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Background: OpenSim models are typically based on cadaver findings that are generalized to represent a
wide range of populations, which curbs their validity. Patient-specific modelling through incorporating
magnetic resonance imaging (MRI) improves the model’s biofidelity with respect to joint alignment
and articulations, muscle wrapping, and ligament insertions. The purpose of this study was to determine
if the inclusion of an MRI-based knee model would elicit differences in lower limb kinematics and result-
ing knee ligament lengths during a side cut task.
Methods: Eleven participants were analyzed with the popular Rajagopal OpenSim model, two variations
of the same model to include three and six degrees of freedom knee (DOF), and a fourth version featuring
a four DOF MRI-based knee model. These four models were used in an inverse kinematics analysis of a
side cut task and the resulting lower limb kinematics and knee ligament lengths were analyzed.
Results: The MRI-based model was more responsive to the movement task than the original Rajagopal
model while less susceptible to soft tissue artifact than the unconstrained six DOF model. Ligament isom-
etry was greatest in the original Rajagopal model and smallest in the six DOF model.
Conclusions: When using musculoskeletal modelling software, one must acutely consider the model
choice as the resulting kinematics and ligament lengths are dependent on this decision. The MRI-
based knee model is responsive to the kinematics and ligament lengths of highly dynamic tasks and
may prove to be the most valid option for continuing with late-stage modelling operations such as static
optimization.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Simulation software such as OpenSim (Delp et al., 2007) pro-
vides a modeling environment where individual variables (muscle
and ligament parameters, kinematics, etc.) can be manipulated and
the outcomes of these interventions examined to identify cause-
and-effect relationships. In silico models have been effective in
identifying the ligament and contact roles during knee motion
(Nardini et al., 2016; Sancisi and Parenti-Castelli, 2011). OpenSim
in silico models have also been used to determine muscle force
contributions (Delp et al., 1990; Hamner et al., 2010) and knee
joint contact loads (Fregly et al., 2011) during walking and running.
Although these human movement simulations have advanced
our knowledge of the neuromuscular and skeletal systems, they
still exhibit limitations that affect their validity. For example, in sil-
ico models are primarily based on in vitro cadaver studies (Delp
et al., 1990; Hamner et al., 2010; Rajagopal et al., 2016) leading
to a somewhat generic application of muscle parameters, bone
geometry, and joint articulations. OpenSim models (Arnold et al.,
2010; Rajagopal et al., 2016) have attempted to address the biofi-
delity of the knee joint by enhancing the OpenSim one degree of
freedom (DOF) hinge joint to one that prescribes motion based
on cadaveric work (Walker et al., 1988). In these models, knee flex-
ion/extension is unprescribed, while the remaining five DOF are a
function of this sagittal plane angle. Although this is more anatom-
ically accurate than a simple hinge joint, it still lacks consideration
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of patient-specific bone geometries and their respective
articulation.

Since muscle force and joint contact load estimations are higher
level analyses in the OpenSim program flow, errors and inaccura-
cies in earlier analyses are propagated and perhaps multiplied
when using these late-stage tools. OpenSim analyses begin with
scaling to match the model’s anthropometric and inertial proper-
ties to each individual participant. Once completed, the model
undergoes inverse kinematics, which steps through the trial frame
by frame and positions the scaled OpenSim model so that it best
matches the experimental markers. This best match is defined by
a minimization of a sum of weighted squares algorithm in which
the weights of each marker are user-defined. Therefore, trying to
fit a generic model to patient-specific experimental data during
scaling or inverse kinematics is likely to induce error in the results.
Comparisons of generic and patient-specific models have demon-
strated this with knee joint contact forces being more accurately
modeled using patient-specific parameters (Gerus et al., 2013;
Lerner et al., 2015). One type of patient-specific model incorporates
magnetic resonance imaging (MRI) data to customize and improve
bone geometry, muscle wrapping, and ligament lengths (Conconi
et al., 2018). Although MRIs can be included in OpenSim (Schmid
et al., 2009; Valente et al., 2017), it remains unclear how an MRI-
based knee model would affect lower limb kinematics and liga-
ment lengths during dynamic tasks.

