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Computational knee models that replicate the joint motion are important tools to discern difficult-to-
measure functional joint biomechanics. Numerous knee kinematic models of different complexity, with
either generic or subject-specific anatomy, have been presented and used to predict three-dimensional
tibiofemoral (TFJ) and patellofemoral (PFJ) joint kinematics of cadavers or healthy adults, but not pedi-
atric populations.
The aims of this study were: (i) to develop subject-specific TFJ and PFJ kinematic models, with TFJ mod-

els having either rigid or extensible ligament constraints, for eight healthy pediatric participants and (ii)
to validate the estimated joint and ligament kinematics against in vivo kinematics measured from mag-
netic resonance imaging (MRI) at four TFJ flexion angles.
Three different TFJ models were created fromMRIs and used to solve the TFJ kinematics: (i) 5-rigid-link

parallel mechanism with rigid surface contact and isometric anterior cruciate (ACL), posterior cruciate
(PCL) and medial collateral (MCL) ligaments (DLnullÞ, (ii) 6-link parallel mechanism with minimized
ACL, PCL, MCL and lateral collateral ligament (LCL) length changes (DLminÞ and (iii) 6-link parallel mech-
anism with prescribed ACL, PCL, MCL and LCL length variations (DLmatch). Each model’s geometrical
parameters were optimized using a Multiple Objective Particle Swarm algorithm.
When compared to MRI-measured data, DLnull and DLmatch performed the best, with average root mean

square errors below 6.93� and 4.23 mm for TFJ and PFJ angles and displacements, respectively, and below
2.01 mm for ligament lengths (<4.32% ligament strain). Therefore, within these error ranges, DLnull and
DLmatch can be used to estimate three-dimensional pediatric TFJ, PFJ and ligament kinematics and can
be incorporated into lower-limb models to estimate joint kinematics and kinetics during dynamic tasks.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous knee joint kinematicmodels havebeendeveloped and
vary from simple mechanisms to more complex and anatomically
correct representations of the joint. Previous studies (Andersen
et al., 2010; Stagni et al., 2009) demonstrated that the knee repre-
sented as hinge or spherical joint cannot accurately estimate
in vivo secondary kneekinematics (i.e., ab/adduction, internal/exter-
nal rotation, and anterior/posterior, proximal/distal, medio/lateral
translations), especially joint translations. However, more realistic
five-rigid-linkparallel (i.e., closed-loop)mechanismshavebeenpro-
posed for the tibiofemoral joint (TFJ), consisting of two rigid tibial
and femoral contacts and isometric anterior cruciate (ACL), posterior
cruciate (PCL) and medial collateral (MCL) ligaments (Feikes et al.,
2003; Ottoboni et al., 2010; Parenti-Castelli and Di Gregorio, 2000;
Sancisi and Parenti-Castelli, 2011a;Wilson et al., 1998), and patello-
femoral joint (PFJ), represented as a hinge joint between the femur
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and the patella and an isometric patellar tendon (Sancisi and
Parenti-Castelli, 2011a). These mechanisms estimated in vitro pas-
sive six motion components (three rotations, three translations) of
each joint, with mean errors below 2.4� for rotations and 1.9 mm
for translations (Sancisi and Parenti-Castelli, 2011b), while allowing
for computational convenience and not needing to resort to contin-
uummodels (Adouni et al., 2012;Halonen et al., 2017; Kiapour et al.,
2014; Mootanah et al., 2014). Furthermore, parallel mechanisms
have been generated from magnetic resonance imaging (MRI) in
healthy adults (Brito da Luz et al., 2017), and extended to perform
dynamic analyses (Moissenet et al., 2014).

More complex parallel TFJ mechanisms have also been pro-
posed. Gasparutto et al. (2012) added the lateral collateral liga-
ment (LCL) to the previously described five-rigid-link model and
allowed for minimal ligament deformation during passive and
loaded gait conditions. These models better predicted internal/
external TFJ rotation during running compared to isometric liga-
ment models (Gasparutto et al., 2015). Moreover, when compared
to simple and/or generic TFJ models, personalized parallel TFJ
mechanisms with minimally deformable ligaments can better esti-
mate TFJ ab/adduction, internal/external rotation and anterior/pos-
terior translation during squatting in healthy and osteoarthritic
adults (Clément et al., 2015). Additionally, Moissenet et al.
(2014) included a passive PFJ mechanism in their musculoskeletal
model to perform gait analysis. However, these TFJ and PFJ models
have only been implemented in adult populations, and seldom val-
idated (Clément et al., 2015; Gasparutto et al., 2015). Therefore, it
is unclear whether adding minimally deformable ligaments to
these models can help capture anatomical characteristics typical
of the pediatric population, including high inter-subject anatomi-
cal variability and increased TFJ laxity that diminishes with
increasing age (Flynn et al., 2000; Hinton et al., 2008).

