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A B S T R A C T

Background: Finite element modelling can be used to evaluate altered loading conditions and failure locations in
knee joint tissues. One limitation of this modelling approach has been experimental comparison. The aims of this
proof-of-concept study were: 1) identify areas susceptible to osteoarthritis progression in anterior cruciate li-
gament reconstructed patients using finite element modelling; 2) compare the identified areas against changes in
T2 and T1ρ values between 1-year and 3-year follow-up timepoints.
Methods: Two patient-specific finite element models of knee joints with anterior cruciate ligament reconstruc-
tion were created. The knee geometry was based on clinical magnetic resonance imaging and joint loading was
obtained via motion capture. We evaluated biomechanical parameters linked with cartilage degeneration and
compared the identified risk areas against T2 and T1ρ maps.
Findings: The risk areas identified by the finite element models matched the follow-up magnetic resonance
imaging findings. For Patient 1, excessive values of maximum principal stresses and shear strains were observed
in the posterior side of the lateral tibial and femoral cartilage. For Patient 2, high values of maximum principal
stresses and shear strains of cartilage were observed in the posterior side of the medial joint compartment. For
both patients, increased T2 and T1ρ values between the follow-up times were observed in the same areas.
Interpretation: Finite element models with patient-specific geometries and motions and relatively simple material
models of tissues were able to identify areas susceptible to post-traumatic knee osteoarthritis. We suggest that
the methodology presented here may be applied in large cohort studies.

1. Introduction

The exact mechanisms behind the onset and development of os-
teoarthritis (OA) are not fully understood. The incidence of OA is
generally higher in patients after anterior cruciate ligament (ACL)
rupture, especially with concomitant meniscal or chondral lesions
(Barenius et al., 2014; Claes et al., 2013; Culvenor et al., 2015; Potter
et al., 2012; Risberg et al., 2016). Additionally, a long-term follow-up

study showed little difference in OA susceptibility between conservative
(exercise) or surgical treatment (ACL reconstruction, ACLR) of ruptures
(Lohmander et al., 2007). Postoperatively, knee OA can be present even
in short-term follow-ups of ACLR (Culvenor et al., 2015; Eckstein et al.,
2015; Williams et al., 2017). One of the mechanisms leading to OA for
ACLR patients could be altered joint biomechanics and excessive
stresses and strains experienced by articular cartilage (Gardinier et al.,
2013; Konrath et al., 2017; Wellsandt et al., 2016).

https://doi.org/10.1016/j.clinbiomech.2019.08.004
Received 27 December 2018; Accepted 7 August 2019

⁎ Corresponding author.
⁎⁎ Correspondence to: PO Bolcos, Department of Applied Physics, University of Eastern Finland, POB 1627, FI-70211 Kuopio, Finland

E-mail addresses: paul.bolcos@uef.fi (P.O. Bolcos), rami.korhonen@uef.fi (R.K. Korhonen).

Clinical Biomechanics 79 (2020) 104844

0268-0033/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/02680033
https://www.elsevier.com/locate/clinbiomech
https://doi.org/10.1016/j.clinbiomech.2019.08.004
https://doi.org/10.1016/j.clinbiomech.2019.08.004
mailto:paul.bolcos@uef.fi
mailto:rami.korhonen@uef.fi
https://doi.org/10.1016/j.clinbiomech.2019.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinbiomech.2019.08.004&domain=pdf


Traditional methods for OA diagnosis, such as Kellgren-Lawrence or
Modified Fairbank systems, are unable to offer sufficient information on
cartilage integrity or composition. Semi-quantitative evaluation
methods, such as Whole-Organ Resonance Magnetic Score (WORMS) or
Magnetic resonance imaging Osteoarthritis Knee Score (MOAKS), re-
veal global longitudinal structural changes in the knee joint (Culvenor
et al., 2015; Wang et al., 2016). However, both traditional methods and
semi-quantitative methods are susceptible to misclassification and
intra- and inter-observer variability (Ding et al., 2008; Karvonen et al.,
1990; Wang et al., 2012). Measurement of T2 and T1ρ (T1 in rotating
frame) relaxation times offer a more quantitative method to assess local
changes in the knee joint (Li et al., 2014; Li and Majumdar, 2013;
Mamisch et al., 2010; Nissi et al., 2016; Rautiainen et al., 2015). In
articular cartilage, T2 relaxation time is mainly indicative of the col-
lagen network integrity and arrangement (Hänninen et al., 2017; Nissi
et al., 2004; Xia et al., 2001), while T1ρ relaxation time is primarily
sensitive to proteoglycans (Duvvuri et al., 2002; Wheaton et al., 2004),
but also carries sensitivity to collagen content depending on the mag-
netic field strength (Blumenkrantz and Majumdar, 2007; Hänninen
et al., 2017; Nieminen et al., 2017).

