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Background: The purpose of this study was to propose a methodology for mechanical charac-
terization of the ligaments in subject-specific models of the patellofemoral joint (PFJ) of living
individuals.
Method: PFJ laxity tests were performed on a healthy volunteer using a specially designed
loading apparatus under biplane fluoroscopy. A three-dimensional (3D) parametric model of
the PFJ was developed in the framework of the rigid body spring model using the geometrical
data acquired from the subject's computed tomography and magnetic resonance images. The
stiffness and pre-strains of the medial and lateral PFJ ligaments were characterized using a
two-step optimization procedure which minimized the deviation between themodel predictions
and the calibration test results. Sensitivity analyses were performed to investigate the effect
of mechanical properties of the non-characterized model components on the characterization
procedure and its results.
Results: The overall findings indicate that the proposed methodology is applicable and can im-
prove the model predictions effectively. For the subject under study, ligament characterization
reduced the rootmean square of the deviations between the patellar shift and tilt predicted by the
model and obtained experimentally for the validation laxity test (from 6.2 mm to 0.5 mm, and
from 8.4° to 1.5°, respectively) and passive knee flexion test (from 1.4 mm to 0.3 mm, and from
2.3° to 1.3°, respectively). The non-characterized mechanical properties were found to have a
minimal effect on the characterization procedure and its results.
Conclusion: The proposed methodology can help in developing truly patient-specific models of
the PFJ, to be used for personalized preplanning of the clinical interventions.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Subject-specific joint models (SSJMs) have been extensively used in recent years to provide a more detailed insight into the
biomechanics of human joints [1–10]. Another attractive application of these models, however, is simulation of a joint disorder
and the prospective surgical/conservative interventions for a specific patient [11–13]. With such capability, the SSJMs could
emerge as useful clinical tools to help with understanding the etiology of a disorder more precisely and preplanning more effec-
tive personalized treatments.
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There are two main types of information required to build an SSJM: (1) the geometry of the joint components, and (2) the
mechanical properties of the joint structures. The existing SSJMs of living individuals [2,6,7,9] are geometrically subject specific
only, i.e. the articulating surfaces, muscle action lines, and ligament attachment points are obtained using in vivo computed tomog-
raphy (CT) and/ormagnetic resonance (MR) imaging of the subject under study. For themechanical properties of the joint structures,
e.g., the stiffness and pre-tension of the ligaments, however, they use some average in vitro data from the literature. It has been re-
ported that neglecting the inter-individual variability for the mechanical properties of the ligamentous tissues can greatly affect the
efficacy of the SSJMs in predicting the results of surgical interventions [14].

The patellofemoral joint (PFJ), is a prominent example of a human joint, in which the passive soft tissues play an important
role in the joint stability behavior. In vitro biomechanical studies have shown that while the patellar stability within the femoral
groove after 20° knee flexion is mainly provided by the restraining effects of the articulating surfaces [15], it is contributed largely
by the medial patellofemoral ligament (MPFL) and the lateral patellofemoral ligament (LPFL) near full extension [16,17]. This is
particularly the case when the quadriceps tension is minimal, e.g., during the terminal swing phase of the gait cycle, at which
the patellar dislocation happens most frequently [18]. Clinical literature indicates that the PFJ problems, in the forms of subluxa-
tion, dislocation and patellofemoral pain syndrome are associated with patellar insufficient mechanical stability within the femoral
groove, in the early knee flexion range [19,20]. Moreover, it has been reported that MPFL deficiency is a major cause of patellar
instability disorders near full extension and its reconstruction improves the patellar tracking within the groove [21–23].

In spite of the critical role of the PFJ ligaments in the joint stability behavior, shown in biomechanical and clinical investiga-
tions, neither of the previous PFJ models of living individuals [4,7,8,10,24] has provided a solution for representing the real
subject-specific mechanical responses of the ligaments. The purpose of this study, hence, was to propose a methodology for de-
veloping geometrically and mechanically SSJMs of the PFJ of living individuals, based on the mechanical characterization of
the ligaments. A parametric PFJ model was developed which included a detailed representation of the articulating surfaces, car-
tilaginous layers, quadriceps muscles, and ligamentous tissues, with the geometries of the model components extracted from
CT and MR images. The mechanical properties of the MPFL and LPFL were then found using a model-based inverse characteriza-
tion approach which incorporated the results of in vivo laxity tests performed under biplane fluoroscopy. The joint tracking data
needed for simulation, as well as validation of the model predictions, were also obtained using biplane fluoroscopy imaging. The
model was then used in a number of simulation studies to assess the effect of mechanical characterization on its predictions for
the patellar tilt and shift, in comparison with the experimental results. It was hypothesized that characterization of the mechanical
properties of the ligaments in a geometrically subject-specific PFJ model could improve the model's predictions for the joint sta-
bility behavior, as required for surgical preplanning applications.