For validation purposes, estimated subject-specific knee joint
kinematics are generally compared against in vivo knee kinematics
measured using imaging techniques, such as fluoroscopy (Lu et al.,
2008; Marra et al., 2015) or biplanar radiography (Clément et al.,
2015), or intracortical pins (Benoit et al., 2006; Bonci et al., 2014;
Reinschmidt et al., 1997). However, radiation exposure or invasive
procedures limit the use of these methods, especially in pediatric
populations. Alternatively, MRI is a safe technology for validation
of knee mechanisms in children. To date, no studies have devel-
oped and validated subject-specific TFJ and PFJ mechanisms for
children using MRI.

Therefore, this study first aimed to use MRI to generate three
subject-specific TFJ models, with varying complexity (i.e., have dif-
ferent ligamentous constraints), each combined with a subject-
specific PFJ model to estimate three-dimensional TFJ and PFJ kine-
matics in a healthy pediatric population. The second aim was to
validate the kinematic results from the three different TFJ models
against knee kinematics and ligament lengths measured from
MRI scans collected at four unloaded knee flexion angles. We
hypothesized that, compared to the simplest model with three
rigid knee ligaments, the two models with increased complexity,
obtained by adding an extra knee ligament and by allowing for
minimal or prescribed elongation (Belvedere et al., 2012;
Bergamini et al., 2011; Blankevoort et al., 1991) of the ligaments,
would provide better estimates of MRI-measured joint and liga-
ment kinematics across the four knee flexion angles.
2. Methods

2.1. Participants

Eight healthy children and adolescents (4 males and 4 females,
mean ± SD: age 14.0 ± 2.6 years, mass 51.1 ± 10.5 kg, height
1.64 ± 0.11 m) were recruited. Study approval was obtained from
the Children’s Health Queensland Hospital and Health Services
human research ethics committee (HREC/13/QRCH/197) and par-
ticipants’ guardians provided written informed consent.

2.2. Medical image acquisition and processing

Three sets of MRIs were collected at the Queensland Children’s
Hospital (Brisbane, Australia) from each participant. First, a full
lower-body scan (1.5 T, SIEMENS MAGNETOM Avanto_fit syngo
MR VE11B, Germany), including the pelvis and lower limb bones
(3D PD SPACE, slice thickness: 1.0 mm, voxel size:
0.83 � 0.83 � 1.0 mm3), was performed with the participant in a
supine position. Second, a regional unloaded scan (3 T, SIEMENS
MAGNETOM Skyra, Germany) of the participant’s right knee (3D
SPC T2, slice thickness: 0.53 mm, voxel size:
0.53 � 0.53 � 0.53 mm3) was performed with the knee at �0� TFJ
flexion using a dedicated knee coil. Third, three additional dedi-
cated right knee scans were acquired under small gravitational
loads at �7�, 15� and 25� of TFJ flexion by using a flexible array coil
wrapped around the knee.

Three-dimensional lower limb bones, knee ligamentous and
cartilaginous structures were segmented in Mimics Research 20.0
(Materialise, Belgium) from each participant’s scans. Segmented
bones included the femur, patella, tibia and fibula, while ligaments
included the ACL, PCL, MCL and LCL (Fig. 1) and patellar tendon.
Three-dimensional full-length bones were registered with the
three-dimensional knee reconstructions through an iterative clos-
est point algorithm (Besl and McKay, 1992) in 3-matic (Materialise,
Belgium) to obtain a comprehensive representation of the partici-
pant’s anatomy at each considered knee angle.