Imaging cannot assess altered biomechanics and excessive joint and
tissue loading. Experimental and computational studies have linked
collagen matrix degeneration primarily with high tensile stresses of
collagen fibrils (Danso et al., 2014; Henao-Murillo et al., 2018; Hosseini
et al., 2013; Kempson, 1982) and proteoglycan (PG) loss primarily with
high deviatoric or shear strains of cartilage nonfibrillar matrix
(Bonnevie et al., 2016; Ewers et al., 2001; Kelly and O'Connor, 1996;
Wilson et al., 2006). This has enabled the use of finite element (FE)
modelling in assessing the potential biomechanical risks for the onset
and progression of OA due to collagen degeneration and/or PG loss
(Gardiner et al., 2016; LaValley et al., 2017; Mononen et al., 2018;
Mootanah et al., 2014). However, for better trustworthiness of the
models, they should be compared against follow-up information, such

as T2 and T1ρ relaxation time maps.
In a clinical setting, the computational model has to be easy to

generate and time for the converged solution has to be short. Some of
the above-mentioned models applied complex materials, such as fibril-
reinforced poro(visco)elastic, to describe articular cartilage, meniscus
and ligaments (Dabiri and Li, 2015; Gu and Li, 2011; Mononen et al.,
2018; Mootanah et al., 2014). This is simultaneously time consuming
(in terms of implementation) and computationally demanding. Fur-
thermore, for models that include all major knee joint structures with
muscle forces, generation and simulation times become even longer
(Bolcos et al., 2018; Orozco et al., 2018). Recent studies have shown
that simpler FE models, in terms of geometry and motion (Bolcos et al.,
2018), cartilage material properties (Klets et al., 2016) and ligament
formulation (Orozco et al., 2018), produce similar results with more
complex models. This enables a reduction in FE model generation and
computation times. This kind of FE models for joint mechanics have not
been generated before for ACLR patients with patient-specific motion.
Further, to our knowledge, patient-specific OA predictions from the FE
models have not been compared earlier against experimentally eval-
uated local changes in the knee joint cartilage, as determined by
changes in T2 and T1ρ relaxation times between follow-up timepoints.

The objectives of this proof of concept study were two-fold: (1)
Using a relatively fast FE modelling approach, with a proven ability to
capture mechanical responses of cartilage, to evaluate knee cartilage
mechanics in patients with ACLR at 1-year follow-up, and identify areas
susceptible to OA progression, due to collagen damage and/or PG loss;
(2) Compare the identified areas for collagen degeneration and PG
depletion against local changes in T2 and T1ρ relaxation times between
the 1-year and 3-year follow-up timepoints. Our hypothesis was that the
onset and development of OA in ACLR patients is patient-specific and
the areas susceptible to OA at 1-year timepoint can be identified by
using FE modelling and matched with local changes in T2 and T1ρ re-
laxation times of cartilage.

Fig. 1. Workflow of the study. a) Knee joint MR image segmentation; b) Knee joint rotations and ground reaction forces from motion capture; c) FE model overview,
with geometry from a) and motion from b); d) Maximum principal stress distribution on the tibial cartilage. Areas susceptible to OA are indicated in black; e) T2 and
T1ρ maps used for verifying the progression of OA.
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2. Methods

The workflow of the study is shown in Fig. 1. This study includes
two patient-specific FE models of two subjects with ACLR. Information
on both the knee joint geometry and motion was incorporated from
manually segmented high-resolution 3D MR images (Fig. 1a) and mo-
tion capture gait data (Fig. 1b), respectively. The included soft-tissues
were femoral and tibial cartilages and menisci, with collateral (MCL &
LCL) and cruciate (ACL & PCL) ligaments (Fig. 1c). The FE model results
(Fig. 1d) were then compared against follow-up information: T2 and T1ρ
maps (Fig. 1e).

