (Intel® Xeon E5-1650 v4 CPU @3.60 GHz, 32 GB RAM).

The reconstructed bone segments were mutually connected by ideal joints as described in [62,65].
The respective centers of rotation of the ideal joints were determined by fitting cylinders or spheres into
the cartilage surfaces of the articulating joint compartments. To ensure physiological-like roll-glide
dynamics in the knee joint, both tibio- and patellofemoral joint compartments were modeled with
six degrees of freedom (DoF) by implementing a polygon contact model [59], thereby resembling the
complex articulation of the freeform implant surfaces. The lower left extremity was modeled as a
symmetry condition in the sagittal plane. More precisely, the movement of the pelvis perpendicular to
the sagittal plane was restrained by a spring-damper force element connecting the symmetry plane of
the pelvis to the sagittal plane, thereby representing the lower left extremity during a symmetrical
squat motion [65]. Regarding the squat motion, the patient started from a standing position and the
range of knee flexion was about 0°-90°. The mass properties of the bone segments and soft tissue
structures were calculated using regression equations as a function of the patient body weight [67].



Materials 2020, 13, 2365 5o0f 22

LPFL

50% >

Figure 2. The developed musculoskeletal multibody simulation model with a cruciate-retaining
total knee replacement in the lower right extremity during a dynamic squat motion combining
musculoskeletal motion dynamics, knee implants with articular contact definitions, muscles, and
ligaments (A). Detailed representation of the knee joint with implant components and muscle structures,
including muscle wrapping. Note that ligaments are not shown for the sake of clarity (B). Investigated
implant components with ligament structures of the tibio- and patellofemoral joint (C).

For the description and comparison of the joint dynamics, standardized coordinate systems were
established [68-70] which further allowed the identification of attachment points of relevant muscle
and ligament structures as described in Twente Lower Extremity Model 2.0 anthropometric database [71].
Additionally, the attachment sites of muscles and ligaments were verified by an experienced orthopedic
surgeon. Muscles were implemented in the form of unidimensional Hill force elements [55,71,72].
The muscles were further subdivided into several structural bundles based on the attachment area to
account for the wide attachment surfaces [71]. Muscle deflection phenomena around the bones were
incorporated either as segment-fixed via points or using wrapping surfaces [73] where required.

For a physiological representation of the knee joint dynamics, the MMBS model comprised,
next to the explicit contact surface modeling of both the joint compartments, the implementation
of all relevant ligamentous soft tissue structures (Figure 2C) with nonlinear force-strain relation
(as nonlinear springs) [60,61]. Precisely, we implemented the posterior cruciate ligament (PCL), medial
collateral ligament (MCL), lateral collateral ligament (LCL), oblique popliteal ligament (OPL), arcuate
popliteal ligament (APL), posterior capsule (pCAP), medial patellofemoral ligament (MPFL), lateral
patellofemoral ligament (LPFL), and the patellar ligament (PL) according to their anatomic descriptions,
i.e., all ligaments were modeled as bundles of strands extending between the origin and insertion as
described in Smith et al. [74]. The force elements for the representation of the ligaments followed a
nonlinear elastic characteristic with a slack region as reported by Blankevoort et al. [61]. As it concerns
the ligament parameterization, we first generated a MMBS model resembling the passive knee flexion,
since the passive knee joint dynamics majorly depend on the ligaments and their parameterization
(initial parameter sets were taken from the literature [61,74]). Then, by repeatedly simulating the
knee flexion motion, the ligament parameters were adjusted with respect to the joint quantities for
validation of the passive knee flexion. Once the appropriate ligament parameters were identified,
the very same, parameterized ligament apparatus was transferred to the MMBS model resembling
the squat motion and model validation was performed as described below (Section 2.5. Validation
of the musculoskeletal multibody simulation model). Due to its high stiffness, the patellar ligament (PL)
was modeled as a rigid coupling element between Apex patellae and Tuberositas tibiae with a fixed
length [54,75]. The anterior cruciate ligament was virtually resected as it is sacrificed during CR-TKR
surgery. A complete summary of the mechanical material properties for the ligaments [60,61,66,74] is
provided in the Supplementary Information (Appendix A, Table Al). The PF joint was characterized
by a patellar length of 43.6 mm, a patellar tendon length of 59.7 mm, and a tibial tuberosity-trochlear
groove distance of 9.61 mm. The anthropomorphic details of the joint were in the normal range for
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Caucasians with native patellae [76,77]. Moreover, the retropatellar surface area after resection was in
the normal range [78].