To address this knowledge gap, the purpose of this study was to
determine if the inclusion of an MRI-based knee model would elicit
differences in lower limb kinematics and resulting knee ligament
lengths during a side cut task. Among the many kinematic models
previously proposed in the literature (Leardini et al., 2017), three
have been chosen to compare a patient-specific MRI-based model:
the standard Rajagopal model and two other Rajagopal models
adapted to contain three and six unprescribed knee DOF. The three
DOF version was included as this is how the knee is commonly rep-
resented in other models such as the Plug-In Gait and is a progres-
sive benchmark between the one and six DOF models. The six DOF
model was included as a true in vivo knee is known to have six
unconstrained (3 rotations and 3 translations) DOF. It was hypoth-
esized that the original Rajagopal model would result in the small-
est range of motion while the unconstrained six DOF model would
have the largest range of motion for both kinematics and ligament
lengths. It was further anticipated that the MRI-based model
would reduce the range of motion observed in six DOF model
but range of motion would still be larger during the side cut task
than the original Rajagopal model.

2. Methods

2.1. In vivo data

This in silico work was based on 11 anterior cruciate ligament
(ACL) deficient patients (4 female, 7 male; 28.3 ± 5.4 years;
175.1 ± 8.5 cm; 77.2 ± 14.3 kg). Inclusion criteria included primary
ACL injury and no history of contralateral ACL ruptures. This study
was approved by the Capital Region of Denmark and University of
Ottawa ethics committees.

Participants were outfitted with a whole-body cluster marker
set (Mantovani and Lamontagne, 2016) with kinematic data being
collected at 100 Hz by a 10-camera motion capture system (6 MX
and 4 T series, Vicon, UK). To successfully complete the side cut
task, participants performed the movement as fast as they could,
cutting onto and off of the force plate with their injured leg at
45 ± 10� angles marked by taping on the floor. Three to four suc-
cessful side cuts were recorded for each participant. The side cut
was chosen over simpler tasks such as gait because this movement
is multiplanar and induces forces that would stress the validity of
the unconstrained six DOF and prescribed Walker knee functions
that were developed in a low-load, in vitro flexion-extension
movement. Furthermore, since movements such as gait are not
typically associated with injury, we chose to examine a task that
is known to be associated with ACL injury (Boden et al., 2000).

All data were processed with MatLab (2015b, Mathworks, USA)
and OpenSim (3.3, Simtk, USA). Marker trajectories were filtered
with a 4th order zero-lag low pass Butterworth filter with a cut-
off frequency of 15 Hz. The side cut movement was time normal-
ized to 100% stance phase with the addition of 10% stance time
prior to initial contact. Thus, the movement spans from �10%
stance to 100% stance.
2.2. OpenSim models

Four OpenSim models were compared in this study, differing
only by model employed for the knee joint: (1) the original Rajago-
pal (RO) model (Rajagopal et al., 2016); (2) the RO with all three
rotational knee DOFs unprescribed and three translational DOF
locked to zero (R3); (3) six DOF system (R6) using the six DOF
motion boundaries presented by Xu (2013); (4) a six DOF MRI-
based model (RM; discussed below). The overall musculoskeletal
models were subjected to the same scaling procedure using iden-
tical measurement sets and scale factors, independently from the
employed knee joint. Joint coordinate systems and motions of all
models were expressed according to International Society of
Biomechanics standards (Wu and Cavanagh, 1995).
2.3. MRI acquisition and analysis

MRI images were taken with 1.5 Tesla, repetition time/echo
time: 500/14 ms, field of view: 18 cm, and slice thickness: 3 mm
(Sigma Horizon LX 1.5 Tesla, General Electric, USA). Combinations
of frontal and sagittal views of T1 and T2-weighted scans including
fat-saturated versions were used to segment the femur, tibia, and
fibula (Workbench 2016.11, MITK, Germany). Femoral and tibial
insertion sites for the anterior and posterior cruciate ligaments
and medial and lateral collateral ligaments were designated as
point clouds on their respective surfaces.