2.1. Data acquisition

The magnetic resonance (MR) image acquisition and motion capture
were performed at the University of California, San Francisco (UCSF).
Both subjects gave informed consent and data acquisition was approved
by and carried out in accordance with the rules and regulations of the
Institutional Review Board under the Human Research Protection
Program at UCSF. For each patient, two MR sequences were acquired at
1-year and 3-year follow-up timepoints after the ACLR surgery.
Additionally, at each follow-up timepoint the subject gait data was
measured using a previously established protocol (Samaan et al., 2017).
The 1-year timepoint was used to predict the location susceptible to OA
using FE modelling. The 3-year timepoint was used to verify the pro-
gression of OA predicted from the 1-year timepoint. Details on the MRI
acquisition and motion capture are given in Supplementary Materials.

2.2. FE model construction

MRI and motion capture data were transferred to the University of
Eastern Finland (UEF), where computational models were generated.
There is a data transfer agreement between UCSF and UEF. The
methodology used to generate the FE models was identical to a previous
study (Bolcos et al., 2018), and is summarized in Supplementary ma-
terials. In that study, it was shown that simpler knee models can pro-
duce similar cartilage responses with more complex models. The FE
model with motion implemented using kinetics and kinematics (forces
and rotations), and without patella and quadriceps forces, produced
reaction forces and contact pressures within physiological limits
(Gilbert et al., 2014; Konrath et al., 2017; Kutzner et al., 2010; Pizzolato
et al., 2017). Details of the material properties for each soft tissue are
shown in Table 1. Simpler models are desired when the purpose is to-
wards clinical implementation. In this study, this relatively simple ap-
proach with kinetic-kinematic motion implementation was used.

2.3. Analysis

2.3.1. T2 and T1ρ maps
Tibial and femoral cartilage were manually segmented from the

combined multi-slice sequence at both 1-year at 3-year follow-up
timepoints. The relaxation times were calculated using a two-para-
metric mono-exponential fit with Aedes (Niskanen, 2006) and in-house
written plugins for Matlab.

2.3.2. FE analysis
Based on the experimental findings (Danso et al., 2014; Kempson,

1982; Mononen et al., 2016) and previous computer simulations
(Mononen et al., 2016), maximum principal stresses above 7MPa were
assumed to trigger collagen network degeneration. Generally, experi-
mental findings (D'lima et al., 2001; Ewers et al., 2001; Kelly and
O'Connor, 1996; Loening et al., 2000; Wilson et al., 2006; Zamli and
Sharif, 2011) and previous computer simulations (Hosseini et al., 2014;
Mononen et al., 2018) link tissue strains above 30% with condrocyte
apoptosis and subsequent PG loss. Here, shear strains above 32% were
assumed to lead to PG loss (Bonnevie et al., 2016; Hashimoto et al.,
2009; Li et al., 2013). Here we evaluated:

1. σtensile and γabs as a function of stance. The peak values of maximum
principal stress (σtensile) and absolute shear strain (γabs) were calcu-
lated on the tibiofemoral contact area (cartilage-cartilage contact
area) as a function of stance.

2. σtensile and γabs distribution maps. To identify the locations prone to
collagen network damage and/or PG loss, the σtensile and γabs dis-
tributions were calculated for each compartment (i.e. medial or
lateral tibial/femoral cartilage). We evaluated the peak values of
maximum principal stresses and absolute shear strains for each
element.

2.4. Comparison of the FE model and MRI

The FE model results were verified against changes in T2 and T1ρ
relaxation times. These are among the most established quantitative
MRI parameters for articular cartilage and were shown to be highly
sensitive to collagen and PG content (Duvvuri et al., 2002; Hänninen
et al., 2017; Li et al., 2007; Nissi et al., 2004; Wang et al., 2016;
Wheaton et al., 2004; Xia et al., 2001).

2.4.1. Total volumes
To compare the identified risk areas with follow-up information the

following steps were needed:

1. For the σtensile and γabs distribution maps, we defined volumes-of-
interest (VOI) for each compartment. The VOI was defined as the
total volume in which the respective thresholds were exceeded. If
neither σtensile nor γabs exceeded the thresholds, the VOI was defined
as “0”.

2. For each VOI from step 1, we calculated the total volume of the VOI
as a percentage of the total volume of each compartment, reflecting
the percentage from the total volume susceptible to damage.