Hence, the developed MMBS model of the knee joint, allows for the systematic and reproducible
analysis of the TF and PF joint dynamics with its emphasis on the detailed representation of the
articulating endoprosthesis components and ligamentous structures during dynamic, muscle-induced
full-body motion.

2.3. Kinematic Analysis

The motion capture data comprises the trajectories of reflective skin markers applied to the
patient’s body [57] as depicted in Figure 1. These marker trajectories were used as input for an
optimization algorithm [79] to derive the generalized joint coordinates g, g, 7 that describe the timely
trajectories of the MMBS model’s DoF. More precisely, the skin markers were modeled as moving
reference points and coupled to the respective anatomical landmark, i.e., related segment-fixed points
on the bone surface using spring-damper force elements. In this manner, the inverse kinematics
problem could be resolved by the minimization of the spring-damper potential, thereby minimizing
the error between motion capture data and the MMBS model motion. The desired joint trajectories
44,94, 95 were then used as input for the forward dynamic simulation of the muscle-induced squat
motion for numerous MMBS model variations as described in the Section 2.6. In silico study on the effect
of the patellar component design and positioning on patellofemoral joint dynamics after TKR. In this manner,
we generated a nominal configuration of the MMBS model based on the optimal surgical technique [57]
which was further used to predict different postoperative situations of the patellar component design
and position. Finally, the implant configurations were verified by an experienced orthopedic surgeon.

2.4. Forward Dynamic Musculoskeletal Multibody Simulation of a Squat Motion

A variant of the CMC algorithm [66] with static optimization for individual muscle force
prediction was implemented to track the desired joint coordinates, as derived from the experimental
motion capture data, by generating coordinated muscle forces. This controller has been recently
described and verified to enable in vivo knee kinematics and kinetics in patient-specific musculoskeletal
models [55,65,66,74,80]. Within CMC, the inverse dynamics model serves for input-output linearization
of the neuro-musculoskeletal system, which is further superposed with generic feedback control to
accurately track the experimentally obtained motion maneuvers g4, g4, ;. Subsequently, the computed
joint torques t,, necessary to drive the DoFs g, g, q are distributed over the available muscle actuators
f,i(+) by means of static optimization [64]:

n}lin](a) =a' Va, subjecttoDa = 7yand0<a; <1. 1)

The aforementioned muscle distribution problem was solved for optimal muscle activation levels
a; by minimizing an energy-optimal quadratic cost function J(a) in which the diagonal weight matrix
V = diag(V1,...,Vy) includes the muscle volumes V; of each muscle unit and 4; is bounded by its
physiological limits 0 < a; < 1. Moreover, the optimization problem is constrained by the set of linear
equations Da = t,, where D represents the contribution of the respective muscle to the respective
joint as described in a previous study [65]. We deployed a Hill-type muscle of the form:

f,i(@,4,8:) = (fr,i(s,8) Ciai) w; with C; = Ajojand i =1,...,n, 2

where 7 is the number of muscle units, f;, ;(-) is the force-length-velocity relation with muscle length s
and muscle contraction velocity s, A; describes the physiological cross-sectional area, ; is the muscle’s
unit direction vector, and o; is the maximal isometric muscle stress which was set to g; = 1 MPa [72].
Note that within this work, the force-length-velocity factor was assumed to f},, ;() = 1 as properties of
the activated muscle structures and the activation dynamics have little influence on the prediction of
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muscle forces [64]. Therefore, the defined muscle force element depends on its theoretical maximum
force A; 0j, its activation level 4;, and on the resulting moment arm only.

2.5. Validation of the Musculoskeletal Multibody Simulation Model

The predicted TF contact forces were validated using in vivo measured knee forces measured
during squat motion exercises [57]. Furthermore, the TF contact force as well as the quadriceps force
and PF contact force was compared with literature data [81-84] which is in Supplementary Information
(Appendix B, Figure Al).

Since the in vivo measurements provided by the 4th Grand Challenge Competition to Predict In Vivo
Knee Loads [57] are limited to the contact forces acting in the TF joint, TF and PF kinematics were
validated based on the in vitro and in silico results reported by Woiczinski et al. [85]. They measured
TF and PF dynamics of 15 fresh frozen specimens with implanted CR-TKR during a squat motion
using a knee rig [85].