The three-dimensional segmented bones were then loaded into
Rhinoceros (4.0, McNeel & Associates, USA) along with a generic
femur and tibia. These full-length generic bones were aligned with
the deprecated MRI bones so that coordinates for the hip and ankle
joint centers could be obtained. This alignment was performed
with the function Orient3Pt, which uses the knee joint center, med-
ial epicondyle and hip joint center markers to align the MRI and
generic bones in three-dimensional space. Once the MRI and gen-
eric bones were aligned, the same anatomical points as above from
the scaled whole-body OpenSim model were loaded into Rhino-
ceros and used to align the MRI/generic markers to their corre-
sponding OpenSim model matches. To summarize, this process
allows us to take the deprecated MRI bones, estimate hip and ankle
joint centers, and align the knee joint and anatomical points to the
OpenSim reference system. Therefore, all anatomical landmarks
used in the inverse kinematics process were based on the experi-
mental markers but the generic femur, tibia, and fibula were
exchanged for the aligned MRI versions.



Fig. 1. Example of natural congruence motion that ensures a constant medial and lateral contact lengths between the tibia and femur.

Fig. 2. Anterior and posterior views of the MRI knee in which the femoral condyle spheres (solid teal) and tibial contact spheres (wired teal) are visible.
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2.4. Construction of MRI patient-specific (RM) model

To define the patient-specific parameters of the RM model the
natural motion1 of each participant was first computed similar to
Conconi et al. (2018, 2015) as the envelope of tibiofemoral configu-
rations that minimize the peak contact pressure, i.e. that maximize
joint congruence (Conconi and Castelli, 2014). This approach has
been validated with in-vitro testing (Forlani et al., 2016) and sensi-
bility analyses proving its stability (Conconi et al., 2015).

The articular surfaces obtained from MRIs were approximated
with four spheres: two for the femoral and two for the tibial con-
dyles. The radius and position of the centers of these initial spheres
were then optimized (max variation allowed: ±2 mm) in order to
guarantee both the medial and lateral contact over the entire nat-
ural knee motion (Fig. 1). Previous studies have shown how this
simplified approach can successfully replicate the kinematic con-
straint imposed by condylar contacts (Nardini et al., 2016;
Sancisi and Parenti-Castelli, 2011). The optimized spheres were
introduced into the RM model and, assuming that both the con-
dyles remain in contact during the considered task, converted into
two constant length constraints between the femoral and tibial
sphere centers in both the medial and lateral knee compartments.
Due to the concave and convex nature of the medial and lateral
tibia plateaus, respectively, the contact sphere centers are proxi-
1 The natural motion is the motion that the articulation exhibits when no work is
done to deform the joint passive structures. Experimentally, it can be measured by
moving the articulation with the smallest loads possible. It is thus overlap with the
definition of passive motion proposed in Wilson et al. (2000).
mal for the medial sphere and distal for the lateral sphere with
respect to the tibia origin (Fig. 2).

The origin and insertion of the ACL, PCL, MCL, and LCL of each
participant were also determined as those associated with the most
isometric fiber of the respective ligament (Victor et al., 2009;
Wilson et al., 1998). These origins and insertions of the four knee
ligaments were incorporated into all four models but were used
solely to analyze the ligament elongation and not used as kinematic
constraints. Even though all patients had a complete ACL rupture,
these lengths were still included as an exploratory analysis due to
the ligament’s insertions still being discernible in the MRIs.

2.5. Inverse and point kinematics

Inverse kinematics was performed on each trial with the four
individual models. The same marker weightings were maintained
between the models so that tracking errors satisfied the guidelines
as outlined by Hicks et al. (2015). Point kinematics is an OpenSim
tool that determinesmodelmarker trajectories in the reference sys-
tem of choice (i.e. global or local). This analysis was executed to
procure the ligaments’ tibial insertion coordinates with respect to
the femoral coordinate system. These coordinates were then used
to determine the ligament lengths over the entire side cutting trial.