Table 1
Material parameters of cartilage, meniscus and ligaments used in the FE models.

Transversely isotropic (poro)elastic Ep (MPa) Et (MPa) νp (−) νtp (−) Gt (MPa) k (10−15 m4/Ns) e0(−)

Cartilage (Klets et al., 2016) 24 0.46 0.42 0.06 12 1 4
Meniscus (Danso et al., 2014; Klets et al., 2016; Vaziri et al., 2008; Wilson et al., 2004) 20 159.6 0.30 0.01 50 – –

Bi-linear springs Stiffness (N/mm) Pre-strain (%)

ACL (Gantoi et al., 2013; Haut Donahue et al., 2002) 380 5
PCL (Gantoi et al., 2013; Momersteeg et al., 1995) 200 5
MCL(Gantoi et al., 2013; Momersteeg et al., 1995) 100 4
LCL (Gantoi et al., 2013; Momersteeg et al., 1995) 100 4

Parameters: Ep – in-plane Young's modulus, Et – out-of-plane Young's modulus, νp – in-plane Poisson's ratio, νtp – out-of-plane Poisson's ratio, Gt – out-of-plane shear
modulus, k– permeability, e0 – initial void ratio.
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3. For the T2 and T1ρ maps, from both 1-year and 3-year follow-up
timepoints we defined VOIs for each compartment. The VOI was
defined as the volume of cartilage with either T2 or T1ρ relaxation
times above 60ms. This value is above the literature reported value
of 50ms for healthy cartilage (Bolbos et al., 2008; Li et al., 2011;
Stahl et al., 2009; Surowiec et al., 2014; Van Rossom et al., 2017).
Similarly, if no relaxation time exceeded this limit, the VOI was
defined as “0”.

4. For each VOI from step 3, we calculated the volume of the VOI as a
percentage from the total volume of the compartment at both 1-year
and 3-year follow-up timepoints.

5. From step 4, we subtracted the VOI at 3-year timepoint from the VOI
at 1-year timepoint, reflecting the percentage of potentially da-
maged tissue from the total volume of each compartment.

Thus, we could evaluate changes in the relaxation times between 1-
year and 3-year follow-up times and compare them with the areas
susceptible to degeneration as predicted by the FE model. An example
of steps 1–4 is shown in Supplementary materials.

2.4.2. Sagittal slices
Due to the slice thickness of 4mm of both T2 and T1ρ MR images, we

could not ensure the accuracy of the total volume calculated in steps 4
and 5. Therefore, a slice-by-slice comparison between the relaxation
times and FE models was required. Since in the sagittal plane the re-
solution of the MR image was the best, sagittal slices from the σtensile,
γabs, T2 and T1ρ maps were taken as follows:

1. For T2 and T1ρ maps, the sagittal slice was located in the center of
the previously defined VOI. The location of this slice was approxi-
mated by calculating the number of slices to the edge of lateral side
and multiplying with the slice thickness (4mm).

2. For the σtensile and γabs distribution maps, the sagittal slice was ac-
quired from the same location as in step 1 (Fig. 2a and b).

3. Results

3.1. Stance

The FE model revealed that on the lateral tibial cartilage in Patient
1, σtensile exceeded the 7MPa threshold for collagen degeneration
through the entire stance phase (Fig. 3a), while γabs values were above
the threshold of 32% for PG loss between 20% and 80% of the stance
phase (Fig. 3b). On the lateral femoral cartilage, the thresholds were
exceeded for both σtensile and γabs after the second peak force (80% of the
stance) (Fig. 3c,d). On both medial tibial and femoral cartilages, neither
σtensile nor γabs exceeded the degeneration thresholds (Fig. 3a–d).

For Patient 2, σtensile exceeded the threshold through the entire
stance phase on the medial tibial cartilage (Fig. 3e), while γabs values
were above the threshold for degeneration at 0–20% and 50–80% (after
midstance) of the stance phase (Fig. 3f). On the lateral tibial cartilage,
neither σtensile nor γabs exceeded the degeneration thresholds (Fig. 3e,f).
For the femoral cartilage, the thresholds were exceeded for both σtensile

and γabs at 30–50% of the stance phase in the lateral and at ~20% in the
medial joint compartments (Fig. 3g,h).