2.6. In Silico Study on the Effect of the Patellar Component Design and Positioning on Patellofemoral Joint
Dynamics after TKR

The validated MMBS model, as described previously, has been used as the nominal configuration
corresponding to the optimal surgical technique [57] and served as a reference for subsequent
model variations. Accordingly, with respect to the nominal model, we analyzed six patellar
component configurations: spin of the patellar component +5°, tilt of the patellar component +5°,
flexion-extension of patellar component +5°, superior—inferior positioning of patellar component
+3 mm, and mediolateral positioning of patellar component +3 mm. The position of the patellar
component was changed based on a standardized coordinate system [70]. For instance, the shift was
varied by medial or lateral movement of the center of the patellar component along a mediolateral axis
defined as fixed to the patella. Moreover, we investigated the most important patellar button design
parameter by increasing/decreasing the thickness of the patellar component +2 mm.

The variations for each parameter configuration (Figure 3) were systematically chosen according to
the reported findings from clinical [36,48,49], in vitro [15,16,32], and in silico [28,33] studies. The effect
of each configuration was statistically evaluated with respect to the nominal simulation model as a
function of the knee flexion angle over the full range of motion of the dynamic squat motion. Note
that the calculated forces from the TF contact models were expressed with reference to the tibial
component system to allow a direct comparison with the in vivo measured knee forces as reported by
Fregly et al. [57].

<SS mm +2 mm
o O +3 mmI ’
ﬁ‘\ub .

Mediolateral Superior—inferior Thickness

Spin (+lateral) Tilt (+medial) Flexion—Extension

Figure 3. In silico study on the effect of the patellar component designs and positionings. Mediolateral
positioning of patellar component +3 mm, superior-inferior positioning of patellar component +3 mm,
and patellar button design parameter by increasing/decreasing the thickness of the patellar component
+2 mm. The rotational positioning was analyzed by the spin of the patellar component +5°, tilt of the
patellar component +5°, and flexion-extension of patellar component +5°.
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2.7. Statistical Metrics

The predicted TF contact force of the MMBS model was compared with the in vivo measured knee
force [57]. The prediction accuracy was quantified by mean absolute deviation (MAD) as a measure of
magnitude differences, root-mean-square error (RMSE) as a measure for the difference between values
predicted by the numerical model and the values actually observed from the experimental setup,
Pearson correlation coefficient (r2) as a measure of shape differences, and coefficient of determination
(R?) as a measure of magnitude and shape differences. For clarity, the mathematical definitions of the
statistic metrics are provided in the Supplementary Information (Appendix C).

3. Results

3.1. Validation of the Musculoskeletal Multibody Simulation Model

The validation of the TF contact force, as well as the quadriceps force and PF contact force using
literature data [81-84], is presented in Supplementary Information (Appendix B, Figure A1l).

The predicted and in vivo measured medial, lateral, and total TF contact forces during two-leg
squat motion are depicted in Figure 4. Their quantification in terms of statistic metrics (Table 1) for
the predicted contact forces of the MMBS model was in good agreement with a satisfactory level of
accuracy (RMSE = 0.39 body weight (BW), R? = 0.94, > = 0.97) in terms of the magnitude and the
general trend. The medial contact force was slightly overestimated (RMSE = 0.35 BW). The predicted
TF contact forces in the lateral compartment exhibited an excellent agreement (RMSE = 0.10 BW).
Therefore, the MMBS model closely captured the overall pattern and timing (R? = 0.94, 2 = 0.97) of the
in vivo measured TF contact force, indicating sufficient model fidelity for contact force prediction.

A B .
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3 3.5 - —Predicted (MMBS)
N
?s, E 25 |
EZ 2
S £
S L
22 1.5
e S 1 !
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§ 0.5 w\
«<
J 0 N L 1 Il L 1
0 20 40 60 80 100
Motion cycle in %
C 4 D 4
- —Measured (Fregly et al. [57]) —Measured (Fregly et al. [57])
§ 3.5  =Predicted (MMBS) g 3.5 - —predicted (MMBS)
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S 05 2 05
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Figure 4. Musculoskeletal multibody simulation of the patellofemoral joint during the dynamic squat
motion (A). Model validity was confirmed by comparing the reported lateral (B), medial (C), and total
(D) tibiofemoral contact forces (in unit of body weight BW) of the in vivo measurements (blue, [57]) to
our predictions (red).
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Table 1. Kinetic validation of the tibiofemoral joint. Quantitative analysis of the predicted medial,
lateral, and total tibiofemoral contact forces with reference to in vivo measurements during the two-leg
squat motion cycle as reported by Fregly et al. [57]. Units are expressed in Newton (N) and body
weight (xBW). Mean absolute deviation (MAD), root-mean-square error (RMSE), Pearson correlation
coefficient (12), and coefficient of determination (R?).