2.3. Subject-specific TFJ and PFJ kinematic models

A baseline TFJ model was implemented as a five-link parallel
mechanism including two sphere-on-sphere contacts (represent-
ing the medial and lateral contacts between the femoral condyles
and the tibial plateaus) and three ligaments (ACL, PCL and MCL)
(Brito da Luz et al., 2017; Sancisi and Parenti-Castelli, 2011a)
(Fig. 1b). The two articular contacts were considered rigid, with
no penetration or separation permitted. The geometry of the con-
tact surfaces (i.e., sphere centers and radii) was obtained from
MRI by approximating the femoral condyles and tibial plateaus
by best-fitting spheres (Matlab R2014b, MathWorks). The geome-
try of the ligaments (i.e., ligament lengths, attachment points)
was derived from the MRI at �0� TFJ flexion by computing the cen-
troids of the segmented ligament attachment regions on the corre-
sponding bones. The TFJ baseline model was then extended by
adding the LCL (i.e., six-link), whose geometry was defined with
the same procedure used for the other ligaments.

Different TFJ models were created with three different ligament
models. The firstwas a five-rigid-link TFJ model where the ACL, PCL
and MCL were considered isometric (DLnullÞ over the TFJ flexion
range of motion (ROM). The second was a six-link TFJ model with
minimal ACL, PCL, MCL and LCL (DLmin) length variations over the
TFJ flexion ROM. The third was a six-link TFJ model where the
ACL, PCL, MCL and LCL length variations tracked the pattern of pub-
lished experimental ligament length variations (DLmatch) (Belvedere
et al., 2012; Bergamini et al., 2011; Blankevoort et al., 1991) over
the TFJ flexion ROM.

The PFJ was modelled as a hinge joint, where the patella was
constrained to rotate about and at a constant distance from an axis
while maintaining constant patellar tendon length. The axis was
defined by the center of two spheres fitted to the medial and lateral
patellofemoral articular surfaces (Brito da Luz et al., 2017; Sancisi
and Parenti-Castelli, 2011a). Finally, femur, tibia and patella



Fig. 1. Example of bone and TFJ ligament segmentation from the regional MRI scan (a). Baseline model of the TFJ (DLnull) (b): the spherical surfaces (grey) approximate the
geometry of the femoral condyles and tibia plateaus, while the rigid links (fuchsia) represent the isometric fibers of ACL, PCL and MCL.

Table 1
Description of terms in Eqs. (1)–(4).

Equation Symbol Description

1 qjoint;i Pearson’s correlation between ith estimated
and published TFJ (Ottoboni et al., 2010;
Sancisi and Parenti-Castelli, 2011a, 2011b) and
PFJ (Anglin et al., 2008; Sancisi and Parenti-
Castelli, 2011a, 2011b) NDOFs kinematics
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segment coordinate systems (SCSs) were defined (Belvedere et al.,
2007; Cappozzo et al., 1995) using anatomical landmarks manually
located onto the bone segmented surfaces (Table S1 supplemen-
tary material) to derive the relative poses of the bones as a result
of the model. Since the PFJ hinge axis was not aligned to the femur
medio-lateral axis, the single rotation about the hinge axis was
decomposed into coupled rotations about all reference axes.
NDOFs total number of TFJ (NDOFs = 5) and PFJ
(NDOFs = 6) dependent degrees of freedom

2 gm;k kth measured geometrical parameter
go;k kth optimized geometrical parameter
Ngeom total number of TFJ geometrical parameters

(i.e. center of the two spheres fitted to the
tibial plateaus and ligament attachment
points) used in DLnull (Ngeom = 24), DLmin and
DLmatch (Ngeom = 30)

3 ROMo;n nth optimized ROM
ROMm;n nth measured ROM during gait in children

(Leardini et al., 2007)
NDOFs bound total number of bounded TFJ ROM degrees of

freedom (NDOFs bound = 2 in this case, i.e. TFJ ab/
adduction and internal/external rotation)

4 qligament;l Pearson’s correlation between the lth estimated
and published (Belvedere et al., 2012;
Bergamini et al., 2011; Blankevoort et al., 1991)
ligament kinematics