3.2. Distribution

For Patient 1, σtensile exceeded the threshold of 7MPa on the pos-
terior side of both the lateral tibial and femoral cartilage (Fig. 4a and b).
The γabs values also exceeded the threshold of 32% with a similar dis-
tribution as σtensile (not shown). On the medial tibial and femoral car-
tilage, neither σtensile nor γabs exceeded the thresholds.

For Patient 2, σtensile exceeded the threshold for collagen damage on
the posterior side of the medial tibial and femoral cartilage (Fig. 4c and
d). Further, in the lateral joint compartment, the σtensile values exceeded
the threshold in the center of the cartilage, but the area with high va-
lues was smaller than that in the medial joint compartment. The γabs

values were only slightly over the threshold of proteoglycan loss (PG) if
at all.

3.3. Volume change

The total volume susceptible to OA identified by the FE model
matched adequately with the total volume of increased T2 and T1ρ re-
laxation times (Fig. 5). For Patient 1, the FE model revealed that in
~14% of the lateral tibial cartilage and ~7% of the lateral femoral
cartilage volume, the σtensile values were above the threshold. The γabs

values were above the chosen threshold in ~6% of the lateral tibial
cartilage and ~7% of the lateral femoral cartilage volume (Fig. 5a).
Similarly, ~16% of the lateral tibial cartilage and ~6% of the lateral
femoral cartilage volume experienced increased values for both T2 and
T1ρ during the follow-up times. In the medial joint compartment, nei-
ther σtensile nor γabs exceeded the thresholds. Similarly, in the medial
tibial cartilage, neither T2 nor T1ρ were changed between the follow-up
times, while in the femoral side they were increased in ~3% of the total
cartilage volume (Fig. 5a).

For Patient 2, the FE model revealed high σtensile values in ~2% of
the lateral compartment and ~3% of the medial compartment cartilage
volume. High γabs values were only seen at maximum of ~1% of the
lateral femoral cartilage volume (Fig. 5b). Similarly, ~2.5% of the
lateral tibial cartilage and ~1.5% of the lateral femoral cartilage vo-
lume experienced increased values for both T2 and T1ρ during the
follow-up times. In the medial tibial cartilage, both T2 and T1ρ values

Fig. 2. a) and b) Sagittal slice locations for the FE models. Note that slice thicknesses for both the FE models and T2/T1ρ maps are indicated on the right.
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increased between the follow-up timepoints in ~7.5% of the total vo-
lume, while in the femoral side they increased in ~1.5% of the cartilage
volume (Fig. 5b).

3.4. Sagittal slices

For Patient 1, the FE model results and T2 and T1ρ maps of both the
lateral (Fig. 6a) and medial (Fig. 6b) compartments showed an ade-
quate correspondence. In the areas of the lateral compartment with
high σtensile or γabs values (dark gray areas in Fig. 6a), the T2 and T1ρ
values were also elevated. The relaxation times more than doubled in
the same areas where excessive σtensile and/or γabs values were seen. In
the medial femoral compartment, only local increases in T2 and T1ρ
relaxation times between the follow-up timepoints were observed,
while the medial tibial cartilage was unaffected. The FE model showed
neither high σtensile nor γabs values, above the chosen threshold, for ei-
ther medial femoral or tibial cartilage.

For Patient 2, the FE model showed only slightly elevated σtensile and
γabs values near the cartilage surface in the lateral joint compartment
(Fig. 7a), while the T2 and T1ρ values were close to the literature re-
ported values for healthy cartilage. In the medial joint compartment
(Fig. 7b), high σtensile and γabs values were seen on the posterior side of
the medial tibial and femoral cartilage. For the T2 and T1ρ relaxation
times of the medial joint compartment, slightly elevated values during
the follow-up were seen throughout the contacting surfaces.

4. Discussion

In the present proof-of-concept study, two FE models of patients
with ACL reconstruction were created. The knee joint geometries were
based on manually segmented MRI images and the knee joint motions
were based on motion capture. Each model included tibial cartilage,
femoral cartilage and menisci with collateral and cruciate ligaments. To
reduce model complexity and calculation times, a transversely isotropic
poroelastic material was used for cartilage and a transversely isotropic

elastic material for menisci. The analysis was divided in two parts. First,
we identified potential failure areas for both tibial and femoral cartilage
using FE modelling. Then, we compared these areas against quantita-
tive follow-up T2 and T1ρ relaxation times. The potential failure areas
predicted by the FE model matched adequately with the follow-up MRI
information for both patients. Our results suggest that a relatively
simple FE model, in terms of geometry, motion and materials, has po-
tential to identify areas susceptible to cartilage degeneration and may
be applied in a fast evaluation of subjects with traumatic ligament in-
juries and reconstructions.