Value MAD [N] MAD [xBW]  RMSE [N] RMSE [xBW] 2 R?
Total knee contact force 209.68 0.32 255.19 0.39 0.97 094
Medial contact force 163.02 0.25 226.65 0.35 094 0.89
Lateral contact force 46.67 0.07 68.28 0.10 095 091

Moreover, the TF and PF kinematics were validated based on the in vitro and in silico results
reported by Woiczinski et al. [85]. Specifically, anterior-posterior translation, tibial rotation, patellar
tilt, patellar rotation, and patellar shift were compared (Figure 5). The PF and TF kinematics were
reproduced with good agreement to the experimental and simulation data [85]. In general, the MMBS
model predicted TF and PF kinematic patterns with a reasonable level of accuracy [85]. Overall,
good agreement was observed between our MMBS model and reported data.

Patellar shift in mm (+lateral) ()

-5 4
10 60 8 P 10 60 100 ( 20 10 60 80 100
D Flexion in deg Flexion in deg Flexion in deg
10

o = = = Woiczinski er al. [85] (in silico)
0 : [ Woiczinski et al. [85] (in vitro)

0 20 10 60 80 100 0 20 10 60 80 100
Flexion in deg Flexion in deg

=

Patellar rotation in deg

Patellar tilt in deg (+lateral)

Figure 5. Tibio- and patellofemoral kinematics during dynamic squat motion. In silico (red dotted line)
and in vitro (green area) [85] comparison of tibiofemoral and patellofemoral kinematics with kinematics
obtained from musculoskeletal multibody simulation (MMBS) model (blue line). Comparison of
anterior-posterior tibial translation with reference to the femur (A). Tibial internal/external rotation
with reference to the femur (B). Patellar shift (C). Patellar rotation (D). Patellar tilt (E).

3.2. Effect of Patellar Component Design and Positioning on Patellofemoral Joint Dynamics after Unconstrained
Total Knee Arthroplasty

PF dynamics was strongly affected by the position and design of the patellar component
(Figures 6-10). Generally, the PF contact forces increased with increasing knee flexion angle due to the
progressive involvement of the M. quadriceps femoris that enables such deep flexion angles. However,
depending on the positioning and design of the patellar component, it is possible to reduce or increase
the PF contact force. In this context, the analysis showed that the PF contact force was strongly affected
by the patellar component thickness (RMSE = 440 N), considerably affected by superior-inferior
positioning (RMSE = 199 N), and only moderately affected by mediolateral (RMSE = 98 N) positioning
(Figure 10).
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The variation in the superior-inferior positioning of the patellar component is depicted in Figure 6.
An inferior position of the patellar component led to a reduction of the PF contact force (RMSE = 199 N)
by up to 16% (Figure 6A). The maximum PF contact forces of the inferior, reference, and superior
positions were 1626 N, 1947 N, and 2048 N, respectively. Superior positioning tended to cause a more
medial tilting of the patella during flexion. An inferior position of the patellar component slightly
increased the medial patellar shift, whereas a superior position of the patellar component decreased
the lateral patellar tilt and shift (Figure 6B,C).

>
=

2500 - 4 -
- ----3 mm superior ) ----3 mm superior
2 2000 ~Reference g 2 —Reference
g —3 mm inferior = =3 mm inferior
sz K3
3 £1500 £ 0
S o £
£ @
S 3 g
:.5 =1000 - Superior & -2
] =
=
& 500 e +3 mm| ¥ 54
Fr=——= Inferior E
=
0 ~ 6
C 4 - D .
= --=-3 mm superior
s 3 w ! ~—Reference ~
g 2 ] 6 | — 3 mm inferior £
L1 £ -
£ -l g4
= -2 = 3
; 3 - -==-3 mm superior é
= ——Reference 2 2
< -4 = |
= — -3 mm inferior A
e 5
-6 L ' 0
0 20 40 60 80 100 0 20 40 60 80 100
Flexion in deg Flexion in deg

Figure 6. Effect of the superior-inferior positioning of the patellar component on patellofemoral
dynamics. Effect of superior—inferior positioning of the patellar component on patellofemoral contact
force (A), patellar shift (B), patellar tilt (C), and patellar rotation (D).

