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A B S T R A C T

Characterization of the main tibiofemoral ligaments is an essential step in developing patient-specific compu-
tational models of the knee joint for personalized surgery pre-planning. Tensile tests are commonly performed
in-vitro to characterize the mechanical stiffness and rupture force of the knee ligaments which makes the
technique unsuitable for in-vivo application. The time required for the limited noninvasive approaches for
properties estimation based on knee laxity remained the main obstacle in clinical implementation. Magnetic
resonance imaging (MRI) technique can be a platform to noninvasively assess the knee ligaments. In this study
the aim was to explore the potential role of quantitative MRI and dimensional properties, in characterizing the
mechanical properties of the main tibiofemoral ligaments. After MR scanning of six cadaveric legs, all 24 main
tibiofemoral bone-ligaments-bone specimens were tested in vitro. During the tensile test cross sectional area of
the specimens was captured using ultrasound and force-displacement curve was extracted. Digital image cor-
relation technique was implemented to check the strain behavior of the specimen and rupture region and to
assure the fixation of ligament bony block during the test. The volume of the specimen was measured using
manual segmentation data, and quantitative MR parameters as T2

*, T1ρ, and T2 were calculated. Linear mixed
statistical models for repeated measures were used to examine the association of MRI parameters and dimen-
sional measurements with the mechanical properties (stiffness and rupture force). The results shows that while
the mechanical properties were mostly correlated to the volume, inclusion of the MR parameters increased the
correlation strength for stiffness (R2 ≈ 0.48) and partial rupture force (R2 = 0.53). Inclusion of ligament type in
the statistical analysis enhanced the correlation of mechanical properties with MR parameters and volume as for
stiffness (R2 =0.60) and partial rupture (R2 = 0.57). In conclusion, this study revealed the potentials in using
quantitative MR parameters, T1ρ, T2 and T2

*, combined with specimen volume to estimate the essential me-
chanical properties of all main tibiofemoral ligaments required for subject-specific computational modeling of
human knee joint.

1. Introduction

For computational modeling of the knee joint, assigning realistic
material properties is crucial. Among the knee tissues, the properties of
the ligamentous structures are of special importance, as they have a
distinct effect on the joint laxity (Naghibi Beidokhti et al., 2017a,
2017b). As we showed previously, using the literature values for

ligament stiffness can lead to inaccurate outcomes due to the wide
range in reported properties (Naghibi Beidokhti et al., 2017a). By as-
signing personalized mechanical properties for knee ligaments in
computational models, errors in model predictions caused by large
inter-subject variability can be reduced (Naghibi Beidokhti et al.,
2017a).

In computational models with subject-specific ligament properties,
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usually invasive tests are required on cadaveric specimens, making the
test unsuitable for in vivo application (Gardiner and Weiss, 2003). Only
few subject-specific studies have managed to introduce non-invasive
approaches for the characterization of knee ligaments for finite element
(FE) modeling. We previously proposed a laxity-based workflow to
estimate the mechanical properties of the main tibiofemoral ligaments,
namely anterior and posterior cruciate ligaments (ACL and PCL) and
medial and lateral collateral ligaments (MCL and LCL), in intact cada-
veric knee joints, which would allow for in vivo applications (Naghibi
Beidokhti et al., 2017a). With a similar approach, Baldwin et al. (2009)
also characterized the collateral ligaments properties in a cadaveric
Total Knee Replacement (TKR) implanted knee joint (Baldwin et al.,
2009). However, the time required for completion of the complicated
workflow in these studies remains an obstacle for in vivo (i.e. clinical)
implementation.