2. Method

The SSJM of the PFJ was constructed in three steps: (1) The geometrical, tracking and laxity test data was extracted from the
PFJ of a healthy volunteer using CT, MR imaging and biplane fluoroscopy. (2) A geometrical SSJM was developed, in which the
MPFL and LPFL were parametrically modeled. (3) The mechanical properties of the PFJ ligaments were characterized using a
model-based inverse characterization approach which minimized the root mean square error between the model's predictions
and the experimental results of the laxity tests. The SSJM was then utilized in a number of simulation studies to investigate
the effect of the ligament characterization on the model's predictions. Also, sensitivity analyses were performed to assess the fi-
delity of the proposed methodology and the significance of the ligament characterization.

2.1. Experiments

A healthy male volunteer (180 cm, 84 kg, 30 years), with no history of PFJ disorder, participated in this study, after obtaining
the institution's ethical committee's approval and informed consent. The geometrical data of the femoral and patellar articular sur-
faces were acquired using CT imaging (BrightSpeed, GE, USA) with a resolution of 0.707 × 0.707 × 1 mm, while the subject was
lying supine with fully extended legs and relaxed quadriceps. Also, the geometries of the cartilage and the muscular and ligamen-
tous tissues were obtained using MR imaging (Trio Tim, Siemens, Germany) with a resolution of 0.5 × 0.5 × 0.5 mm, in the same
posture. The latter data included the attachment sites of the quadriceps muscles, the MPFL, the LPFL and the patellar tendon into
the bones, which were identified using the guidelines of the anatomical atlases and the literature [25–29].

At first, a passive knee flexion test was performed in which the subject's knee was flexed from full extension to 45° flexion,
while he was lying prone under a biplane fluoroscopy system (Axiom Artis BA, Siemens) with a resolution of 1024 × 1024 and
frontal and lateral detector sizes of 38 × 30 cm and 25 × 25 cm, respectively. During this test, the subject was asked to relax
his muscles and an assistant held the middle of the shank and moved it slowly upwards. The positions of the femur, patella
and tibia were recorded during the test by the two detectors, after calibration [30].

In the next step, the PFJ laxity tests were conducted using a specially designed patellar loading apparatus (Figure 1) under the
same biplane fluoroscopy system. The three-dimensional (3D) position and orientation of the loading apparatus with respect to
the patella could be fixed as desired using a number of adjusting mechanisms. A loading lever, controlled manually, was used
to move a loading tip (Figure 1) that applied a perturbing force to the patella along the adjusted direction. The magnitude of
the perturbing force was recorded using a high-accuracy (force error: ±0.04 N; torque error: ±0.05 Nmm) six-axis force trans-
ducer (Nano 25-E, ATI Industrial Automation, Apex, USA) embedded inside the apparatus. Also, the 3D direction of the force
(loading tip), as well as the bones' motions, were recorded using the biplane fluoroscopy system.



Figure 1. Specially designed patellar loading apparatus used for three-dimensional patellofemoral joint laxity tests. Adjusting the mechanisms enables fixing the
apparatus at the desired position and orientation with respect to the patella. Loading lever moves the loading tip to apply a perturbing force to the patella
which is measured using the six-axis force transducer.
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The laxity tests were performed in five test configurations, specified by the perturbing force direction and the knee flexion
angle (Table 1). During each test, after adjusting the position and orientation of the loading apparatus, the operator pushed the
loading lever to apply an increasing perturbing force to the patellar lateral or medial edge, towards medial or lateral, respectively,
while the subject was lying supine, with the quadriceps relaxed and the knee kept fixed between 0° and 15° by means of a wedge
(Figure 2). The test was terminated when a maximum force of 50 N or a maximum displacement of 20 mm at the loading tip was
reached. To ensure repeatability of the experiments, each test was repeated at least three times. From the five test configurations,
Table 1
Configurations of the patellofemoral joint laxity tests.