Nlig total number of ligaments used in DLmin

(Nlig = 4)
2.4. Tuning of each subject-specific TFJ model

After each subject-specific TFJ and PFJ model was created,
tuning (i.e., optimization) of the model’s geometrical parameters
(initially measured off the MRIs) was undertaken to ensure that
the corresponding joint mechanism could be solved without
singularities (Brito da Luz et al., 2017). For the three different TFJ
ligament models, we employed different optimization approaches,
each consisting of an outer and inner loop. The outer loop optimized
each participant’s MRI-measured geometrical parameters (i.e.,
sphere centers and ligament attachment points), while the inner
loop solved the TFJ and PFJ mechanisms. In the outer loop, the
three-dimensional coordinates of the sphere centers were adjusted
within a range that was proportional to the size of the spheres
(Tables S2–S5 supplementary material) and that allowed the joint
mechanisms to solve for each participant (20 mm for the TFJ mod-
els, 5 mm for the PFJ model). The radii of these spheres were also
updated by minimizing the summed least square residuals
between fitted spheres and MRI-segmented cartilages and ensur-
ing that the residuals were <5% of the optimized radii. Finally,
the optimized attachment points of the ligaments were maintained
within their respective bone attachment regions.

Depending on the TFJ ligament model, the outer loop optimized
for four different objective functions (see Eqs. (1)–(4) and Table 1
for full definition of terms). Eq. (1) best matched the pattern
between estimated and published experimental TFJ and PFJ kine-
matics, ensuring TFJ and PFJ motion consistent with those mea-
surements (Brito da Luz et al., 2017). Eq. (2) minimized the
difference between MRI-measured and optimized geometrical
parameters, to ensure that they were close, thereby well represent-
ing each participant’s anatomy (Brito da Luz et al., 2017). Eq. (3)
minimized the difference between optimized and published pedi-
atric TFJ ab/adduction and internal/external rotation ROMs, if the
optimized ROMs were larger than the published ROMs. This cost
function guaranteed that the estimated TFJ ab/adduction and
internal/external rotation were within reasonable ROM for healthy
pediatric individuals. However, the lack of published pediatric data
describing TFJ translations and PFJ kinematics impeded constraint
of other ROMs. Finally, Eq. (4) best matched the pattern between
estimated and published experimental ligament length variations,
ensuring physiological length variation for the four ligaments.
Eqs. (1)–(3) were used for all ligament models, while Eq. (4) only
for DLmin as this condition was already achieved in the inner loop
for DLmatch.

J1 ¼ 1� qjoint;i

� �2
i ¼ 1; � � � ;NDoF ð1Þ

J2 ¼ gm;k�go;k

� �2 k ¼ 1; � � � ;Ngeom ð2Þ
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J3 ¼
0 if ROMo;n �ROMm;n

mean ðROMo;n�ROMm;nÞ2
h i

if ROMo;n >ROMm;n

(
n¼1; � � � ;NDoFs bound

ð3Þ

J4 ¼ 1� qligament;l

� �2
l ¼ 1; � � � ;Nlig ð4Þ

Multiple Objective Particle Swarm Optimization (MOPSO) (Coello
et al., 2004) (Matlab) optimized the geometrical parameters to min-
imize the corresponding objective functions in the outer loop.
MOPSO generated multiple solutions (Fig. S17 supplementary
material) from which the following criteria were used to choose a
unique solution (S):

SDLnull ;DLmatch
¼ min J1 if J3 ¼ 0

min J3 if J3 > 0

�
ð5Þ

SDLmin
¼ min mean J1; J4ð Þ½ � if J3 ¼ 0

min J3 if J3 > 0

�
ð6Þ

Importantly, J2was never included in the choice of optimal solutions
because the geometrical parameters were always within the limits
of reasonable anatomical variability. To ensure this, the TFJ and PFJ
sphere centers could deviate, on average, up to 3% and 18% of the
radius of the spheres fitted to the corresponding MRI-segmented
cartilage, and the ligament attachment points were within their
attachment regions.