In contrast with the invasive instruments used for the in vivo
characterization of ligament properties as reviewed by Fleming et al.
(2004) (Fleming and Beynnon, 2004), it is believed that imaging
techniques can be exploited to obtain information on ligament me-
chanical properties non-invasively. Previously, magnetic resonance
imaging (MRI) has been used to qualitatively assess knee ligaments (e.g.
Oei et al., 2007; Farshad-Amacker and Potter, 2013; Kam et al., 2010).
Only few studies tried to quantitatively use MR imaging techniques to
find a correlation with the mechanical properties of the anterior
cruciate ligament (ACL) (Biercevicz et al., 2014; Biercevicz, 2015;
Biercevicz et al., 2013). Biercevicz et al. (2013) showed that the volume
and signal intensity from high-resolution T2

*-weighted MRI scans are
predictive of structural properties of ACL grafts in a porcine model.
However, the signal intensity of a single gradient echo sequence, like
the one used in their study, is more dependent to image acquisition
parameters than to actual ligaments properties. In order to generalize

this approach, in a follow-up study the relaxation time T2
* was used

instead of signal intensity in 15 Yucatan pigs (Biercevicz et al., 2014).
Their later study, however, failed to find a significant prediction of
human biomechanical parameters using similar MR variables (T2

*)
based on 15 human cadaveric samples (Biercevicz et al., 2015). The
imaging parameters used in the previous studies could lead to an
overestimation of the T2

* relaxation time; for instance Biercevicz et al.
(2014) used only two echo times for estimation of T2* (Biercevicz et al.,
2014). Moreover, only the T2

* parameter was measured in the previous
studies, whereas T2

* can directly be influenced by an MR artifact known
as the magic angle effect.

The magic angle effect which is present in all collagen-rich struc-
tures leads to a modulation of dipolar interaction dependent on the
orientation of the collagen fiber with the main magnetic field. This
modulation of dipolar interaction results in relaxation times that have
an angular dependence. This interaction can cause remarkable changes
in signal intensity when the collagen orientation varies with respect to
the magnetic field. Among the quantitative MR parameters (T2

*, T1ρ,
and T2), T2

* is influenced by magic angle effect to a bigger extent
(Szeverenyi and Bydder, 2011; Wright et al., 2016). As a result, in-
cluding T1ρ and T2 for assessing ligament properties, may provide
complementary information, as they, and more particularly T1ρ, are
believed to be less sensitive to the signal variation induced by the magic
angle effect (Wang and Xia, 2013; Bydder et al., 20072007a; Bydder
et al., 20072007b).

In this study the aim was to explore the potential role of quantitative
MRI (T2

*, T1ρ, and T2) and dimensional properties, in estimating the
mechanical properties of tibiofemoral ligaments (ACL, PCL, MCL and
LCL). The outcomes of this study may reveal the potential of utilizing
MRI parameters, combined with dimensional properties, for de-
termining subject-specific mechanical properties of ligaments in vivo.

Fig. 1. Schematic illustration of the study: the cadaveric knee (a) was MRI scanned (b), based on which the ligaments were segmented to estimate their volume (g)
and quantitative MR parameters (T1ρ, T2 and T2

*) were calculated (h). After knee dissection (c), the specimens were prepared for tensile test in a water bath (d) where
the cross-sectional area was measured by ultrasound using water as conducting material (e) and initial rupture force and stiffness of each specimen were extract (f).
The cross-sectional area, ligament volume and quantitative MR parameters were analyzed to find the best correlation with the mechanical properties (i).
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2. Materials and methods

Six fresh-frozen human cadavers with a mean age of 78 ± 11 years
and with no obvious signs of injuries in the lower extremity were se-
lected. The specimens were received from the Anatomy Department of
Radboud University Medical Center with a permission statement for
experimental use. From each cadaver one leg was prepared for the
purposes of this study as schematically illustrated in Fig. 1. Prior to MR
scanning, the legs were cut approximately 15 cm above the knee joint
space. The proximal end of rectus femoris muscle was separated and
pulled by ~20 N in full extension using a rope through a block rigidly
fixated to the femoral shaft. The force was applied to stabilize the pa-
tella in passive full extension and flexion (Farahmand et al., 1998).