Test no. Test point Knee flexion angle Patellar perturbing force

Yaw angle
(Distal–proximal)

Pitch angle
(Medial–lateral)

Application point Magnitude (N)

1 1.1 ≈5° ≈0° ≈30° Patellar medial edge 0
1.2 9.2
1.3 17.3
1.4 24.9
1.5 32.4

2 2.1 ≈15° ≈0° ≈30° Patellar medial edge 0
2.2 14.2
2.3 20.1
2.4 28.4
2.5 39.3

3 3.1 ≈10° ≈180° ≈ − 30° Patellar lateral edge 0
3.2 11.2
3.3 24.9
3.4 36.5
3.5 48.0

4 4.1 ≈0° ≈180° ≈ − 30° Patellar lateral edge 0
4.2 8.1
4.3 19.0
4.4 25.8
4.5 32.3

5 5.1 ≈10° ≈30° ≈15° Patellar medial edge 0
5.2 5.9
5.3 17.1
5.4 23.0
5.5 33.7

Image of Figure 1


Figure 2. The setup and procedure of the three-dimensional (3D) laxity tests. With the knee flexion fixed, the patella was pushed towards medial or lateral, using
the patellar loading apparatus. The 3D tracking of the bones and the loading tip (direction of the perturbing force) were recorded using biplane fluoroscopy
(detectors A and B). The magnitude of the perturbing force was acquired using the force transducer embedded inside the loading apparatus.
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the first four were considered as the calibration tests and the other one as the validation test. Five test points (at 0, 25, 50, 75 and
100% of the maximum perturbing force) were extracted from the results of each test for analysis (Table 1).

The 3D orientation of the loading tip, as well as the 3D tracking data of the patella, femur and tibia in the fluoroscopy
coordinate system, were found at each test point using a two dimensional (2D)–3D registration algorithm [31–33] (Figure 3).
Registration procedure was performed manually using an in-house code (MATLAB 7.10.0, Mathworks Inc., Natick, MA, USA).
The 3D models of the bones and the loading tip, constructed from CT images, were translated and rotated in 3D such that
the contours of their digitally reconstructed radiographs (DRRs) matched those of the fluoroscopy images (Figure 3(a–c)). The
precision of this registration method, tested on human cadaver bones, revealed orientation and translation errors in the ranges
of ±0.55° and ±0.35 mm, respectively [34].

Finally, all the geometrical and tracking data were registered into the biomechanical coordinate systems of the femur and
patella, defined based on the anatomical landmarks of the bones (Figure 4). The registration of the MR coordinate system into the
CT coordinate system was performed using a rigid 3D–3D registration method, which matched the bones' anatomical landmarks
with an accuracy of ±0.20 mm [2]. For the tracking data, a series of matrix transformations were applied to transfer them from the
fluoroscopy coordinate system into the CT coordinate system, and then the bones' biomechanical coordinate systems. The tracking
data of the femur, the tibial tubercle, and the loading tip were transferred into the femoral coordinate system, and that of the
patella to the patellar coordinate system. The patellar translations and rotations with respect to the femur were described using
the position and orientation of the patellar coordinate system relative to the femoral coordinate system. The patellar rotations around
XF, Yp, and Zp axes were considered as flexion, tilt, and rotation, and its translations along XF, YF, and ZF axes as shift, distal–proximal
and anterior–posterior translation, respectively (Figure 4).

2.2. PFJ modeling

A 3D parametric model of the PFJ was developed using the geometrical data of the subject, acquired from the experiments. The
model included the femoral and patellar articulating surfaces (including their cartilage layers), the six components of the quadri-
ceps muscles (rectus femoris, vastus intermedius, vastus medialis longus, vastus medialis obliquus, vastus lateralis longus, and
vastus lateralis obliquus), the MPFL and LPFL, and the patellar tendon (Figure 5). Details of the model are described in the authors'

Image of Figure 2


Figure 3. Schematics of the registration procedure used to find the three-dimensional (3D) tracking of the bones and the loading tip during laxity tests from
biplane fluoroscopic images. (a) Generating the digitally reconstructed radiographs (DRRs) from the 3D models of the bones and the loading tip. (b) Extracting
the contours from fluoroscopic (left) and DRR (right) images. (c) Registration of the counters in frontal (left) and sagittal (right) planes.
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previous publication [2]. In brief, the patella and femur were modeled as rigid bodies, covered with discretized columns of
deformable cartilage, in the framework of a rigid body spring model [35,36]. Each cartilage column was represented using a Kelvin
viscoelastic model with mechanical constants from the literature [2]. The MPFL and LPFL were modeled as a three-bundle nonlinear
Figure 4. Schematics of the registration procedure used to transfer all geometrical andkinematic data into the biomechanical coordinate systems of the femur and patella.