The inner loops for the TFJ and PFJ mechanisms used the set of
geometrical parameters to solve the closure equations of the joint
mechanisms for 1� increments of the TFJ flexion angle from 0� to
90�. The solved equations estimated the remaining TFJ rotations
and translations while ensuring these were continuous, i.e. with-
out singularities. Depending on the type of ligament model, the
inner loop minimized the estimated ligament length changes for
DLnull and DLmin, or the difference between estimated and pub-
lished experimental ligament length change for DLmatch. The joint
mechanisms’ closure equations were solved by using the fsolve
function in Matlab, with a trust-region algorithm for DLnull, and a
Levenberg-Marquardt method for DLmin and DLmatch, since in these
Fig. 2. Example of full-length bone segmentation from the full lower limb MRI scan (a). E
(c), 15� (d) and 25� (e) of TFJ flexion and registration of these bones to the full-length b
two models the number of closure equations exceeded the number
of dependent degrees of freedom.

2.5. Data analysis and statistics

For validation, we determined the experimental poses of each
participant’s tibia and patella with respect to their femur from
the MRIs at approximately 0�, 7�, 15� and 25� of TFJ flexion angle
(Fig. 2). The anatomical landmarks identified in the MRI-
reference 0� position, and used to create the initial SCSs, were iden-
tified on the corresponding registered bones at 7�, 15� and 25�
positions (Fig. 2b–e). These landmarks were used to create the
bones’ SCSs and six-degrees-of-freedom kinematics at the four
TFJ flexion angles. To ensure that the same fibers within each liga-
ment were chosen, the transformation matrices aligning the SCSs
in the MRI-reference pose to the SCSs in 7�, 15� and 25� flexion
angles were computed and used to derive the ligaments’ attach-
ment points in all poses. For each model, ligaments’ lengths were
computed as Euclidean distance between the attachment points
at all four different poses. The Root-Mean-Square Errors (RMSEs)
between each participant’s predicted and MRI-measured TFJ, PFJ
and ligament kinematics were computed for each kinematic model
and averaged across the four TFJ flexion angles. Ninety-five percent
confidence intervals (CI) were also computed. A one-way repeated
measures Analysis of Variance (ANOVA) with a priori contrasts was
performed to determine differences in the average RMSE between
each kinematic model at each TFJ and PFJ degree of freedom and
ligament length (a = 0.05).

Kinematic data were not normally distributed according to
Shapiro-Wilk test results. Therefore, Statistical non-Parametric
Mapping (SnPM) was used to assess the models’ outputs (Pataky
et al., 2015). Subsequently, the resulting average kinematic curves
from the three models were compared to determine if significant
differences existed between the curves at any TFJ flexion angle
(Pataky et al., 2013). To-this-end, thirty-three nonparametric one-
dimension two-tailed paired t-tests were conducted on the TFJ
and PFJ kinematics, taking into consideration the dependency of
all points of each TFJ flexion ROM (a = 0.05) to calculate the critical
xample of bone segmentation from the regional MRI scans at approximately 0�(b), 7�
ones (b, c, d, e).
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threshold (t*) (Penny et al., 2011). There was no correction for mul-
tiple hypothesis testing. All SnPM analyses were performed in Mat-
lab using the open-source SPM1D code (version M.0.4.2, www.
spm1d.org). Additionally, the similarity of the pattern of the TFJ
and PFJ kinematic curves from the three models with those from
published kinematicswas examined using Pearson’s correlation (q).

3. Results

Three different ligament models were produced and optimized
for each participant and estimated their TFJ, PFJ and ligament kine-
matics (Figs. S9–S16 supplementary material). The optimization of
the models’ geometric parameters required �5 h using a standard
PC (Intel i5-4590S, 8 GB-RAM).

Generally, DLnull and DLmatch exhibited lower average RMSEs for
TFJ (rotations < 6.93�, translations < 1.91 mm) and PFJ (rota-
tions < 3.90�, translations < 4.23 mm) kinematics than DLmin (TFJ
Fig. 3. Average RMSEs and 95% CI between estimated and MRI-measured TFJ kinematics (
the LCL in DLnull (c, d) was computed as the distance between the centroid of the attach
rotations < 13.42�, TFJ translations < 3.15 mm, PFJ rotations < 5.76�,
PFJ translations < 5.42 mm), suggesting that they better match the
MRI-registered static poses (Fig. 3a and b). The average RMSEs for
TFJ kinematics between DLnull and DLmatch were not significantly
different. Contrarily, average RMSEs in DLmin were significantly dif-
ferent to DLmatch for TFJ ab/adduction (DLmin: 3.49� [2.73; 4.25 CI],
DLmatch: 1.81� [1.30; 2.32 CI]) and to DLnull for TFJ internal/external
rotation (DLmin: 13.41� [9.42; 17.40 CI], DLnull: 5.41� [3.99; 6.83 CI])
(Fig. 3a). The RMSE magnitude in each TFJ and PFJ motion compo-
nent was generally acceptable when assessed against the corre-