Similarly, the mediolateral positioning of the patellar component clearly affected the PF dynamics.
Concerning the PF contact force, medialization and lateralization of the patellar component affected
the PF contact forces (Figure 7A), i.e., a medialized patellar component decreased the maximum PF
contact force during knee flexion by up to 8%. For instance, at 90° knee flexion, the PF contact force of
the medial, reference, and lateral positions were 1798 N, 1947 N, and 2082 N, respectively. Furthermore,
the mediolateral position of the patellar component clearly influenced PF kinematics regarding patellar
shift, patellar tilt, and rotation. Mediolateral positioning of the patellar component shifted and tilted
the patella path in the opposite direction, e.g., a medialized patella resulted in a more lateral shift
and tilt of the patella and vice versa. Similarly, the patellar tilt was most sensitive to the mediolateral
position of the patellar component. The more the patellar component was medialized, the more the
patella tilted laterally with respect to the femur (Figure 7C).
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Figure 7. Effect of the mediolateral positioning of the patellar component on patellofemoral dynamics.
Effect of mediolateral positioning of the patellar component on patellofemoral contact force (A), patellar
shift (B), patellar tilt (C), and patellar rotation (D).

The variation in the thickness of the patellar component dramatically changed the PF dynamics
(Figure 8). Generally, lower PF contact force values were seen in thinner components, while with
an increase in component thickness, the contact force increased by up to 27% (Figure 8A). For the
nominal configuration, the peak PF contact force was 1947 N, and the corresponding value obtained
from the other variations were 2480 N (+2 mm), and 1344 N (-2 mm). The contact force was 176% of
that of the thinner component. There was a direct relationship between the maximum contact force
and patellar component thickness (Figure 8E): an increasing component thickness leads to higher
maximum contact forces following a linear trend (R? = 0.9976). Furthermore, we found that for every
1 mm of increased patellar thickness, PF contact force increased by 13.7% (0.41 BW). There was also an
effect of the patellar component thickness on patellar tracking, e.g., an increased patellar component
thickness led to an increased lateral patellar tilt (Figure 8C). Contrarily, the effect on the patellar shift
was smaller (Figure 8B).

The rotational positioning of the patellar component influenced PF dynamics only slightly in our
TKR design (Figure 9). Tilting the patellar component, however, corresponded to a nonsymmetrical
rotation of the patellar dome and therefore affected patellar tilt and shift. A medial tilt of the patellar
component slightly increased the PF contact force, the patella shifted, and tilted more laterally.
Flexion-extension of the patellar component slightly affected the PF contact force, while the spin of the
patellar component left the PF dynamics nearly unchanged (Figure 10).
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Figure 9. Effect of the tilting of the patellar component on patellofemoral dynamics. Effect of
mediolateral positioning of the patellar component on patellofemoral contact force (A), patellar shift
(B), patellar tilt (C), and patellar rotation (D).
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Figure 10. Radar chart representing the root-mean-square errors (RMSE) of patellofemoral contact
force (A), patellar shift (B), patellar tilt (C), and patellar rotation (D) for different patellar component
designs and positions: superior—inferior position, mediolateral position, patellar component thickness,
tilt, flexion-extension, and spin.

3.3. Effect of Coupling Patellar Component Design and Positioning Parameters on Patellofemoral Joint
Dynamics after Unconstrained Total Knee Arthroplasty

Additionally to the presented findings, we analyzed the coupling of the most critical patellar
component design parameter with all other patellar component positioning parameters, i.e.,
we combined the increase of the thickness of 2 mm with all other positioning parameters (Figure 11).
Similarly, the increase in the thickness combined with the rotational positioning of the patellar
component influenced PF dynamics only slightly in our TKR design. However, an increase in the
thickness combined with changing the mediolateral position of the patellar component mainly affected
the PF kinematics. For instance, a solely increase in the thickness slightly changed the patellar shift
(Figure 8B), whereas combined with a medialized patellar component the patellar shifted more laterally
(Figure 11E).
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Figure 11. Effect of the increase of the patellar component thickness by +2 mm with all positioning
parameters on patellofemoral dynamics. Effect of patellar component thickness combined with the
positioning parameters on patellofemoral contact force (A,B), patellar tilt (C,D), patellar shift (E,F), and
patellar rotation (G,H).