2.1. MR Imaging

The legs were placed (in lateral position) in a 3 T Philips Ingenia
MRI scanner (Philips Healthcare, Best, The Netherlands) in full exten-
sion. As the MRI signal intensity of ligaments is known to be influenced
by tension in the ligaments ((Smith)) and the magic angle effect
(Bydder et al., 20072007a), in addition to full extension, the knees were
also scanned at 30° flexion. The images in full extension were used to
study the ACL, MCL and LCL, and the images in flexed position were
used for analysis of the PCL, which is not slack in this position
(Nakagawa, 2004). At each position the following sequences were ac-
quired:

– proton density-weighted (3D Turbo Spin Echo, voxel size =
0.31×0.31×0.52mm3, matrix size = 720×720×250, TR =
1000ms, TE = 41ms, NSA = 2, acquisition time = 6min 40 s);

– proton density-weighted with fat suppression (3D Turbo Spin Echo,
SPAIR fat suppression, voxel size = 0.31×0.31×0.63mm3, matrix
size = 720×720×206, TR = 1300ms, TE = 153ms, NSA = 2,
acquisition time = 12min 35 s);

– T1ρ map (B0 and B1 compensated spin lock pre-pulse, 3D gradient
echo readout, voxel size = 0.6×0.6×2mm3, matrix size =
320×320×131, TR = 3.6ms, TE = 2ms, flip angle = 15°, spin
lock time = 1, 5, 10, 20, 30, 40ms, spin lock frequency = 500Hz);

– T2
* (3D gradient echo, voxel size = 0.6×0.6×1mm3, matrix size

= 320×320×131, TR = 104ms, TE = 4.1, 8.1, 12.1, 16.1, 20.1,
24.1, 28.1, 32.1, 36.1, 40.1, 44.1, 48.1, 52.1, 56.1, 60.1, 64.1 ms,
flip angle = 15°);

– T2 (multislice multiecho spin echo, voxel size = 0.7×0.7×1mm3,
matrix size = 320×320×131, TR = 7000ms, TE = 12.1, 18.2,
24.2, 30.3, 36.3, 42.4, 48.4, 54.5, 60.5, 66.6, 72.6, 78.7, 84.8 ms).

2.2. Image processing

The ligament geometries were segmented from either the proton
density or proton density SPAIR sequences using Mimics v18.0
(Materialise, Leuven, Belgium). The ACL, MCL and LCL were segmented
in full extension, and the PCL was segmented in the flexed knee. Based
on the segmentation, the volume of each ligament was measured in
Mimics. Prior to data fitting of the MR data, the T2 and T2

* weighted
scans were reformatted to the resolution of the T1ρ scan. T1ρ, T2 and T2

*

maps were calculated on a pixel-by-pixel fashion for the ACL, MCL and
LCL in full extension, and the PCL in the flexed knee, using in-house
developed Mathematica scripts (v11.0, Wolfram Research, Champaign,
IL). The values were averaged for the whole ligament using ImageJ 1.44
(NIH, Bethesda, MD, www.nih.gov).

2.3. Mechanical tensile tests

After completion of the MRI scans, the six knees were dissected by
an orthopedic surgeon to excise the ACL, PCL, MCL, and LCL, preser-
ving the proximal and distal bone blocks (hence, 24 specimens in total).
The Bone-ligament-bone specimens were then prepared following a
standard protocol, for positioning of the specimens in a mechanical
testing machine, while preserving the anatomical orientation of the li-
gament in the joint, similar to their orientation in the joint during MR
scanning (Woo et al., 1991). The set-up allowed for further self-align-
ment to a limited extent during the tensile test in the remaining five
degrees of freedom.