Image of &INS id=
Image of Figure 3


Figure 5. The patellofemoral joint model, including the femoral and patellar articulating surfaces and their articular cartilage layers, the medial patellofemoral lig-
ament (MPFL) and the lateral patellofemoral ligament (LPFL), the patellar tendon (PT) and the quadriceps muscle components, i.e. rectus femoris (RF), vastus
intermedius (VI), vastus medialis longus (VML), vastus medialis obliquus (VMO), vastus lateralis longus (VLL) and vastus lateralis obliquus (VLO). The perturbing
force applied to the patella during laxity tests is also shown in the figure.
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tensile spring each, and the patellar tendon as a 10-bundle linear tensile spring, to consider their broad attachment sites into the
patella and femur.

In order to account for the wrapping of the MPFL and LPFL over the femoral condyles during the laxity tests (Figure 1), they
were modeled in more detail, in comparison with our previous work [2]. Each ligament bundle was segmented using eight virtual
nodes. For each of the nine segments of each of the six bundles of the MPFL and LPFL (in total), a nonlinear elastic behavior was
considered using a piecewise force–strain relationship, as in Eq. (1) [7,37–39]:
f ij Nð Þ ¼

0
1
4
kij � εij2=ε1

kij εij−ε1
� �

εij b 0

0≤εij≤2ε1
εijN2ε1

i ¼ 1;2;…;9 and j ¼ 1;2;…;6

8>>><
>>>:

ð1Þ
where fij(N), kij (N), and εij represent the force, strain stiffness and strain of the ith segment of the jth bundle, respectively. Also, ε1
is half of the strain limit, set as 0.03 [38], at which the initial nonlinear behavior of the ligament in the toe region of its force–stain
curve turns into a linear behavior [40]. The segmental stiffness was the same for all segments of each ligament bundle as in
Eq. (2):
kij ¼ 9lrj � kj ð2Þ
where kj (N/mm) and lj
r(mm) are the elongation stiffness and the reference length of the jth bundle, respectively, with the latter

being found from the full-extension MR images. Also, having the current length of the segment, lij, as the distance of two adjacent
nodes, its strain was obtained using Eq. (3):
εij ¼
lij 1þ ε0j
� �
lrj=9

−1 ð3Þ
in which εj0 is the pre-strain of the jth ligament bundle. Hence, the mechanical behavior of each ligament bundle in the PFJ model
was characterized using the bundle's stiffness, kj, and pre-strain, εj0, constants in Eqs. (2) and (3), respectively.

Image of Figure 5
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Moreover, our previous model [2] was extended to account also for the passive tensions of the muscles. For each of the three
bundles of each of the six components of the quadriceps, the passive tension was found using a Hill-type model, as in Eq. (4)
[41]:
Flm ¼
K
PCSAm

3

� �
� ϵlm

1−
ϵlm
asym

� � l ¼ 1;2;3 andm ¼ 1;2;…;6 ð4Þ
where Flm(N), and ϵlm represent the passive tension and the strain of the lth bundle of the mth component of the quadriceps,
respectively. Also, PCSAm is the physiological cross-sectional area of the mth component of the quadriceps muscles obtained
from the literature [42]. Moreover, K (N/cm2) and asym are the specific strain stiffness and the strain asymptote constants of
muscles, respectively, considered as 1.2 N/cm2 and 0.7, based on the data reported for rectus femoris [41,43]. The strain of
each bundle was obtained using Eq. (5):
ϵlm ¼
Llm 1þ ϵ0m

� �
Lrlm

−1 ð5Þ
in which Llm(mm) and Llm
r (mm) are the current and reference lengths of the lth bundle of the mth component of the quadriceps,

respectively, and ϵm0 is the pre-strain of mth muscle. The reference and instantaneous lengths of each quadriceps bundle were
determined as the distance between its attachment points to the patella and femur, at knee full extension and each simulation
step, respectively. The muscle bundles were assumed to be lax, with a pre-strain of ϵm0 = − 0.05, considering the reports of
the literature for a passively fully extended knee [17].

