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Finite element models of the knee are useful for investigat-
ing regional cartilage mechanics in studies of osteoarthri-
tis. Models of the knee often implement joint geometry
obtained from MRI or gait kinematics from motion capture
to increase model specificity for a given subject. However,
previous works ignore the differences in cartilage material
properties that exist regionally and from patient to patient.
This paper presents a method to create subject-specific fi-
nite element models of the knee that assigns cartilage mate-
rial properties from T, relaxometry. We compared our T»-
refined model to identical models with homogeneous mate-
rial properties. When tested on three subjects from the Os-
teoarthritis Initiative dataset, we found the T,-refined mod-
els estimated higher principal stresses and shear strains in
most cartilage regions as compared to their corresponding
homogeneous material models. Measures of cumulative
stress within regions of a T,-refined model also correlated
better with the region’s MRI Osteoarthritis Knee Score as
compared to the homogeneous model. We conclude that
spatially heterogeneous T,-refined material properties im-
prove the patient-specificity of finite element models com-
pared to homogeneous material properties in osteoarthritis

progression studies.
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1 | INTRODUCTION

Osteoarthritis (OA) of the knee is a painful and debili-
tating disease characterized by degeneration of articu-
lar cartilage [1]. Cartilage loss results from changes in
the extracellular matrix, most notably the loss of pro-
teoglycan and collagen content, which alters the tis-
sue’s mechanical properties [2]. An OA diagnosis can
be confirmed with evidence of morphological changes,
such as joint space narrowing and osteophytes, that
are typically seen in X-ray imaging. However, signifi-
cant cartilage degeneration can occur long before joint
space narrowing or osteophytes are visible in plain X-
ray images [3]. Several studies have even observed
poor correlation between cartilage degeneration and
the radiographic features used to diagnose OA [4, 5, 6,
7]. The insensitivity of radiography to identify early OA
changes is a barrier to timely implementation of non-
operative treatments. These nonoperative treatments
may include established methods such as weight loss,
muscle strengthening, pain relievers, and nonsteroidal
anti-inflammatory drugs, but also newer methods such
as hyaluronic acid, corticosteroid, platelet-rich plasma,
and stem cell treatments [8]. Predictive modeling of os-
teoarthritis progression is a growing field of research
that aims to decrease the time to diagnosis [9, 10].
Since OA progression varies greatly from patient to
patient, predictive models should be customized to
a subject’s unique morphology and material proper-
ties. Finite element (FE) modeling is a well-established
approach for creating predictive models with subject-

specific geometry and material properties.

FE models have been used to analyze tissue loading,
estimate stress, and predict regions at increased risk of
mechanical failure due to OA progression in a subject-
specific way [11, 12]. Current FE modeling approaches
use joint geometry, joint kinematics, or estimated joint
reaction forces to create more subject-specific mod-
els. Joint geometry can be obtained through imaging
and subsequent segmentation of tissues [13, 12]. Joint
kinematics, such as from video motion capture of the
gait cycle, can be implemented to approximate in vivo
boundary conditions [14]. While geometry and mo-

tion are readily measurable parameters, determining
subject-specific, in vivo tissue material properties to re-
mains a challenge.

Magnetic resonance imaging (MRI) can be used to
estimate the matrix constituents and material proper-
ties of articular cartilage [15, 16, 17, 18, 19, 20]. Since
T, MRI captures several factors essential to the macro-
molecular framework of cartilage, including changes in
proteoglycan and collagen content, it is also correlated
with the mechanical properties of the tissue [21]. Previ-
ous work has shown that FE models with collagen fibril
orientation refined by T, relaxation or diffusion tensor
MRI produce significantly different predictions of max-
imum principal stresses than models with collagen fib-
ril orientation obtained from literature [22, 23, 24]. We
therefore hypothesize that a subject-specific FE model
with element-wise material properties informed by T,
relaxation time will produce significantly different lev-
els of stress and strain, enhance model sensitivity to lo-
calized stress and strain, and thus improve prediction
of regions with an increased risk of tissue degeneration
as compared to an FE model with homogeneous mate-
rial properties. In this paper, we developed a method
for refining material properties from T, relaxometry
to improve the patient-specificity of FE models of the

knee.