Digital image correlation (DIC) was applied in order to track the
superficial strain of the ligament during the mechanical tensile test,
while the in-depth strain of the ligament was captured using ultra-
sound, as described in our earlier study (Gijsbertse et al., 2018). In
order to create a high contrasted surface for DIC, each ligament was
stained with a methylene blue (Methylthioninium chloride) solution to
obtain a dark background, after which an oil-based paint was sprayed
on the specimen surface to create a white speckle pattern (Luyckx et al.,
2014; Lionello et al., 2014). The set-up was positioned in a tank filled
with warm water (~ 35 °C), which kept the ligaments at a physiological
temperature, and simultaneously acted as conducting substance for the
ultrasound measurements (Fig. 2).

Prior to the tensile test, the specimens were preloaded at 10 N to
measure the ligament reference length. To minimize the hysteresis
behavior of the ligaments without damaging the specimen, cyclic dis-
placements of 5% (for ACL and PCL) and 4% (for MCL and LCL) were
repeated 30 times (Lionello et al., 2014). Subsequent to ligament pre-
conditioning, the ligament cross-sectional area (CSA) was measured
using a high-frequency ultrasound system (Vevo 2100, FUJIFILM Visual

Fig. 2. The experimental testing set-up for in-vitro ligament tensile test.
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Sonics Inc., Toronto, Canada) along the length of the ligament, as de-
fined by the two insertion sites. The CSA of the collateral ligaments
(MCL and LCL) were measured at five equidistant locations, whereas,
due to the short length of the cruciate ligaments, the cross-sectional
area was measured at three locations along the length of the ACL and
PCL.

Eventually, a displacement-controlled tensile test was performed
until total rupture occurred in the ligament. As the mechanical prop-
erties of the ligament can depend on the loading rate (e.g. Burr, 1996),
a strain rate of 10% s−1 was selected for the tensile test. This loading
rate is believed to be representative for an intermediate physiological
loading condition such as walking or even downhill running (Burr,
1996; Karunaratne et al., 2018; Wren et al., 2001).

Force-strain curves for each ligament were extracted as shown for a
single specimen in Fig. 3. The stiffness (k) was calculated for each li-
gament based on the model described by Blankevoort and Huiskes
(Blankevoort and Huiskes, 1991) for non-linear mechanical properties
as follows:
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f ε when ε
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Where f is the tensile force in a line element, k is the ligament stiffness,
ε is the strain in the ligament and εl is a strain constant.

Initial rupture force for each specimen was also extracted from the
force-strain curve as for instance indicated in Fig. 3 in a representative

specimen. The region of the specimen where the rupture occurred was
also defined from DIC and checked using ultrasound data. Among the
multiple CSAs measured by ultrasound at each ligament, the lowest
value was selected as the CSA for that specimen.

2.4. Statistical analysis

Descriptive statistics were used to summarize the data. Continuous
variables were presented as mean values with their standard deviation/
range.

Linear mixed models for repeated measures were used to examine
the association of MRI parameters and measurements with mechanical
properties (k, rupture force). MRI parameters (T1ρ, T2, T2

*) and mea-
surements (cross-sectional area, volume), with and without ligament
type incorporation, were included as fixed effects. Cadaver ID was in-
cluded as a random effect. Conditional (fixed effects only) and marginal
(fixed plus random effects) coefficients of determination (R2) were
calculated to provide information on the goodness of fit of the models/
as a measure of model accuracy.

Statistical analyses were performed using R version 3.4.2 (R
Foundation for Statistical Computing, Vienna, Austria) with package
"nlme" and "MuMIn". P-values< 0.05 were considered statistically
significant.

3. Results

The DIC measurements and ultrasound data showed that most of the
ligaments were ruptured at their insertion sites. The MR parameters
(T1ρ, T2 and T2

*) were calculated with a good fitting (R2 ≥0.99) as
illustrated for a single representative specimen in Fig. 4. The MR
parameters, dimensional specifications (cross-sectional area and vo-
lume) and structural mechanical properties (stiffness and rupture
force), for all 24 specimens are presented in Supplementary data.