4. Discussion

In our computational study, we evaluated the effects of different intraoperative positionings and
designs of the patellar component on both PF kinematics and kinetics during a dynamic squat motion
of a subject with implanted CR-TKR with a dome patellar button. We developed a musculoskeletal
knee joint model within a multibody simulation framework capable of analyzing the PF kinematics
and kinetics. The results presented imply that even minor variations in the position and design of the
patellar component can have a crucial effect on PF dynamics (Figures 6-10). PF contact forces were
mostly affected by patellar component thickness (up to 27%), patellar component superior—inferior
positioning (up to 16%), and mediolateral patellar component positioning (up to 8%). Concerning
PF kinematics, the patellar component thickness as well as the mediolateral position of the patellar
component revealed the greatest impact. Based on our findings, we can conclude that the malalignment
in mediolateral as well as superior—inferior direction and the thickness of the resurfaced patella are
the most important intraoperative parameters affecting PF dynamics. Furthermore, we could show
that the translational positioning is more critical than rotational positioning regarding the resulting PF
contact force. Generally, our findings are in good agreement with those of previous experimental and
clinical studies [5,6,28,32,35,36,48,49,86].

However, similar to other in vitro and in silico studies, our approach has some limitations.
Our MMBS does not reflect a diverse population of different patients. Moreover, only the two-leg
squat motion was considered. Additional simulations which cover more activities (e.g., rising from
a chair, normal gait) will be helpful in the future for a more robust investigation and to support our
presented findings as total knee kinematics are task-dependent [87]. However, the investigations
were performed for a two-leg squat motion because this motion covers a wider range of knee flexion
compared to gait and it is reported to be one of the most dissatisfying motions after total knee
arthroplasty [19]. One limitation which should be considered when transferring our in silico findings to
clinical practice is associated with ligament modeling as accurate representation of ligament parameters
is still challenging, and ligaments” mechanical properties might change during surgery. In the present
study, the ligament parameters utilized were obtained from the literature. These assumptions might
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affect the prediction of joint dynamics. Likewise, the musculoskeletal geometry was based on the TLEM
2.0 anthropometric database [71]. It can be assumed that changes in the musculoskeletal geometry, e.g.,
muscle cross-sectional areas or muscle moment arms, of the muscles acting on the knee joint would
have an effect on the forces and in turn kinematics of the PF joint. In addition, up to date, MMBS
models hardly account for effects related to age or underlying conditions that might affect ligament or
muscle structures. However, we believe that our MMBS model captures the physical condition of the
examined subject well enough, as was made sure by rigorous model validation and diligent result
analysis in cooperation with orthopaedic surgeons. The deployed methods are state-of-the-art and
widely used in in silico models [29,33,53,75,80]. As explained above, our findings are based on one
patient with one implant design and cannot be applied to all types of knee implants commercially
available. Anatomical variability and further implant designs should be analyzed in future studies to
support the reported findings. In future studies, different surgical alignment techniques (mechanical
vs. kinematic), implant designs, different activities, and more subjects should be considered [37,38].

Orthopedic surgeons attempt to optimize the dynamic behavior of the knee joint by a
correct intraoperative alignment of the patellar component. Interindividual morphological joint
variation [23-26] is known to influence knee joint dynamics [27] and functionality of TKRs [26,28].
Furthermore, the difference in patellar component designs and the size of the patellar component are
factors that influence the PF dynamics [28,37,38]. Regarding patellar resurfacing, the all polyethylene
dome-shaped patellar component is currently the most common used design [8,28]. Therefore, our
study covers the clinically most relevant TKR type. Our data indicate that the thickness of the analyzed
dome-shaped patellar component affects PF contact forces, patellar tilt, and patellar rotation which
has also been reported by other research groups [6,8,43]. In this regard, it was found that a higher
retropatellar loading due to an increase in the thickness of the patellar component might contribute to
anterior knee pain after TKR [6,44]. These higher forces can be explained by the increasing strain of the
PF ligaments and can have a similar effect to overstuffing the PF joint which leads to anterior knee pain
in some cases [8]. Although reduced patellar component thickness was beneficial due to a decreased
PF contact force, it is important to avoid an excessively thin patellar component due to the risk of
patellar maltracking and decreased PF ligament forces [46]. Our findings showed that, if the implant
thickness increased, the lateral patellar tilt also increased which is in line with previous studies [21,42].
The influence of the thickness was not as high as reported by Bengs et al. [35]. Hsu et al. [44] reported
that the PF contact force of the thicker patella was 174% higher compared to the thinner patella; in
our study it was 176%. Some biomechanical studies [21,42,44,45] reported that overstuffing the PF
joint induced higher lateral tilt of the patella which was also observed in our results. Additionally,
a higher thickness might lead to increased polyethylene wear and aseptic loosening of the patellar
component [35,42,46,47].