sponding ROM (up to 90� TFJ flexion) for each participant (Tables
S6 and S7 supplementary material). The average RMSEs for liga-
ment length (between 0.60 mm and 2.01 mm) and strain (between
1.20% and 4.32%) were comparable between the three models
(Fig. 3c and d), and remained close (<4.2%) to the MRI-registered
ligament length at �0� of TFJ flexion (Table S8 supplementary
material).
a), PFJ kinematics (b), ligament length (c) and strain (d) for each model. The length of
ment areas throughout the TFJ flexion ROM.
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Paired t-tests showed differences in the modelled TFJ kinemat-
ics between the three models, while no differences were found in
the PFJ kinematics between the three models (Figs. S1–S7 supple-
mentary material). The mean TFJ ab/adduction forDLmatch exhibited
a more adducted pattern with respect to the other two models
(Fig. 4), with significant differences at 14–69� of TFJ flexion with
respect to DLnull and at 0–34� of TFJ flexion with respect to DLmin.
Differences in TFJ ab/adduction were also found between DLnull
and DLmin at 0–26� of TFJ flexion. Compared to the other two
Fig. 4. Comparison between the average (a) TFJ and (b) PFJ kinematics as function of the
with those from published cadaveric data (grey) (TFJ: Ottoboni et al., 2010; Sancisi and
2011a, 2011b). Curves represent the average ± standard deviation across the eight particip
referred to the web version of this article.)
models, DLmatch provided a smaller distal translation of the tibia
with respect to the femur, with significant differences at 24–63�
of TFJ flexion with respect to DLnull and at 56–69� of TFJ flexion
with respect to DLmin:

The correlations between published and estimated TFJ and PFJ
kinematics were very similar for the three models (Table 2).
Specifically, for all three models, the resulting anterior/posterior
and proximal/distal TFJ translations exhibited strong positive
correlation with published kinematics (q > 0.9, p < 0.01), while
TFJ flexion angle obtained from DLnull (green), DLmin (blue) and DLmatch (red) models
Parenti-Castelli, 2011a, 2011b; PFJ: Anglin et al., 2008; Sancisi and Parenti-Castelli,
ants. (For interpretation of the references to color in this figure legend, the reader is



Table 2
Pearson’s correlation coefficients across participants (average and standard deviation) between published and estimated TFJ and PFJ kinematics.

Joint Model Rotations Translations

Flexion/extension Ad/abduction Internal/external Anterior/posterior Proximal/distal Lateral/medial

TFJ
DLnull – 0.10 (0.79) 0.01 (0.90) 0.99 (<0.01) 0.98 (0.02) 0.68 (0.59)
DLmin – 0.20 (0.79) �0.23 (0.89) 0.99 (0.01) 0.97 (0.03) 0.51 (0.62)
DLmatch – 0.22 (0.77) 0.11 (0.92) 0.98 (0.01) 0.97 (0.03) 0.48 (0.79)

PFJ
DLnull >0.99 (<0.01) 0.93 (0.04) 0.69 (0.28) >0.99 (<0.01) >0.99 (<0.01) 0.93 (0.12)
DLmin >0.99 (<0.01) 0.93 (0.03) 0.69 (0.28) >0.99 (<0.01) >0.99 (<0.01) 0.93 (0.12)
DLmatch >0.99 (<0.01) 0.92 (0.03) 0.70 (0.29) >0.99 (<0.01) >0.99 (<0.01) 0.93 (0.12)
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model-estimated TFJ rotations showed very weak correlation with
published kinematics (�0.23 < q < 0.11) and large variability. Con-
versely, PFJ kinematics had generally strong positive correlation
with published PFJ translations and rotations, except for PFJ inter-
nal/external rotation (q � 0.69, p < 0.01).