Using these equations, along with those of the cartilage column contact and deformation, the patellar dynamic equations of
motion, etc. (see Ref. [2] for details), the model could be solved to reveal the 3D patellar tracking with respect to a fixed
femur, under passive or active quadriceps loading at any knee flexion angle. The input of the model was the spatial coordinates
of the tibial tubercle, i.e. the distal attachment site of the patellar tendon, which was found for the relevant knee configuration
from the experiments. In simulating the PFJ laxity tests, the direction and magnitude of the perturbation force were also consid-
ered as inputs.

2.3. Ligament characterization

The aim of the characterization procedure was to identify the mechanical properties, i.e. the stiffnesses (kj) and pre-strains
(εj0), of the MPFL and LPFL bundles, using the results of the calibration laxity tests. Considering the three bundles assumed for
each ligament, the characterization problem included 12 unknown parameters in total (one stiffness and one pre-strain for
each bundle). Having this large number of characterization parameters, it was necessary to implement a multiple-step optimiza-
tion strategy to ensure finding their global optimal values within the acceptable ranges. In the first step, an identical stiffness was
considered for the bundles of each of the MPFL and LPFL, reducing the number of parameters into eight. Assuming the pre-strain
and stiffness to be bounded between −0.2 and 0.2, and one and nine newtons per millimeter, respectively, a total of 154 param-
eter sets were considered to obtain the relevant design of experiments (DOE) response surface. For each test point of the calibra-
tion laxity tests (Table 1), the PFJ model predicted the patellar motion based on a parameter set, which was then compared with
the experimental data. The deviation between the model predictions and experimental results was indicated as the normalized
RMS errors of the translation and rotation, to form a cost function, as in Eq. (6):
F Xð Þ ¼
Xn
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3
j¼1 r j XMod

ij −XExp
ij

� �� �2 þP3
k¼1 rk θMod

ik −θExpik

� �� �2

n

vuut
ð6Þ
where Xij
Mod and θikMod are the model predictions and Xij

Exp and θikExp are the experiment results for the jth translational (in millimeters)
and kth rotational (in radians) components of the patellar motion, respectively, for the ith parameter set. Also, r represents the
normalization factor assumed equal to one per radian (57.3) for the rotational, and one for the translational components of the
cost function. The optimal values of the stiffness and pre-strain of the MPFL and LPFL bundles were then determined using the re-
sponse optimizer procedure.

In the second step of the optimization procedure, the initial values of the characterization parameters were chosen as the final
values of the first step, and the ranges of variation were reduced to 1.6 to 6.3 N/mm, and −0.1 to 0.1, respectively, for the stiff-
ness and pre-strain. This allowed us to increase the number of characterization parameters to 12, removing the pre-assumption of
an identical stiffness for the three bundles of each ligament. The simulated annealing method [44,45] was then utilized to find the
global minima, after 500 iterations with less than one percent change in the cost function's value.
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2.4. Simulations

A number of simulations were performed using the SSJM of the PFJ, with uncharacterized and characterized ligaments, to eval-
uate the effect of characterization on the model's predictions. First, the calibration and validation laxity tests were simulated using
the SSJM model, with the ligament properties from the literature [2], as well as those from the first and second optimization steps.
Then, the passive knee flexion was simulated by the model to examine the effect of ligament characterization on the patellar mo-
tion, in comparison with the experimental data. Finally, the terminal swing instant of the gait cycle was simulated by the model,
with characterized and uncharacterized ligaments. In this simulation, the knee was assumed to be fully extended and the total
active force of the quadriceps muscles to be 100 N, according to the literature [46]. In addition to the initial normal condition,
excessive external tibial rotations were simulated, by displacing the tibial tubercle towards lateral, in order to assess the effect
of ligament characterization in an abnormal knee prone to patellar dislocation.

2.5. Sensitivity analyses

Sensitivity analyses were performed to assess the reliability of the proposed laxity test-based methodology for mechanical
characterization of the PFJ ligaments. The sensitivity of the characterization procedure to the inter-individual variability of the
non-characterized mechanical properties of the model components was analyzed by studying their effects on the cost function
of Eq. (6). For the SSJM with the characterized MPFL and LPFL, the stiffnesses of the articular cartilage and the patellar ten-
don, as well as the specific strain stiffness constant of the quadriceps muscles were changed to ±50% of their original
literature-based values, one at each step. Similarly, the pre-strain of the quadriceps components was changed to ±100% of
its initial value. At each step, the calibration laxity tests were simulated by the model and the resulting cost function was
calculated.