It has been reported that mediolateral positioning of the patellar component affects the PF
dynamics [6,41]. We demonstrated the same in our study, i.e., a medialized patellar component reduced
the resulting PF contact force during knee flexion in agreement with clinical observations [6,32,36,52,86].
Furthermore, medialization led to a more lateral path and tilt of the patella which is in line with previous
findings [36,41,48]. A medialized patellar button decreases the Q-angle [8,41,86] and consequently
lateralizes the patella bone, thereby leading to a higher lateral tilt [86]. Our results also indicate that
the PF contact force decreased above 60° flexion due to medialization of the patella which might
decrease postoperative pain [32,36,48]. In clinical studies, the incidence of lateral release was less for
the medially placed patellar component [8,20,48,52]. However, we also showed that medialization
caused a higher tendency for lateral tilting. The reported changes in shift, tilt, and PF forces are in good
agreement with previous studies [20,48,52,86]. Concerning the patellar tilt, our data are comparable to
a clinical study investigating the effects of medialization [50]. The reduction in the PF contact force due
to medialization is consistent with a decrease in the Q-angle due to lateral shift of the patella [8,48].

To date, it is not clear whether the superior-inferior position of the patellar component influences
knee dynamics after total knee arthroplasty [28,33,49]. We showed that the superior—inferior position
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of the patellar component affected the PF dynamics which is in line with previous studies [28,32,33].
In another study, Fitzpatrick et al. [28] identified the superior-inferior positioning as the most sensitive
parameter using a dynamic finite element model supporting our findings. In this regard, our results,
however, favor an inferior placement of the patellar component due to a decreased PF contact
force. Nakamura et al. [33] recommended a superior placement of the patellar component, whereas
other studies recommended an inferior placement [5,32]. As it concerns the PF contact forces, our
results are contradictory to findings presented by Nakamura et al. [33] but consistent with other
studies [5,30,32]. One explanation for the divergent data could be differences in the considered load
cases and numerical simulation models used. The contradicting consequences of inferior position of the
patellar component [33] occur only at high flexion angles (around 130° flexion) which were not reached
in our analyzed load case. Furthermore, a higher number of PF ligaments were considered in our study.
In general, inferior position of the patellar button might be favorable for daily living activities such
as squatting but less desirable in patients who demand to reach higher flexion angles [88]. Based on
our findings, the physiological reconstruction of the patellar position is of high importance. The most
common conventional surgical techniques for patellar resection, i.e., freehand with a saw, using a
saw guide, and a reamer reveal a high variance regarding the accuracy of the patellar cut. Although
computer-navigation is used in TKR to improve the accuracy of the bony cut and component placement,
currently it is focused on the positioning of the tibial and femoral component. However, studies with
navigated patellar resurfacing systems showed an equal or higher accuracy for the patellar cut and the
reconstructing of the physiological patellar position in comparison to conventional techniques with
good short- and mid-term outcomes [12,13]. Our results emphasize the importance to focus on precise
placement of the patellar component.

Another advantage of our study is the use of a detailed MMBS model incorporating relevant
muscles of the lower extremity as active force elements compared to previous studies that assumed the
muscles to apply only constant forces [15,16,30,51,85], considered only few muscles [28,33], or analyzed
passive load cases without active muscle forces [34]. Our study showed the potential of MMBS
in very comprehensively investigating the effects of surgical parameters on knee joint dynamics.
The presented non-invasive method to simultaneously predict muscle, ligament, and knee joint forces
can be used to improve the preclinical testing of TKRs as described by Affatato et al. [47] on the example
of knee wear simulators. Computational data can provide additional insight into the influence of
patellar component malpositioning on PF dynamics during active knee motions that commonly occur
during daily living. Most orthopedic surgeons perform patellar bone preparation and component
positioning without a navigation system [12,13]; however, small changes in the positioning leads
to crucial changes in PF dynamics as demonstrated in this study. Furthermore, we showed that
translational positioning of the patellar component is a relevant factor supporting the need for a
navigation-based surgical procedure [12,13]. We pointed out that the patellar component is basically
robust to rotational malalignment due to a consistent contact region between the articulating surfaces,
which is in agreement with the findings of Fitzpatrick et al. [28]. Therefore, intraoperative placement
of patellar components should first focus on translational position rather than rotational orientation.