Compared to published cadaveric data, the MRI-measured kine-
matic data generally overlapped with the published TFJ and PFJ
kinematics ROMs, except for TFJ internal/external rotation
(Fig. 5a) and PFJ extension/flexion (Fig. 5b). In fact, participants
in this study exhibited a more externally rotated tibia and a more
extended patella with respect to cadaveric kinematics. Moreover,
compared to cadaveric ligament strain (Belvedere et al., 2012;
Blankevoort et al., 1991), the MRI-measured data generally exhib-
ited a slightly larger length variation with respect to the initial liga-
ment length at 0� TFJ flexion (Fig. 6).
4. Discussion

In this study, we developed subject-specific pediatric TFJ and
PFJ mechanisms from MRIs using three different ligament models,
i.e. isometric (DLnull) and extensible ligaments (DLmin;DLmatch). Each
model was used to compute passive three-dimensional knee and
ligament kinematics. We also validated the resulting kinematics
from the three models against in vivo knee and ligament kinemat-
ics obtained from MRIs at four different TFJ flexion angles. When
compared to MRI-measured data, DLnull and DLmatch performed
the best, with average RMSEs below 6.93� and 4.23 mm for TFJ
and PFJ angles and displacements, respectively, and below
2.01 mm for ligament lengths (<4.23% ligament strain).

Contrary to our hypothesis,DLmin had the worst agreement with
in vivo joint kinematics. It must be noted, however, that ligament
lengths were minimized through parameter optimization at the
stage ofmodel creation, and did not rely onmotion capturemarkers
and their relative weights as in multibody optimization methods
solved frame by frame (Gasparutto et al., 2015; Sancisi et al.,
2017). Therefore, the ligament length minimization in the entire
TFJ flexion ROM and the inclusion of an additional ligament (i.e.,
LCL), compared to Gasparutto et al. (2015), might have overcon-
strained DLmin and led to poor joint kinematics results. In compar-
ison, DLnull and DLmatch provided smaller average RMSEs, which
were consistentwith those obtained by Clément et al. (2015) (mean
RMSEs < 5.2� and 4.3 mm) and Gasparutto et al. (2015) (mean
RMSEs < 11.5� and 2.9 mm) using parallel TFJ mechanisms. Never-
theless, DLnull best predicted the MRI-measured length of ACL, PCL
and MCL in the 0–25� TFJ flexion ROM, with RMSEmagnitudes con-
sistent with Sancisi et al. (2017), suggesting that these ligaments
exhibit low length variation in the 0–25� TFJ flexion ROM (absolute
average strain <8%, Fig. 6), as previously observed (Belvedere et al.,
2012; Blankevoort et al., 1991). Therefore, DLmatch may be the best
model choice over a full range of knee flexion ROM.

Between the joint motion components, TFJ internal/external
rotation exhibited the highest average RMSE (DLnull: 5.41�, DLmin:
13.41�, DLmatch: 6.92�), in agreement with Clément et al. (2015)
(average RMSE: 5.2 ± 3.8�), who compared active TFJ kinematics
estimated by a TFJ parallel mechanism to those measured by bipla-
nar radiography. However, when compared to published adult
cadaveric data, both measured and modelled data of pediatric par-
ticipants exhibited a more externally rotated tibia, together with a
more extended patella. This might be a consequence of knee laxity
in children (Baxter, 1988; Flynn et al., 2000; Hinton et al., 2008) in
passive supine position, as confirmed by the larger MRI-measured
ligament length variation, especially for the ligaments’ fibers used
for DLmatch (Fig. 6).

The developed knee kinematic models rely on several assump-
tions based on experimental measurements. First, spheres were
used to approximate the TFJ and PFJ articulating surfaces because
they fitted the corresponding segmented surfaces with average
residual values of 0.38 ± 0.17 mm (Table S9 supplementary mate-
rial) and provided estimates of knee joint motion within 2.4� and
1.9 mm (Ottoboni et al., 2010; Sancisi and Parenti-Castelli,
2011b; Wilson and O’Connor, 1997) in the 0–90� of TFJ flexion
ROM. Second, the articular TFJ and PFJ contacts were considered
rigid, which is a reasonable assumption when external loads are
not applied to the joints (i.e., passive motion) (Wilson and
O’Connor, 1997). Third, as the passive forces applied by the muscle
tendon units have been shown to have minimal influence on the
passive TFJ kinematics (Ottoboni et al., 2010), they were not
included in the models. Lastly, due to their geometrical similarity
(i.e., congruence), articular PFJ surfaces were substituted by a hinge
joint, which also replaced the function of the medial and lateral
patellofemoral ligaments.