Furthermore, the significance of the mechanical characterization of the SSJM was studied by comparing the sensitivity of the
PFJ motion to the mechanical properties of the MPFL and LPFL with those of the non-characterized model components. The stiff-
nesses and pre-strains of the MPFL and LPFL bundles were changed to ±50% and ±100% of their original optimal values obtained
from the second characterization step (Table 2), respectively. The resulting variations in the model predictions for the patellar
shift and tilt were then compared with those of the matching changes in the stiffnesses of the articular cartilage and the patellar
tendon, as well as the specific strain stiffness constant and the pre-strain of the quadriceps muscles.

3. Results

The displacement–force results of the PFJ laxity tests are illustrated in Figure 6. For all curves, the zero point represents
the neutral position of the patella (no perturbing force) and the slope indicates the compliance (inverse of the stiffness) of the
patellar movement. In general, the patellar movement had a smaller compliance at higher flexion angles (tests 2 and 3 vs. 1
and 4, respectively), and under laterally oriented perturbing forces (tests 1 and 2 vs. 3 and 4), as expected. The displacement–
force curves were highly repeatable with an overall test–retest correlation coefficient of 0.996.

The results of the first and second steps of the optimization procedure are illustrated in Figures 7 and 8, and Table 2. In gen-
eral, the stiffness and pre-strain had a similar order of influence on the RMS of the deviations between the model and experimen-
tal results, and consequently the cost function value (Figure 7). The optimization procedure showed a convergence trend for the
optimal parameters and reduced the value of the cost function from 6.1 to 3.9 and then to 3.0 (Table 2). As illustrated in Figure 8,
ligament characterization affected mostly the model predictions for the patellar shift, tilt and rotation, with least effect on the
patellar flexion, and distal–proximal and anterior–posterior translations. The optimal mechanical properties found for the ligaments
indicated stiffnesseswithin the ranges of 2.6 and 3.8N/mm for the LPFL, and 1.9 and 2.6N/mmfor theMPFL bundles. Also, the bundles
of both ligaments were found to be relaxed in the reference (unloaded full extension) configuration, except for the most proximal
bundle of the MPFL that experienced a 0.05 pre-strain.

The predictions of the PFJ model improved considerably after ligament characterization. For the validation laxity test (which
was not used in the characterization procedure), the RMS of the deviations with the experimental results reduced from
6.2 mm to 0.5 mm for the patellar shift, and from 8.4° to 1.5° for the patellar tilt (Figure 9). Similarly, for the passive knee flexion
test, ligament characterization decreased the deviations between model predictions and experimental results from 1.4 mm to
Table 2
Mechanical parameters of the patellofemoral ligaments before and after characterization.

Ligament
properties

εMPFL εLPFL KMPFL (N/mm) KLPFL (N/mm) Cost
function

Bundle 1 Bundle 2 Bundle 3 Bundle 1 Bundle 2 Bundle 3 Bundle 1 Bundle 2 Bundle 3 Bundle 1 Bundle 2 Bundle 3

Literature [2] 0.1 0.1 0.1 0.05 0.05 0.05 3.3 3.3 3.3 3.3 3.3 3.3 6.1
Step 1:
characterization

0.04 0.03 0.0 −0.02 −0.02 0.0 3.3 3.3 3.3 4.2 4.2 4.2 3.9

Step 2:
characterization

0.05 −0.02 −0.02 −0.01 −0.07 −0.09 2.6 1.9 1.9 3.8 3.2 2.6 3.0

LPFL, lateral patellofemoral ligament; MPFL, medial patellofemoral ligament.



Figure 7. The main effects plot of the first step of the optimization procedure showing the effect of stiffness (K) of MPFL and LPFL, and pre-strain (ε) of each of
their bundles on the cost function of Eq. (3).

Figure 6. Displacement–force results of the patellofemoral joint laxity tests (Table 1). The patellar translations and rotations are described based on the coordinate
systems defined in Figure 5.
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Figure 8. The overall root mean square deviations between the model predictions (based on the ligament properties from the literature and the first and second
optimization steps) and the experimental results for the calibration laxity tests (Table 1).
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0.3 mm and from 2.3° to 1.3° for the patellar shift and tilt, respectively (Figure 10). A substantial effect was also observed for ligament
characterization when simulating abnormal knees with excessive external tibial rotations at the terminal swing instant of the gait
cycle (Figure 11); the characterized model predicted four millimeters larger shift and six degrees larger tilt than the uncharacterized
model in a knee with 20° excessive rotation.