2 | METHODS

21 | Data

This study used imaging data from the Osteoarthritis
Initiative (OAl), a publicly available dataset for OA re-
search. OAl (https://nda.nih.gov/oai/) is a multi-
center, ten-year observational study investigating knee
OA in 4,796 subjects in the United States. The OAI
includes three cohorts: a progression cohort display-
ing symptomatic knee OA at the baseline examination,
an incidence cohort not displaying OA but at an in-
creased risk of developing OA at baseline, and a con-
trol cohort with no display or risk of developing OA at
baseline. For this study, we selected imaging data from

one subject in the progression cohort and two subjects
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TABLE 1 Subject information

Subject | OAl SubjectID Sex Age at Baseline Race  Subcohort? KL at BaselineP MOAKS*
1 9932809 F 66 Asian 1 2 Baseline only
2 9948792 M 64 White 2 0 NA
3 9988421 F 54 Black 2 0 All timepoints

The OAI separates patients into three cohorts: (1) a progression cohort displaying symptomatic knee OA at the
baseline examination, (2) an incidence cohort not displaying OA but at an increased risk of developing OA at baseline,
and (3) a control cohort with no display or risk of developing OA at baseline.

Kellgren-Lawrence (KL) grade was determined by a radiologist at the baseline imaging timepoint. Simply put, the
Kellgren-Lawrence classes are as follows: (0) absence of OA, (1) doubtful OA, (2) minimal OA, (3) moderate OA, and
(4) severe OA.

Availability of MRI Osteoarthritis Knee Score (MOAKS) for the given patient. MOAKS is regional a semi-quantitative

scoring assessment which ranks the degree of cartilage loss.

in the incidence cohort. The selected subjects were
a mix of male and female, from three different racial
groups, and with ages ranging from 54 to 66 at the
time of baseline imaging (Table 1). Right knee images
at the baseline time point were used for all three sub-
jects. At the time of imaging, subject 1 was classified
as Kellgren-Lawrence (KL) grade 2, which is considered
to be minimal OA, and subjects 2 and 3 were classified
as KL grade 0O, which is no sign of OA. A subject with
KL grade 2 OA was chosen to test model sensitivity
to early OA since changes to the extra-cellular matrix
would likely have occurred by this stage without major
loss of cartilage tissue volume [25]. OA progression
was evaluated with the MRI Osteoarthritis Knee Score
(MOAKS) score [26] at multiple time points for subject
3 through the Pivotal OAI MR Imaging Analysis study
[27, 28]. MOAKS are assigned based on the percent of
cartilage loss observed in a given region, where grade
O indicates no loss, grade 1 indicates < 10% loss, grade
2 indicates 10 — 75% loss, and grade 3 indicates > 75%

loss.

MR images of the knees from OAIl were obtained
using a Siemens Trio 3.0 T scanner with quadrature
transmit-receive coils (USA Instruments, Aurora, OH,
USA) [29]. The scan protocol included the following se-
quences: (1) sagittal 3-D dual echo in the steady state
(DESS) with selective water excitation TE = 4.7 ms, TR

= 16.3 ms, flip angle = 25° and (2) sagittal T,-Map, TE
=10, 20, 30, 40, 50, 60, 70 ms, TR = 2700.

FE meshes of cartilage and menisci for the selected
subjects were obtained courtesy of David Pierce [30].
Segmentation of cartilage and menisci for the selected
subjects were performed on 3D DESS MRI, and FE
meshes were constructed using solid, 8-node trilinear
hexahedral elements [30] for FE analysis in FEBio Stu-
dio version 1.5.0 [31] as detailed in the following para-
graphs .

2.2 | Model Overview

Our modeling workflow is shown in Fig. 1, as initially
proposed in [32]. Briefly, the T, map is filtered for the
subject of interest (Fig. 1A). Next, all regions of articular
cartilage are selected from the T, map (Fig. 1B). Mate-
rial properties within a subject-specific finite element
mesh are then calculated from the segmented T, map
(Fig. 1C). Finally, a simple gait cycle is simulated and key
measures of stress and strain are computed for model
evaluation (Fig. 1D). In the following sections, we de-

scribe each of these steps in depth.
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FIGURE 1 Overview of the developed T,-refined

material model analysis.