4.1. Patient 1

Based on the FE model results, possible collagen damage and de-
generation through σtensile was predicted to occur in both the lateral
tibial (14% of the cartilage volume) and lateral femoral cartilage (7% of
the cartilage volume). In agreement with the simulation results, pri-
marily collagen-sensitive T2 (Nissi et al., 2004; Xia et al., 2001) more
than doubled in both the lateral tibial (16% of cartilage volume) and
lateral femoral cartilage (5% of cartilage volume). Moreover, the FE
model revealed that the posterior side of the lateral joint compartment
was the area most susceptible to collagen damage. This result was
supported by the elevated T2 during the follow-up. In the lateral fe-
moral cartilage, high γabs values indicated PG loss in ~7% of the vo-
lume. This result was confirmed by the elevated T1ρ during the follow-
up, also in ~5% of the volume. This parameter has been considered to
be mostly sensitive to PGs (Duvvuri et al., 2002). Despite high values of
γabs in the lateral tibial cartilage only in ~6% of the total cartilage
volume, indicating PG loss, the PG-sensitive T1ρ relaxation time was
elevated in ~16% of the lateral tibial cartilage volume.

In the medial tibial cartilage, neither the FE model nor the experi-
mental follow-up information indicated any degenerative signs by the
collagen-specific (σtensile and T2) and PG-specific (γabs and T1ρ) para-
meters. However, in the medial femoral cartilage, despite elevated T2
and T1ρ values in local areas (~4% of the total volume) during the

Fig. 3. Maximum values of maximum principal stresses and absolute shear strains as a function of stance for Patient 1 in the tibial (a and b) and femoral cartilage (c
and d). Maximum values of maximum principal stresses and absolute shear strains as a function of stance for Patient 2 for the tibial (e and f) and femoral cartilage (g
and h). The values are calculated from the cartilage-cartilage contact area in both the tibial and femoral cartilage. Approximated thresholds for collagen degeneration
and PG loss are indicated with dashed lines.
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follow-up, the FE model did not predict tensile stresses or shear strains
above the chosen thresholds. Taking into consideration that no changes
were seen in the tibial compartment in any of the parameters, this in-
crease in the femoral side may be caused by factors that could not be
considered in the model. See more from limitations below.

4.2. Patient 2

Based on the FE model results, possible collagen damage and de-
generation through σtensile was predicted to occur in the medial tibial
(3% of cartilage volume) and femoral cartilage (3% of cartilage

Fig. 4. Axial views of maximum principal (tensile) stress distributions on the tibial and femoral cartilage for Patient 1 (a and b, respectively) and Patient 2 (c and d,
respectively). Peak values for tensile stresses are also indicated.

Fig. 5. Degenerated volumes predicted by the FE model (σtensile and γabs) and measured from the MRI follow-up (T2 and T1ρ) as a percentage of the entire cartilage
volume. The volumes were calculated for the lateral and femoral tibial and femoral cartilage of Patient 1 (a) and Patient 2 (b).
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volume). In agreement with the simulation results, the collagen-sensi-
tive T2 was elevated in the same sites during the follow-up, greatest
changes seen in the medial tibial cartilage. Moreover, the FE model

predicted that the posterior side of the medial joint compartment is
susceptible to collagen damage, which was supported by the T2 ana-
lysis. In the medial femoral cartilage, both γabs and T1ρ indicated PG loss