The results of the sensitivity analyses are illustrated in Table 3 and Figure 12. For the SSJM with the characterized MPFL and
LPFL, the effect of alteration of the non-characterized mechanical properties of model components, by ±50% for the stiffness
and ±100% for the pre-strain, on the cost function of the characterization procedure (Eq. (6)) was reasonably small; the cost
function remained in the range of 2.7–3.6 (Table 3). Also, simulation of three test points of each calibration laxity test by the
PFJ model with altered mechanical properties of components revealed that the mechanical characteristics of the MPFL and LPFL
had substantially larger effects on the patellar shift and tilt, in compassion with those of the non-characterized model components
(Figure 12). The variations of the patellar shift and tilt, caused by changing the mechanical properties of the MPFL and LPFL, were
in the range of 0.9–2.7 mm and 0.9–4.3° on average, respectively, significantly larger (P b 0.05) than those resulted from changing
the other mechanical properties, i.e. 0.1–0.3 mm and 0.3–1.0°.

4. Discussion

This study is a first step towards truly subject-specific modeling of the PFJ of living individuals, to be used for personalized
preplanning of the clinical interventions in patients suffering from joint disorders. In the proposed methodology, the mechanical
properties of the MPFL and LPFL, as the major passive soft structures of the PFJ, are characterized using well-controlled in vivo
laxity tests and a model based inverse characterization procedure. To the best of our knowledge, this study is the first in the
Figure 9. The predictions of the model, before and after characterization, for the patellar shift and tilt during validation laxity test, in comparison with the exper-
imental results.

Image of Figure 8
Image of Figure 9


Figure 10. The predictions of the model, before and after characterization, for the patellar shift and tilt during passive knee flexion test, in comparison with the
experimental results.
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literature that utilizes in vivo characterization tests for subject-specific modeling of the PFJ, although a similar approach has been
employed previously for modeling of the cadaver joints using in vitro experiments [4,5,47–50].

In order to assess the effectiveness of the proposed methodology, it was implemented on a normal subject and the changes of
the model predictions before and after ligament characterization were studied. Considering the single subject limitation, the re-
sults of this study cannot be generalized. However, the overall findings indicate that the proposed procedure for 3D in vivo laxity
testing of the PFJ is applicable and provides repeatable results. They also indicate that the multi-step optimization procedure
employed is effective and demonstrates a convergence trend towards global minima with reasonable optimal results. Finally,
they suggest that the proposed methodology for mechanical characterization of the PFJ ligaments is practical and can considerably
improve the model predictions for the patellar shift and tilt, as the main parameters affecting the joint stability behavior. The
latter finding is supported by the results of the sensitivity analysis (Figure 12) which indicate that the mechanical characteristics of
the MPFL and LPFL have significantly larger effects on the patellar shift and tilt, in compassion with those of the non-characterized
model components, i.e. the stiffnesses of the articular cartilage and the patellar tendon, and the specific strain stiffness constant
and the pre-strain of the quadriceps muscles.

Our results for the optimized mechanical properties of the ligaments of the subject under investigation (Table 2) are within the
variability range reported in previous cadaveric studies. For instance, Conlan et al. [51] reported a range of five to 16 N/mm for
the stiffness of MPFL, which is comparable with the 6.4 N/mm total stiffness found in our study for the three MPFL bundles
(6.4 N/mm). Similarly, the 9.6 N/mm total stiffness we found for the LPFL bundles is within the eight- to 32-N/mm range reported
by Merican et al. [28] for this ligament. Nevertheless, there are also reports of higher stiffness ranges in the literature [52,53], pre-
sumably due to the ligaments' nonlinear mechanical behavior. While the cadaveric studies often report the slope of the linear re-
gion of the force–deformation curve as the ligament stiffness, at the relatively small perturbing force of our study, the ligaments
are deformed in the ‘toe’ region of this curve, similar to during physiological activities [40,41].

The results of our study suggest that ligament characterization affects the model predictions considerably. This effect was most
substantial when the patella experienced large mediolateral movements, e.g., during the validation laxity test (Figure 9) and at
the terminal swing instant for a knee with excessive external tibial rotation (Figure 10). Although the latter data was not vali-
dated experimentally, this behavior is not surprising considering the fact that with large patellar mediolateral movements, the
passive elastic stabilizers of the PFJ, i.e. MPFL and LPFL, will experience large tensions and their restraining effects become very
significant. Nevertheless, even for the passive knee flexion test of our normal subject (Figure 10), the model predictions improved
considerably after ligament characterization.
Figure 11. The predictions of the model, before and after characterization, for the patellar shift and tilt at the terminal swing instant of the gait cycle. The results
are shown for excessive external tibial rotations from zero (normal knee) to 20°.
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Table 3
Effects of changing the non-characterized mechanical properties on the characterization cost function.