2.3 | Preprocessing T, Maps

We used T, maps as an input to the model. T, maps
were filtered using a gradient anisotropic diffusion fil-
ter from SimplelTK! with 5 iterations, timestep = 0.125,
and conductance = 3. Filtering was performed in the
T, maps to smooth changes in T, value between adja-
cent pixels (Fig. 1A). Filtering reduces the likelihood of
large differences in material properties between adja-
cent elements in later modeling steps. Upper and lower
T, thresholds (> 70 ms and < 10 ms) were also imple-
mented to eliminate values that were outside the range

of T, echo times.

2.4 | Mapping T, Relaxation Times to
Material Properties

The material properties of the subject-specific FE mod-
els, which included all articular cartilage and meniscus
regions, were customized using a custom built voxel-to-
element mapping method created in MATLAB version
R2020a (MathWorks, Natick, MA) [33]. Articular carti-
lage and menisci were both modeled as Neo-Hookean
materials due to the relative equivalence of biphasic
and elastic materials during short-time responses [34].
While many other FE studies model articular carti-
lage and menisci as either anisotropic or transversely
isotropic materials, we chose to assume isotropy to
simplify the model since the focus of this work is to
understand the impact of refining materials based on
T, imaging. For each model, the T, map was first
registered with the corresponding fixed 3D DESS MRI
image. Segmentation masks from the 3D DESS im-
age [30] were then overlaid to select cartilage regions
within the T, map (Fig. 1B). The images containing the
segmented cartilage and meniscus regions were con-
verted to the same global coordinate system used by
the FE mesh. Next, the TransformPhysicalPointToln-
dex function from SimplelTK! was used to match the
T, voxels to elements in the FE model (Fig. 1C). In this
process, the function used the centroid coordinates of

each element in the FE model to search for the corre-

Lhttps:/simpleitk.org
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sponding voxel in the segmented T, map. The function
returned the index of the matching voxel, which was
used to find the voxel's T, relaxation value. The voxel
relaxation values were then used to determine the dy-
namic modulus of the respective elements [21].

Ep = (-3.5/3x10°)T +9.75 x 10° (1)

Equation (1) was used to calculate the dynamic modu-
lus (Ep) in [Pa] from T, time (T) in [ms]. The number of
unique materials desired was also included as an input

to the model.

_Tu-TL
- N

w (2)
Voxels were binned according to equation (2), where
(W) is the bin width, (Ty) is the upper Ty limit, (T;) is
the lower T limit, and (N) is the number of unique ma-
terials. All voxels within a defined bin were converted
to the same Ep value to decrease the number of dis-
tinct materials, reducing model complexity. The num-
ber of materials (N) could be varied at will. In addi-
tion, defining N = 1 would be equivalent to a model
with homogeneous material properties. Increasing the
number of materials may provide a higher degree of
sensitivity to localized changes in modulus, but at the
expense of increasing model complexity and computa-
tion time. Table 2 shows the material properties used
for the cartilage and menisci in the T,-refined and ho-
mogeneous material models. The upper and lower limit
for the dynamic modulus were chosen based on the
range of dynamic modulus seen in cartilage with vary-
ing levels of degradation [35]. For all T,-refined mod-
els presented the number of materials was set to 10
through an empirical study. We updated our method
to use dynamic modulus instead of elastic modulus,
which was presented in our previous work [32]. The
dynamic modulus was chosen instead of elastic modu-
lus since the testing protocol used by [21] to determine
dynamic modulus was closest to the loading regimen
of the stance phase of a typical gait cycle used in our
simulation. In the aforementioned study, the equilib-

rium response elastic (Young'’s) modulus was measured

TABLE 2 Material properties used in FE models

Model Homogeneous To-refined

Tissue Cart Men Cart Men

Ep, MPa 5 202 1-8° 20
v 045¢ 032 045 03

Abbreviations: Cart, cartilage; Men, menisci;
Ep, dynamic modulus; v, Poisson’s ratio
(Mononen et al., 2015 [14])

Range of dynamic modulus (Nissi et al., 2007
[21]; Waldstein et al., 2016 [35])

(Klets et al., 2016 [36])

using the stress-relaxation method, whereas dynamic
modulus was measured using 1 Hz sinusoidal loading
[21].