2.6. Statistical analysis

To test for significance between the four models, repeated
measures ANOVAs were applied through statistical parametric
mapping (Pataky, 2010) for each hip, knee, and ankle DOF. If the
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F statistic was found to be significant, a post-hoc analysis of paired
sample t-tests with a Bonferroni correction were used to deter-
mine between which models the significant differences occurred.
All tests were deemed significant if p < 0.05. To determine the clin-
ical relevance of these differences, Cohen’s d effect sizes were cal-
culated during the peak difference between the two models. A
d = 0.2 is considered small, 0.5 considered medium, and d = 0.8
considered large (Cohen, 2013). All statistical analyses were per-
formed in MatLab.
3. Results

For the sake of brevity, only significant differences between RM
and the other three models with medium or larger (d > 0.5) effect
sizes are reported.

3.1. Kinematics

The only DOF to have clinically relevant effect sizes between
RM and the other three models were knee adduction/abduction,
knee internal/external rotation, and the three knee translations
(Fig. 3).

RM resulted in knee abduction angles for the majority of stance
while the other three models resulted in knee adduction. RM dif-
fered from RO between 6 and 93% stance (p < 0.0001) with the
peak difference of 4.52� (d = 2.01). RM also differed from R3
between �10 and 93% stance (p < 0.0001) with the peak difference
of 5.16� (d = 1.51). Finally, RM differed from R6 between �10 and
84% stance (p < 0.0001) with the peak difference of 6.59�
(d = 2.12). Finally, clinically relevant significant differences in knee
internal/external rotation were noted between RM and RO. RO was
significantly more internally rotated between �10 and 55% of
stance (p < 0.0001) with a peak difference of 11.42� (d = 2.58).

With respect to translations, the RM tibia was significantly
more posterior than the RO tibia between �10 and 62% of stance
(p < 0.0001) with a peak difference of 3.7 mm (d = 1.12). Differ-
Fig. 3. Kinematic means and standard deviation clouds of the side cut resulting from th
denote significance between RM and a respective model: RM vs RO (black), RM vs R3 (r
abduction, and internal-external rotation angles, respectively. APT, MLT, and DCT re
respectively. (For interpretation of the references to colour in this figure legend, the rea
ences between R6 and RM were even greater as RM was more pos-
terior between �10–88% (p < 0.0001) and 98–100% (p = 0.021)
stance with the peak difference of 10.8 mm (d = 3.00). Knee med-
ial/lateral translation was similar between R6 and RM but RM
was significantly more lateral than RO between �10 and 100%
stance (p < 0.0001) with the peak difference of 2.4 mm (d = 2.15).
Finally, RM was significantly different from both RO and R6 models
in knee distraction/compression. RM followed the same pattern as
RO but was significantly more distracted between 61 and 85% of
stance (p = 0.014) with a peak difference of 3.6 mm (d = 0.67).
RM was significantly difference from �10 – 8% (p = 0.018), 48–
71% (p < 0.0001), and 84–100% (p = 0.023) stance with a peak dif-
ference of 5.4 mm (d = 0.92).

The introduction of a MRI-based model with a constant length
constraint appears to not only reduce the oscillations in transla-
tional DOFs but also eliminate bone overlapping (Fig. 4). This over-
lapping is especially apparent in R6 as the constant lengths derived
from the MRI spheres show up to 15 mm of deviation from these
lengths.
3.2. Ligament lengths

There were no clinically relevant significant differences
between RM and the RO and R3 models for any ligaments (effect
size ranges from d = 0.70 to 1.29). However, the ACL length signif-
icantly differed between RM and R6 from �10 – 3% (p < 0.0001), 30
– 72% (p = 0.008), and 91 – 100% (p < 0.0001) stance. The peak dif-
ference between these three periods was 9.8 mm (d = 1.29). For the
PCL length, RM significantly differed from R6 between 13–75%
(p < 0.0001) and 99–100% (p = 0.028) stance with a peak difference
of 5.0 mm (d = 0.70). For the MCL length, RM significantly differed
from R6 between 16–79% (p < 0.0001) and 95–100% (p < 0.0001)
stance with a peak difference of 7.9 mm (d = 0.99). Finally, LCL
length differed between RM and R6 between 31–72% (p = 0.006)
and 97–100% (p = 0.011) stance with a peak difference of 7.3 mm
(d = 0.75).
e four OpenSim models. Vertical bar represents initial contact while horizontal bars
ed), and RM vs R6 (blue). FEA, AAA, and IEA indicate flexion-extension, adduction-
present anterior-poster, medial-lateral, and distraction-compression translations,
der is referred to the web version of this article.)