Without putting the ligament type in perspective, both ligament
stiffness (k; R2 ≈0.48) and rupture force (Frup; R2 =0.50) showed si-
milar correlations with T1ρ, T2, and T2

* combined with the ligament
volume. The predictive functions for ligament stiffness and rupture
force are presented in Table 1. The predicted ligament stiffness and
rupture force using volume and T1ρ, T2, and T2

* were compared with
the actual values in Fig. 5.

In the second predictive model, based on the distribution of mea-
sured stiffness and rupture force for different ligaments (Fig. 6), the
correlation function was recalculated as shown in Table 2. With the
ligament type incorporated in the predictive function, somewhat
stronger correlations were found between the mechanical properties
(stiffness and rupture force) and MR parameters (T1ρ, T2 and T2

*)
combined with the volume as for stiffness R2 =0.60 and rupture force
R2 =0.57 (Fig. 7).

Fig. 3. A representative Force-Strain curve for a single specimen (LCL) with
different regions, stiffness and initial rupture force defined.

Fig. 4. The curve fitting for calculating T1ρ in a sample region (ACL) (a), and T1ρ map for the ACL in a single cadaveric knee (b).
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The results of the statistical analysis showed that if cross-sectional
area was used instead of volume, the linear correlation between the
mechanical properties, as stiffness (R2 = 0.11) and rupture force (R2

=0.22), and MR parameters was weakened (Supplementary data).
The largest errors in estimating the stiffness of the ligament, using

the predictive model proposed in this study, were presented in Fig. 8.
Assessment of the deviations between the predicted and measured
stiffness shows that if T1ρ or T2 are utilized, the error in the ligament
stiffness estimation rarely exceeds 500 N in the ACL, MCL and LCL
(Fig. 8). The deviation for the PCL of the fifth subject (S5) was con-
siderably larger.

Table 1
The predictive equations for knee ligament stiffness and rupture force as
functions of ligament volume and MR parameters (T1ρ, T2 and T2

*).

Ti = × + × +k C T C Vol C1 i 2 3 = × + × +F C T C Vol CRup 5 i 6 7.

C1 C2 C3 R2 C5 C6 C7 R2

T1ρ 12.3 1.3830 − 199.0 0.48 0.8 0.2069 − 160.7 0.53
T2 38.0 1.4072 − 702.8 0.49 3.8 0.2082 − 221.5 0.53
T2

* 14.3 1.3899 − 118.5 0.47 2.1 0.2051 − 171.4 0.53

Fig. 5. Actual versus predicted ligament stiffness (left column) and specimen rupture force (right column) determined using the predictive model based on the linear
combination of ligament volume and T1ρ, (first row) T2 (second row) and T2

* (third row).
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4. Discussion

In this study the stiffness and rupture force of the tibiofemoral li-
gaments were correlated to quantitative MRI parameters and dimen-
sional specifications. The results revealed a significant correlation be-
tween the mechanical properties (stiffness and initial rupture force),
and volume combined separately with the three MRI parameters (T1ρ,
T2 and T2

*). While the mechanical properties were mostly correlated to
the volume, inclusion of the MR parameters increased the correlation
strength (Supplementary data). This is in agreement with previous work
by Fleming et al. (2011), who reported a significant correlation be-
tween the ACL stiffness and rupture force and ligament volume
(Fleming et al., 2011).

Inclusion of ligament type in the statistical analysis enhanced the
correlation of mechanical properties with MR parameters and volume.
The coefficient representative for ligament type was found to vary be-
tween ACL, PCL, MCL and LCL. This difference may be explained by the
differences in the fractions of collagen types I and III in these ligaments.
In a study investigating collagen type fractions in the ACL, PCL, MCL,
and LCL, Wan et al. (2015) found that ligaments with more collagen
type I are stiffer than those with more collagen type III. The average
proportion of collagen type I to type III, as an indication for ligament
stiffness, resulted in a similar order of knee ligaments as derived from
the statistical analysis in this study, based on the ligament-specific
coefficients.