2.5 | FE Mechanical Simulation

Mechanical simulations were performed in FEBio Stu-
dio version 1.5.0 [31]. The FE models with customized
material properties were exported from MATLAB to
files compatible with FEBio using the Geometry and
Image-Based Bioengineering add-On (GIBBON) MAT-
LAB toolbox [37]. Since moderate activity (e.g. walk-
ing) comprises around 30% of daily activity [38], we
applied average motion and loading from the stance
phase of a walking gait cycle [39]. A simplified gait cy-
cle with transient loading (=[1000,3500](N)) and knee
extension-flexion angle (x[0.2,0.5](rad)) was assigned
to the models as time-dependent boundary conditions
[39], as shown in Fig. 1D. The gate loading acted along
an axis defined through a reference point in the mid-
dle of the femoral epicondyles parallel to the tibial-
diaphyseal axis in the —z direction. The proximal sur-
face of the femoral cartilage was fixed to the reference
point using a rigid interface contact and all nodes on
the distal surface of the medial and lateral tibial car-
tilage were fixed [14]. The mensici were constrained
using a fixed displacement boundary condition applied

to the meniscal horns where the meniscal roots would
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TABLE 3 Parameters used in sensitivity study

Variable = -50% -25% Ref +25% +50%
Ep, MPa - 1-6 1-8 1-10 1-12

Variable  -20% -10% Ref +10% +20%
N 8 9 10 11 12

Abbreviations: Ep, dynamic modulus; N, number of ma-

terials

typically attach [40, 41]. Before the stance phase
commenced, models underwent a 0.1 second ramping
stage, which adjusted the model to match the initial
placement and force at the beginning of the stance
phase. The stance phase lasted 0.9 seconds. Two
models were built for each subject of interest: (i) a
model with voxel-to-element T,-refined Ep and (ii) a
model with homogeneous Ep. Both models used the
same subject-specific mesh, boundary conditions, con-
tact definitions, and rigid constraints, enabling a more
direct comparison of the effect of T,-refinement of ma-
terial properties.

2.6 | Comparison of T,-refined and
Homogeneous Material Models

The T,-refined and homogeneous model simulation re-
sults were compared by investigating the maximum
and minimum principal stresses and strains, as well as
and maximum shear stress and strain within all regions
of articular cartilage. The cartilage regions were de-
fined consistent to the MOAKS evaluation [26], where
the femoral and tibial cartilage are divided into me-
dial and lateral halves, then further into anterior, cen-
tral, and posterior sections. Previous studies have as-
sumed maximum principal stresses exceeding 7 MPa to
trigger degeneration of collagen, while strains above
30% trigger proteoglycan degeneration within articu-
lar cartilage [42, 43]. The cumulative maximum princi-
pal stress was also calculated for each element as de-
scribed by Klets et al. [44]. The total number of ele-

ments within a region that exceeded a maximum cu-

mulative stress threshold of 0.5 MPa were calculated
for the T,-refined and homogeneous models. A corre-
lation between the number of elements exceeding the
cumulative stress threshold within a given region and
the region’'s MOAKS score was investigated for patient
3 (since regional MOAKS scores were only available for
patient 3).

Statistical analysis was performed in MATLAB ver-
sion R2020a (MathWorks, Natick, MA) [33]. The nor-
mality of regional stress and strain measures were eval-
uated using a Shapiro-Wilk test [45]. The Wilcoxon
signed-rank test was used to test for significant differ-
ences between regional measures from the T,-refined
and homogeneous material models. Spearman’s rank
correlation was used to investigate correlation be-
tween the maximum cumulative stress and MOAKS
score within a given region. For all statistical tests, the

level of significance was p < 0.05.

A sensitivity study was used to investigate the ef-
fect of changing the number of materials (N) and the
upper limit of the dynamic modulus in a T,-refined ma-
terial model. Table 3 shows the range of values tested
for each variable. The ranges chosen for Ep were based
on the experimental data obtained by [35].