Fig. 4. Ligament lengths means and standard deviation clouds resulting from the four models. Vertical bar represents initial contact while horizontal bars denote significance
between RM and other models: RM vs RO (black), RM vs R3 (red), and RM vs R6 (blue). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4. Discussion

The goal of the current study was to determine if a patient-
specific model elicits differences in lower limb kinematics and
resulting ligament lengths during a side cut movement compared
to generic OpenSim models. The patient-specific MRI model
showed significantly different kinematics (Fig. 3) especially in knee
adduction/abduction and translations. Ligament lengthening dur-
ing the side cut was also found to be significantly different
(Fig. 5) between the patient-specific and generic models.
Fig. 5. Demonstration of bone overlap in R6 model, which is eliminated in RM
model.
4.1. Kinematics

As expected with respect to knee translations, the R6 model
produced non-physiologically high translations (Fig. 3) and
appeared to be influenced by soft tissue artefact, which is mani-
fested as oscillations following initial contact (Smale et al., 2017).
These oscillations were effectively mitigated by the current MRI
based model due to the constant contact length constraints and
resulted in a smoothing of translations similar to that observed
by our previous work using bone-pin derived kinematics applied
to OpenSimmodels (Smale et al., 2017). Although generic OpenSim
models visually describe articulating bone geometry as solid
shapes, inverse kinematics does not treat them as such and there-
fore may solve for joint positions with considerable overlap of
bones (Fig. 6). The femoral and tibial knee joint center origin com-
pression (overlapping) was reduced by the MRI-based knee model
compared to the unprescribed six DOF model (Fig. 4) and therefore
appears to provide more physiological inverse kinematics
solutions.

Kinematic error whether caused by soft tissue artifact or
anatomically inaccurate models has a major impact on the clinical
relevance of the findings. Hewett et al. (2005) observed knee
abduction angles at landing to be 8.4� greater in females that later
went on to suffer an ACL injury, whereas Krosshaug et al. (2007)
observed knee abduction angles of 7 ± 1.5� at the time of ACL rup-
ture during video analyses. Considering the generic models (RO,
R3, and R6) all resulted in knee adduction during this side cut
while the patient-specific model (RM) resulted in a peak difference
of 4.5� that placed the knee in abduction, these studies may be
underestimating the true amount of knee abduction associated
with ACL injury due to kinematic error. These differences therefore
highlight the importance of choosing an appropriate kinematic
model and knowing the limitations of the applied model, particu-
larly when the results will be used for clinical applications.



Fig. 6. Deviations of the four models from the contact sphere length derived from
the MRI congruence motion. Values are presented as means and standard
deviations through the side cut stance phase and represent co-penetration if
negative and distraction if positive. Vertical bar represents initial contact while
horizontal bars denote significance between RM and other models: RM vs RO
(black), RM vs R3 (red), and RM vs R6 (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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As previously mentioned, the Walker kinematic functions are
based on cadaveric specimens but also only experience a 7.5 kg
simulated quadriceps force to the specimens when producing flex-
ion and extension motions (Harding et al., 1977). Therefore, the
Walker prescribed functions were not developed with considering
movements in the frontal and transverse plane, which are known
to occur during many dynamic tasks such as walking or side cuts.
Furthermore, given the large ground reaction forces during side
cuts, expected whole-body rotations in the global lab space, and
that loading alters knee joint kinematics (Andriacchi and Dyrby,
2005; Benoit et al., 2007), it appears as though the functions
derived through the cadaveric work of Walker et al (1988) may
be unsuitable for highly dynamic tasks such as the side cutting
movement.