In general, and as inferred from the results of the mechanical tensile
tests, the largest stiffness and rupture force was found for the PCL for
each knee specimen. Similar results were reported by the studies in

which the same material model was implemented to described the knee
ligament properties (e.g. (Blankevoort and Huiskes, 1991);
(Blankevoort et al., 1991); (Blankevoort and Huiskes, 1996). The results
of the tensile tests illustrated considerable inter-subject variability in
mechanical properties of the ligaments (both stiffness and rupture
force). This, once again and in addition to our earlier studies (i.e. Na-
ghibi Beidokhti et al., (2017al. (Naghibi Beidokhti et al., 20172017a);
(Naghibi Beidokhti et al., 20172017b), reveals the essence of modeling
the knee ligaments in personalized level.

The DIC and ultrasound measurements showed that almost all of the
specimens were ruptured at their insertion sites, which may be due to
the relatively old age of the tested specimens. Previously, it was shown
that ligaments in aged donors are more likely to rupture at the insertion
sites, while in younger donors the rupture may occur more frequently in
the middle region (Noyes and Grood, 1976).

The strains measured using ultrasound in the deep fibers of the
collateral ligaments during the cyclic preconditioning loads revealed a
good agreement with the surface strains measured using DIC (Fig. 9),
which gives confidence for employing DIC for these ligaments. Un-
fortunately, out-of-plane motions in the ultrasound measurements
made such a comparison impossible for the more complex cruciate li-
gaments, and particularly the ACL.

In order to implement the proposed predictive model for developing
FE model of the knee joint, the consequences of the largest errors in
estimating the ligament stiffness on the outcomes of the FE model
should be assessed. Based on a series of sensitivity analyses in FE, Smith
et al. (2016) showed that the anterior translation and internal rotation
of the knee joint is negligibly affected by variation of 500 N in ACL

Fig. 6. The distribution of stiffness and rupture force for different specimen type.

Table 2
The predictive equations for knee ligament stiffness and rupture force as functions of ligament volume, MR parameters (T1ρ, T2 and T2

*) and specimen type.

Ti Type = × + × + +k C T C Vol C C1 i 2 3 4 Type( ) = × + × + +F C T C Vol C CRup 5 i 6 7 8 Type. ( )

C1 C2 C3 C4(Type) R2 C5 C6 C7 C8(Type) R2

T1ρ ACL 22.5 1.0158 61.5 0 (Ref.) 0.60 − 0.1 0.1183 − 17.5 0 (Ref.) 0.57
PCL 376.2 185.3
MCL − 829.4 − 57.4
LCL 1099.4 60.3

T2 ACL 23.1 1.1175 290.0 0 (Ref.) 0.60 1.6 0.1194 − 63.3 0 (Ref.) 0.57
PCL 118.4 187.6
MCL − 1210.7 − 42.5
LCL 527.9 74.9

T2
* ACL − 10.4 1.0947 1093.8 0 (Ref.) 0.60 − 2.8 0.1215 27.1 0 (Ref.) 0.57

PCL 119.7 184.1
MCL − 1453.7 − 73.3
LCL 295.6 41.3
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stiffness, during a walking cycle (Smith et al., 2016). Similarly, with the
largest error in ACL stiffness prediction in this study (500 N), the
average pressure at the tibial plateau changes maximally by 8%, and
affects the center of pressure by less than 2mm anteriorly, during a
walking cycle. In the same study, the sensitivity of contact variables and
the translational and rotational motions of the knee joint to PCL stiff-
ness variations was shown to be negligible during a walking cycle. The
changes in joint biomechanics due to the maximum error caused by our
predictive model in MCL and LCL stiffness, also were concluded to be
minor. However, it is important to consider the influence of the com-
bined stiffness errors in all ligaments. We previously illustrated that a

combined change in tibiofemoral ligament stiffness and initial strain
can lead to inaccurate outcomes (Naghibi Beidokhti et al., 2017a). As a
result, a sensitivity analysis, prior to implementation of the proposed
predictive model, is recommended to assess the possible consequences
of the combined errors in the estimation of all ligament stiffness values.