3 | RESULTS

The T,-refined model simulations displayed higher lev-
els of stress and strain and also demonstrated better
spatial detail as compared to the homogeneous mod-
els, suggesting an improved ability to pinpoint loca-
tions with elevated stress and strain levels (Fig. 2). The
T,-refined material models showed significantly higher
maximum 15t principal stress, shear strain, and cumu-
lative stress in most cartilage regions as compared to
the homogeneous models for all subjects. The differ-
ence between the T,-refined and homogeneous mod-
els was most prominently seen in the increase in pre-
dicted maximum shear strain (Fig. 3). The maximum
principal stress threshold of 5 MPa for collagen degen-
eration as defined by [42] was not exceeded in the

cartilage for any subjects, although principal stresses
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FIGURE 2 The simulation results for patient 1 showed higher shear strains in the T,-refined model as compared to the

homogeneous model for the same patient. The T,-refined model also showed much higher spatial detail in regions with

elevated shear strain levels, as seen in the magnified regions.

above 5 MPa were observed in the meniscus. The
shear strain threshold of 0.3 for proteoglycan degener-
ation defined by [43] was exceeded in several regions
of the cartilage for all three subjects.

Significant correlation was seen between the num-
ber of elements exceeding the 0.5 MPa cumulative
stress threshold and the regional MOAKS scores in the
To-refined model but not in the homogeneous model
(Fig. 4). The T,-refined model had significant correla-
tion both at the baseline time point and at the end-of-
study time point.

In the sensitivity study of the dynamic modulus
range, when the upper limit was set to 6 MPa (a
25% decrease) the maximum shear strain increased by
nearly 40% in the first half of the gait cycle as com-
pared to the reference 8 MPa modulus limit (Figure 6).
In comparison, decreasing number of materials by 20%
only caused about a 10% decrease in the maximum

shear strain (Figure 7).

4 | DISCUSSION

In this study, we developed a subject-specific FE model
that implements T, mapping with MRI to assign spa-
tially heterogeneous dynamic moduli to cartilage finite
elements, using a custom voxel-to-element pipeline.
Current radiographic evaluation of OA is not sensitive
to changes seen in early OA resulting in delayed diag-
nosis. Predictive models of OA may reduce the time
to diagnosis, but since OA progression varies greatly
from patient to patient, they need to be customized to
a given subject. FE models can be used to understand
cartilage loading and predict degeneration in a subject-
specific manner. Many previous FE studies of the
knee utilize imaged joint geometry or motion captured
gait cycle loading to create subject-specific FE models
[46, 43, 11, 9, 47]. A study by Résanen et al. used
sodium MRI to determine localized fixed charge den-
sity in subject-specific models of cartilage loading[24].
Other recent FE models have implemented algorithms

to model fixed charged density loss and compare it to
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Patient 1 Patient 2 Patient 3
= (A) (D) (G)

Femoral Medial Central

Tibial Medial Anterior

Stance Phase [%] Stance Phase [%] Stance Phase [%]

FIGURE 3 Representative regions from each patient showing elevated maximum shear strain. The femoral cartilage was
broken into medial, and lateral halves, then further subdivided into anterior, central, and posterior sections. Maximum shear
strain was consistently higher in the T,-refined model (blue solid region) than in the Homogeneous model (red hatched region)
in most regions throughout the cartilage. In a few cases, the shear strain levels estimated by the T,-refined model exceeded the
30% strain threshold linked with proteoglycan loss while the Homogeneous model did not (A,l).
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FIGURE 4 The T;,-refined model improved correlation with regional MOAKS scores at the end-of-study imaging timepoint
for patient 3. Spearman rank correlation between the number of elements exceeding 0.5 MPa within a given region and the
region’s MOAKS score was used as the measure of correlation. Significance was set to p<0.05. The femoral lateral central
(FemLatCent) and tibial lateral anterior (TibLatAnt) regions showed the most change between the homogeneous (A) and

T,-refined (B) models. The stress magnitude of these regions is shown in figure 5
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FIGURE 5 The regions with the most change in cumulative stress were the femoral lateral central (FemLatCent) and tibial
lateral anterior (TibLatAnt) regions. The stress magnitude at two timepoints within the gait cycle are shown to illustrate the
difference between the two material models. The T,-refined model showed elevated stress levels in these regions.
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FIGURE 6 A sensitivity study of the range of the
dynamic modulus in the T,-refined material model showed
that lowering the upper limit to 6 MPa resulted in
overestimating the maximum shear strain in the first half of
the gait cycle.