Fig. 6. Sagittal slices for the FE model and corresponding sagittal T2 and T1ρ map slices at both 1-year and 3-year follow-up timepoints for the lateral and medial
compartments of Patient 1 (a and b). Slice locations are indicated in Fig. 2a and arrows indicate the peak values. Note: All values above the selected degeneration
thresholds in the FE models (7MPa for tensile stress and 32% for shear strain) are shown in dark gray. T2 and T1ρ relaxation times above 100ms are shown in dark
red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Sagittal slices for the FE model and corresponding sagittal T2 and T1ρ map slices at both 1-year and 3-year follow-up timepoints for the lateral and medial
compartments of Patient 2 (a and b). Slice locations are indicated in Fig. 2b and arrows indicate the peak values. Note: All values above the selected degeneration
threshold (7MPa for tensile stress and 32% for shear strain for the FE model) are shown in dark gray. T2 and T1ρ relaxation times above 100ms are shown in dark red.
(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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only in ~1% of the cartilage volume. On the other hand, in the medial
tibial cartilage, the PG-sensitive T1ρ relaxation time suggested altera-
tions in a much larger area than what was predicted by the γabs. In both
the lateral tibial and femoral cartilage, both the FE model and the ex-
perimental MRI follow-up information indicated only minor degen-
erative signs at the posterior side of the joint and primarily at the
contact area.

4.3. Limitations

This study has a few limitations, expanded upon in Supplementary
Materials. One limitation is that the mechanical properties of cartilage
were not patient-specific. However, the sensitivity study in
Supplementary Materials indicated that, despite different material
parameters of cartilage, all models identified the same locations sus-
ceptible to cartilage degeneration. Identification of locations likely to
degenerate may reveal which kind of rehabilitation exercises would be
the most beneficial for the patient to minimize stress and strain con-
centrations in locations at the highest risk for the progression of OA
(Pizzolato et al., 2017).

The thresholds for defining degenerated volumes from MRI (re-
laxation time>60ms) are not unbiased, as the values depend on the
specific implementation of the respective measurements (Matzat et al.,
2015). Furthermore, both T2 and T1ρ have demonstrated sensitivity to
the orientation of the tissue in the magnetic field, complicating spatial
analysis (Hänninen et al., 2017). However, in this longitudinal study,
the same measurement protocol, system and analysis was used at both
follow-up times, alleviating issues related to potential differences in the
results.

We also acknowledge that the sensitivity of the mechanical and MRI
parameters to either collagen degeneration or PG loss is not un-
ambiguous. With only two subjects, it is difficult to correlate the FE
model predictions and MRI follow-up information. Studies with higher
number of patients are needed. This should allow for a comprehensive
statistical analysis and help tune the threshold levels. In conjunction
with the limitations presented here and in Supplementary Materials,
these factors may account for some of the discrepancies between the FE
model results and the follow-up information. However, this is a proof-
of-concept study showing that it is possible to predict potential cartilage
degeneration areas using patient-specific FE models.

4.4. Clinical application

Generation of a subject-specific computational model requires a lot
of manual work and time in segmentation of soft tissues, meshing and
making models to converge. In future studies, the methodology pre-
sented here should be coupled with semi-automatic or fully automatic
segmentation techniques (Chandra et al., 2016; Dodin et al., 2010;
Folkesson et al., 2007; Lee et al., 2014; Liukkonen et al., 2017b; Paproki
et al., 2014; Shan et al., 2014; Tamez-Pena et al., 2012; Yang et al.,
2015; Yu et al., 2016) and with automated meshing tools (Rodriguez-
Vila et al., 2017). As motion capture systems are not readily available in
clinical settings, a simple and fast method should be developed to ob-
tain and implement patient's gait. For instance, differences between
patient-specific and population-specific (e.g. normal, early/advanced/
medial OA populations) motions could be studied. If the population-
specific approach would produce similar results with the patient-spe-
cific method, it could be used without motion capture. These afore-
mentioned methods would ease the applications of the FE models in
large cohort studies to identify areas susceptible to OA development
(Gardiner et al., 2016; Hosseini et al., 2014; Kar et al., 2016; Liukkonen
et al., 2017a). They could also be coupled with iterative computational
models to predict collagen degeneration and proteoglycan loss for a
patient in time (Gardiner et al., 2016; LaValley et al., 2017; Mononen
et al., 2018).

In conclusion, our results suggest that the FE models, as presented

here, could be used to identify areas susceptible to OA onset and de-
velopment. They would be particularly useful in assessing the effect of
surgical interventions, such as ACL reconstruction. Moreover, it would
be possible to evaluate non-surgical management options for avoiding
or delaying OA onset and/or progression, such as the gait retraining
method proposed by (Pizzolato et al., 2017). In conjunction with the
improvements mentioned above, the presented methodology could
provide a pathway towards clinical implementation.
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