The model proposed by Blankevoort and Huiskes for the description
of ligament stiffness could acceptably represent the toe region and
linear region of each specimen relative to the results of the tensile tests
(Blankevoort and Huiskes, 1991). This model has been widely being
used in the FE models representing the ligaments as spring elements
(Galbusera, 2014). Measuring the CSA during the tensile test, similar to

Fig. 7. Actual versus predicted ligament stiffness (left column) and specimen rupture force (right column) determined using the predictive model based on the linear
combination of ligament volume, specimen type and T1ρ, (first row) T2 (second row) and T2

*(third row).
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the measurement after preconditioning in this study, can enable pre-
senting stress-strain relation of the ligaments. Such a relation can pro-
vide more descriptive data (than force-strain relation) for the FE models
that include the geometry of the ligaments.

There were several limitations to this study. First, the study was
performed on cadaveric specimens, which may lead to differences
compared to the in vivo situation in terms of mechanical properties and
MR parameters. However, in order to characterize the mechanical
properties of the ligaments, an in-vitro experiment with the isolated
ligaments was unavoidable. In regards to MR parameters, perfusion
usually accounts for the biggest differences between in-vivo and ex-vivo
situations, and as ligaments are not considerably perfused, the MR
parameters are expected to change less between in-vivo and ex-vivo
situations. Moreover, as shown by Zarb et al. (2017), although in-vivo
MRI provide a better quality cadaveric MR images can confidently be
used for also anatomical assessments (e.g. ligament volume) (Zarb,
2017). Second, the specimens tested in the current study were selected
from six cadavers. Increasing the number of specimens may improve
the power of the statistical analysis. As to the best of Authors’ knowl-
edge this is the first study assessing the correlation of mechanical
properties of all four tibiofemoral ligaments to MR parameters and di-
mensional properties, the 24 specimens still can provide valuable data
for a statistical analysis. Another MR-related factor is the magic angle

effect, which could lead to an increase in signal intensity. Particularly
T2

* is more sensitive to this MR artifact. In this study, T1ρ and T2 were
also added as the MRI parameters, as these parameters are believed to
be less influenced by the magic angle effect. Also, the PCL was assessed
in a different position than full extension, to ensure stretching of the
bundles, and also to have more control over the orientation of the
specimen in the MRI scanner which may explain the largest errors
obtained for PCL. Another limitation was that the specimens tested in
this study were from relatively old donors, due to the unavailability of
younger specimens. The parameters assessed in this study, and parti-
cularly the mechanical properties of the ligaments can be different from
younger tissues (Noyes and Grood, 1976). On average, the stiffness of
the ligaments measured in this study were lower than the values re-
ported by Butler et al. who tested the tissues from younger donors
(Butler et al., 1986). The initial rupture force we measured for different
ligaments were also considerably lower than what expected for younger
tissues. It was previously shown that for instance the ACL rupture force
in older donors as experimented in this study (61–97 years) can be 30%
of the rupture force of ACL in younger donors (22–35 years) (Woo et al.,
1991). Besides, a study on the influence of the age of the individuals on
MRI parameters can be beneficial for extending the current study to
younger individuals.

5. Conclusion

In conclusion, this study revealed the potentials in using quantita-
tive MR parameters, T1ρ, T2 and T2

*, combined with specimen volume
to estimate the essential mechanical properties of all main tibiofemoral
ligaments required for subject-specific FE modeling of human knee
joint. T1ρ and T2 might, however, be more confidently used, with a less
risk of the magic angle effect, regardless of the inclusion or exclusion of
the ligament type. Although the errors in the prediction of the me-
chanical properties for the individual ligaments may be acceptable, the
effect of the combined errors of all four ligaments on the outcomes of FE
models of the knee joint needs prior investigation in a sensitivity ana-
lysis.
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