Mechanical properties of model components Change Cost function

From literature [2]
(ligaments uncharacterized)

– 6.1

From literature [2]
(ligaments characterized)

– 3.0

Stiffness of articular cartilage
(ligaments characterized)

+50% 3.1
−50% 3.0

Stiffness of patellar tendon
(ligaments characterized)

+50% 3.1
−50% 3.1

Specific strain stiffness constant of muscles
(ligaments characterized)

+50% 2.7
−50% 3.5

Pre-strain of quadriceps components
(ligaments characterized)

+100% 2.8
−100% 3.6
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There are some shortcomings concerning the data and assumptions of our PFJ model that need to be addressed. The model
only included the MPFL, the LPFL and the patellar tendon, as the joint's passive structures, neglecting the effects associated
with other soft tissues, such as patellotibial and patellominiscal ligaments, retinacula, and joint capsule. This limitation was mainly
due to the fact that there is no adequate data available in the literature for the geometry and mechanical properties of these tis-
sues, and their identification would increase the number of unknowns and cause complications in the optimization procedure.
Also, the MPFL and LPFL were modeled as non-linear elastic materials and their viscoelastic behavior was neglected for the
same reason. Moreover, the mechanical properties of the non-characterized model components, i.e. the stiffnesses of the articular
cartilage and the patellar tendon, and the specific strain stiffness constant and the pre-strain of the quadriceps muscles were
based on the literature and were not subject specific. The results of the sensitivity analysis, however, indicate that the effect of
these parameters on the characterization cost function is minimal. Furthermore, despite efforts made to identify the attachment
points of the muscles and ligaments into the bones, this procedure involved uncertainties that could have affected the results.
Such simplifications might be responsible, at least in part, for the deviation of the model predictions from the experimental re-
sults, even after ligament characterization (Figures 9 and 10). Improved results might be obtained using a more sophisticated
PFJ model, with more detailed and accurate representation of the anatomical structures and enhanced quadriceps simulation.

Nevertheless, the effectiveness of the characterization strategy, implemented in our study, is also a matter of concern. Obvi-
ously, a characterization problem with a large number of unknown parameters is prone to be trapped in local minima. We
used a two-step optimization scheme, including DOE response surface modeling, to limit the parameters' ranges of variations,
and simulated annealing, to find the final global optimums. In fact, there is a convergence trend in the course of change of the
optimal parameters found in our first and second optimization steps (Table 2), that supports global optimization. However, the
uniqueness of the identified parameters is still under question; there might be several different parameter sets that produce
equally small cost functions. The question of uniqueness in such identification problems is often tackled by increasing the quantity
Figure 12. The variations of the model predictions for patellar shift and tilt due to (a,b) changing the stiffnesses of the articular cartilage, patellar tendon, quad-
riceps muscles, LPFL and MPFL by ±50% (a, b), and changing the pre-strains of the quadriceps muscles, LPFL and MPFL by ±100% (c,d), when simulating the three
test points of each calibration laxity test.

Image of Figure 12
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of the experimental data [54]. The arrangement of our biplane fluoroscopy system, however, limited the direction and magnitude
of the external load that could be applied to the patella during the laxity tests. With a more flexible setup, the patellar kinematics
can be measured in other configurations of laxity test, providing a larger number of experimental data points.

As a general conclusion, the proposedmethodology is promising for in vivo characterization of the ligaments in the subject-specific
models of the PFJ. With further improvements in the laxity test setup and protocols, it can be used for developing clinically useful
SSJMs for patients with PFJ disorders, with the capability of predicting the outcomes of prospective surgical treatments. Performing
the 3D laxity tests, however, is technically demanding and costly. The currently available biplane fluoroscopy systems are mostly
those developed for cardiovascular and neurovascular interventional procedures. The radiation dose of such systems is quite safe
for a half an hour operation period which is required for laxity tests, thanks to the advances in digital image technology. However,
they are very expensive and not usually available in medical imaging centers. With their increasing applications in orthopedic
diagnostic tests, e.g., for 3D tracking of joints, it is expected that specially designed biplane fluoroscopy systems for orthopedics
will be introduced in the future that can make the proposed methodology affordable for routine clinical practice.
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