5. Conclusions

In conclusion, the presented effects of patellar component design and positioning on PF kinematics
and kinetics are in good agreement with previous experimental and computational studies. Aiming atan
optimal intraoperative patellar component alignment, the most important parameters are component
thickness, mediolateral and superior—inferior positioning. In both manual and navigation-based
surgical techniques, the patellar thickness, patellar tracking, patellar position relative to the joint line,
the orientation of the trochlear, and positioning of the anterior femoral component should be considered
in order to prevent PF complications. Our findings will support orthopedic surgeons in intraoperative
patellar component positioning from a biomechanical perspective. Regarding the different positioning
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of the patellar component, close attention should be paid to translational positioning as this might
result in poor patient outcome.
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Appendix A

Mechanical Material Properties of the Ligaments

Table A1. Mechanical properties (stiffness and reference strain) of the implemented ligaments were
adapted from the literature [60,61,74,80]. The tibiofemoral ligament structures included: two bundles
posterior cruciate ligament (PCL), two bundles lateral collateral ligament (LCL), three bundle medial
collateral ligament (MCL), two bundles oblique popliteal ligament (OPL), one bundle arcuate popliteal
ligament (APL), two bundles posterior capsule (pCAP), three bundles lateral patellofemoral ligament
(LPFL), three bundles medial patellofemoral ligament (MPFL), and the patellar ligament (PL). Reference
strains are the respective ligament strain values for the reference position upright standing. Stiffness is
expressed in Newton per unit strain.

Tibiofemoral Patellofemoral
. Ligament Stiffness Ref. . Ligament . Ref.
Ligament Bundle (N) Strain Ligament Bundle Stiffness (N) Strain
a 3000 -0.10 ) 2500 0.12
PCL MPFL c 2500 0.08
p 1500 —-0.03
d 2500 0.08
) 2000 0.06
a 1500 0.04 LPFL c 2000 0.06
MCL d 2000 0.06
c 1500 0.04 PL - -
p 1500 0.02 a anterior
a 2250 -0.25 c central
LCL .
P 2250 0.08 d distal
P 1250 0.06 i inferior
OPL
d 1500 0.04 1 lateral
1 2500 0.05 m medial/middle
pCAP
m 2500 0.05 ) posterior/proximal
APL 1500 0.04 s superior
Appendix B

Investigated joint quantities during active two-leg squat motion for the validation of the
musculoskeletal multibody simulation model (Figure A1). The tibiofemoral contact forces (Figure A1A)
agreed with the measured contact forces in patients with telemetric TKR [84]. Likewise, the quadriceps
force was in good agreement with previously published studies [82,83] (Figure A1B). Patellofemoral
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contact forces (Figure A1C) calculated at 30°, 60°, and 90° knee flexion were similar to findings by
Wallace et al. [81] and Innocenti et al. [82].

>
w
e}

4 —KII Kt 3 ®Innocenti et al. [82] = 3% winocentictal (82)
g 35 K3R —K5R Z,s Sharma et al. [83] P Wallace et al. [§1]
¢ —MMBS &2 = MMBS i = Wallace et al. [81]
b - £ , - 25 u MMBS
] ]
E 25 ool g ° E
£z " Ve g Ex 2
S@ 2 =15 3z
F 2 ol \ g FRIS
=S5 Iy Y, £, £
£ N N 5 E
& | == ——y { B 2
2 2 0.5 2
£ 05 [<hes I T 05 I
= =

0 0 & 0 H

0 20 40 60 80 100 40 60 90 30 60 90
Motion cycle in % Flexion in deg Flexion in deg

Figure Al. Validation of the musculoskeletal multibody simulation (MMBS) model. The MMBS
model has been validated in terms of the tibiofemoral contact force (A), quadriceps force (B) and the
patellofemoral contact force (C) during a dynamic squat motion. The tibiofemoral contact force is
compared against the in vivo measurements of instrumented total knee replacements for three subjects
(K1L, K2L, K3R, and K5R) [84]. The quadriceps force is compared against two simulation studies [82,83].
The resultant patellofemoral contact force is an important validation parameter for patellofemoral joint
dynamics: it is compared against studies described in [81,82].

Appendix C

Equations Used for Statistical Evaluation

The computational formulas for mean absolute deviation (MAD)

o m;—c;
MAD = M, (A1)

root mean square error (RMSE),
RMSE = == (A2)

Pearson correlation coefficient (12)

2 1y, mic; — ), m;}. Ci (A3)

\/[nz ml2 -(X mi)Z] \/[VZZ Cl2 -(Z Ci)z]l

and coefficient of determination (R?)
R = (), (A4)

presented here, where m; and c; represent the measured and calculated values at each time; step i, n is
the total number of steps.
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