Within the context of the reported errors, the developed and
validated pediatric knee models have potential clinical implica-
tions. First, these personalized models can characterize how the
anatomy of the knee affects joint function in pediatric pathological
conditions, including cerebral palsy, hypermobility syndrome or
idiopathic lower limb malalignment. Second, the proposed models
can be easily modified (i.e., with removal of constraints) to repli-
cate unstable pediatric joint motion caused, for example, by ACL
injury or lack of contact in the lateral TFJ compartment (e.g., severe
achondroplasia). Lastly, these models can be used to predict, on an
individual basis, how the joint function would vary after operative
treatments, such as femoral derotation osteotomy or ACL recon-
struction. However, extension of these models for clinical applica-
tions requires separate investigation and validation.

Why is predicting personalized pediatric knee and ligament
kinematics using rigid-body models relevant for research? First,
employing subject-specific (Clément et al., 2015) and more com-
plex (compared to hinge) TFJ models has been shown to provide
better estimates of secondary joint kinematics when using multi-
body kinematic optimization (Begon et al., 2018). Moreover, more
accurate moment arm and muscle force estimates were achieved
when using personalized TFJ kinematic models (Arnold et al.,
2000; Navacchia et al., 2017). Second, the proposed rigid-body
models, despite requiring initial tuning, provided quick estimates



Fig. 5. Comparison between (a) TFJ and (b) PFJ kinematics from MRI-measured (black dots) and published cadaveric (grey) data (TFJ: Ottoboni et al., 2010; Sancisi and
Parenti-Castelli, 2011; PFJ: Ottoboni et al., 2010; Sancisi and Parenti-Castelli, 2011) across the TFJ flexion ROM. The MRI-measured data include four poses for each
participant.
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of secondary knee kinematics compared to more complex and
computationally expensive simulations (e.g., finite element)
(Dhaher et al., 2010). Finally, morphological developmental
changes at growth stresses the importance of child-specific knee
kinematic models.

The proposed knee kinematic models and validation process
have some limitations. Firstly, due to MRI bore size restraints, val-
idation data were acquired in non-weight bearing static conditions
at TFJ flexion angles <25�, which hindered validation at larger
ROMs. Secondly, due to the lack of published pediatric knee and
ligament kinematic data, the developed models were tuned using
adult cadaveric data, presupposing comparable knee and ligament
kinematics. This assumption seems reasonable for most degrees of
freedom and ligaments, based on the agreement between MRI-
measured and cadaveric data (Figs. 5 and 6). Future research could
investigate the use of dynamic MRI to track the movement of soft



Fig. 6. Comparison of knee ligament strain (ACL, PCL, MCL and LCL) between published (Blankevoort et al., 1991; Belvedere et al., 2012) (grey) and MRI-measured data across
the TFJ flexion ROM. The MRI-measured data (dots) include four poses for each participant and were calculated for DLnull (green), DLmin (blue) and DLmatch (red). To calculate
the strain, the initial length at 0� TFJ flexion of each ligament was derived from the respective model estimates. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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tissues and bones under loading conditions across TFJ flexion ROM
(Macri et al., 2018), which would expand the model validation to
larger TFJ flexion ROM and extend the applications of the model
to task such as running and jumping.

In conclusion, this paper presented a methodology to create
subject-specific TFJ and PFJ rigid body models with different liga-
mentous constraints fromMRIs and applied it to a group of healthy
children and adolescents. When compared to MRI-measured data,
DLnull and DLmatch performed the best (i.e., lowest RMSEs on aver-
age) and yielded similar results. Therefore, future model users
could opt for DLnull to accurately estimate passive pediatric knee
kinematics, or for DLmatch to additionally well estimate ligament
elongations. This work represents a step towards the creation of
a fully subject-specific rigid-body model of the knee joint in pedi-
atric populations, based on personalized geometries and anatomi-
cal structures. The importance of this development relies on the
possibility of personalizing the joint kinematics and, therefore,
improving all the dependent quantities of interest for muscu-
loskeletal modelling such as muscle moment arms, articular con-
tact points and ligament kinematics.
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