Number of Unique Materials

Stance Phase [%]

FIGURE 7 A sensitivity study of the number of
materials in the T,-refined material model showed that
slightly increasing or decreasing the number of materials
had a relatively small impact on the predicted maximum
shear strain.

changes in T, and T, relaxation times [12]. However,
to our knowledge this study is the first to investigate
the use of T, relaxation to directly refine material prop-
erties within subject-specific FE models.

For three subjects with varying KL grades, we built
two FE models with subject-specific geometry; the
first with T,-refined moduli and the second with a ho-
mogeneous modulus. For all subjects, the T,-refined
material model produced significantly higher maximum
15t principal stress, maximum shear strain, and cumu-
lative stress in almost all cartilage regions. The maxi-
mum 15t principal stress seen in the T,-refined models
was around 7 MPa while the maximum shear strain was
just above 0.3 which is comparable to previous studies
[48, 36, 43, 49, 11]. We also calculated the cumula-
tive maximum principal stress as defined by Klets et al.
[44]. The maximum cumulative stress value seen in our
models was around 4 MPa which is comparable to the
normal weight subjects evaluated in Klets et al. [44].

The resulting difference in predicted mechanical be-
havior between material models suggests that a model
with T,-refined material properties predicts higher
stresses and strains, in regions of high T,, than a model
assigned with homogeneous material properties. The
To-refined material model simulation results, specifi-
cally regional cumulative stress, correlated better with
regional MOAKS scores in both baseline and follow-up
time points. The significant correlation at the end-of-
study time point suggests that the T,-refined model
has better predictive power than the homogeneous
model. The improvement in correlation appears to be
in part due to the T,-refined model predicting higher
stress within the femoral lateral central and tibial lat-
eral anterior regions (Figure 5). This could indicate that
a T,-refined model is more sensitive to early cartilage
degradation. In brief, our results suggest that a T,-
refined material model could improve simulation sen-
sitivity to regions at risk of increased stress and strain

and therefore susceptible to tissue degeneration.

The results from the sensitivity study suggest that a
T,-refined model is sensitive to changes in the range of
the dynamic modulus used. Decreasing the lower limit

of the dynamic modulus by 25% caused a nearly 40%
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increase in the predicted maximum shear strain. How-
ever, the T,-refined model was not highly sensitive to
the number of materials used. Decreasing the number
of materials by 20% caused only a 10% change in the
predicted maximum shear strain. These results suggest
that a T,-refined model requires the modulus range to
be appropriately defined but is not greatly affected by
the number of materials. While increasing the number
of materials may slightly improve model accuracy, the
model accuracy is also impacted by many other factors,
including the resolution of the T, image, the slope and
range of the T,-to-modulus conversion, and the type
of material model.

Since these simulations only consisted of loads con-
sistent with moderate walking, it was not surprising
that the measured stresses did not exceed the stress-
linked collagen degeneration threshold. A limitation
of our work is that we do not model cartilage using
a viscoelastic or biphasic response; however, previ-
ous studies have concluded that incompressible elas-
tic response and biphasic response are nearly identical
when loading occurs over a short time span, which ap-
plies to this study [34]. We also assumed all tissues
to have isotropic material properties and no depth de-
pendencies. While this assumption is simplistic, the
goal of this study was to understand the impact of
having Tp-refined material properties over homoge-
neous material properties. We were also limited by the
data from the OAI which does not include MRI based
measures of anisotropy, fiber orientation, or depth-
dependence that are subject-specific. Overall, the pre-
sented method of using T, MRI to refine material prop-
erties could realistically be applied to any type of ma-
terial model to improve patient-specific prediction of

cartilage degeneration.

In future studies, we may further test the hypothe-
sis that T,-refined models improve sensitivity to early
degenerative changes by comparing the sensitivity of
T,-refined and homogeneous FE models to artificial re-
gional changes in T, maps. We could also test the cor-
relation between stress or strain levels and the change
in T, maps in subsequent follow-ups using statistical
parametric mapping [50, 51].

In summary, we have developed a novel method
for defining cartilage material properties from T, maps
and demonstrated its potential to improve subject-
specificity of FE models. Clinical Impact: T,-refined ma-
terial properties can improve subject-specific finite el-
ement model predictions of cartilage degeneration.
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