4.2. Ligament lengths

In vivo dynamic MRI studies indicate that ACL and PCL lengths
range from 25 to 35 mm in length throughout knee flexion during a
quasi-static lunge (Li et al., 2017), while the MCL and LCL ranged
from 65–90 mm to 45–60 mm in length, respectively (Park et al.,
2006). Our estimated lengths for RM fall within the high end of
those ranges for all four ligaments. During dynamic tasks, human
knee ligaments typically have in vivo strain values ranging up to
5% original ligament length (Luque-Seron and Medina-Porqueres,
2016). The ligaments in the current model are kinematically dri-
ven, meaning their ligament force is determined by the amount
of strain they exhibit. Thus, our results indicate that the lack of
change in RO ligament lengths may underestimate ligament strain
and ultimately true ligament force, while the R6 may result in
overestimating ligament strain and true force. The R3 or RM mod-
els would therefore seem the most biofidelic approach when using
static optimization to derive ligament forces. Ligaments are not
generally included in OpenSim inverse kinematics models as they
are considered as passive and kinematically-driven elements. A
simple one DOF model would produce ligament lengths based
solely on flexion angle while the current MRI patient-specific mod-
els allow for unconstrained tibiofemoral motion while avoiding
unrealistic joint displacements. Thus, this more advanced model
provides more biofidelic ligament length estimates, which in turn
leads to more realistic strain values in later analyses.
5. Limitations

Even though ligament insertions sites on the MRI are identified
as point clouds, a single point within these clouds to produce the
most isometric fiber of each ligament is used to determine the
optimum insertion points and length. This naturally leads to a
more conservative estimate in length changes but was a necessary
assumption when trying to implement patient-specific parameters
into an OpenSim model. A more advanced MRI analysis that con-
siders multiple bundles for each ligament would likely yield a
more detailed model but is beyond the scope of this study.

A second limitation is associated with the relatively small fram-
ing of the MRIs. These images were originally intended for diagnos-
tic purposes and therefore do not include the full femur, tibia, and
fibula. Although we aligned femur and tibia bone sections to
another full MRI bone set, we could not account for individual
femoral neck anteversion and tibial torsion, which could affect
hip and ankle joint positions. It should be stressed however that
the MRI knee joints were aligned to the experimental markers
obtained through motion capture so that even though the exact
joint center positions are unknown, patient-specific anatomical
landmarks were used for their alignment.

A third limitation is that even though considerable differences
were observed amongst the four different models, the actual
in vivo motions remain unknown. Based on current in vivo
research (Potvin et al., 2017; Smale et al., 2017) and the reduction
of soft tissue artifact using the RM model, we believe that it is the
most biofidelic; however, when deciding which model to use in
OpenSim we recommend evaluating the costs and benefits of biofi-
delity and analysis time, which are always based on the research
question to be answered.

A fourth limitation is the use of spherical approximations for
the two condylar contacts. Spherical and planar simplification
has been widely employed in the past when modelling the knee
(Abdel-Rahman and Hefzy, 1998; Sancisi and Parenti-Castelli,
2011; Wilson and O’Connor, 1997). In particular, Parenti-Castelli
and Di Gregorio (2000) have shown how it is possible to define a
parallel mechanism, whose links replicate the constraints exerted
by ligaments and spherical approximation of the contacts. More-
over, increasing the complexity of contacts representation from
simple spheres to higher order surfaces did not improve the mod-
el’s capability to replicate the knee motion (Ottoboni et al., 2010).
Thus, the sphere-on-sphere contact may be considered as a valid
representation of the kinematic constraints exerted by the condy-
lar contact. In particular, this simplification becomes less severe if
the sphere’s geometry and thus the kinematic constraint is opti-
mized about a reference motion, as done in the current paper.
6. Conclusion

Our MRI-based knee model and Opensim analysis (1) allows
users to evaluate three unprescribed knee joint rotations and
translations during a highly ballistic side cut task, (2) attenuates
soft tissue artifact, and (3) results in physiological tibiofemoral
motions and ligament length estimates. We also found that results
obtained from generic knee joint models contain errors that limit
their interpretation and application with respect to secondary knee
joint motions and ligament deformation in patient populations.
Those limitations, combined with our results and existing in vivo
knee joint kinematic data, call into question the validity of existing
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knee injury mechanics literature. Our work also underscores the
importance of choosing the most biofidelic model possible within
the limitations of a researcher’s resources since the resulting kine-
matics and ligament lengths are dependent on this decision. It is
clear from our study that model choice will have a significant
impact on the study outcome measures and thus clinical signifi-
cance of the results.
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