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Excessive tissue deformation near cartilage lesions and acute inflammation within the knee joint
after anterior cruciate ligament (ACL) rupture and reconstruction surgery accelerate the loss

of fixed charge density (FCD) and subsequent cartilage tissue degeneration. Here, we show

how biomechanical and biochemical degradation pathways can predict FCD loss using a patient-
specific finite element model of an ACL reconstructed knee joint exhibiting a chondral lesion.
Biomechanical degradation was based on the excessive maximum shear strains that may result

in cell apoptosis, while biochemical degradation was driven by the diffusion of pro-inflammatory
cytokines. We found that the biomechanical model was able to predict substantial localized FCD
loss near the lesion and on the medial areas of the lateral tibial cartilage. In turn, the biochemical
model predicted FCD loss all around the lesion and at intact areas; the highest FCD loss was

at the cartilage—synovial fluid-interface and decreased towards the deeper zones. Interestingly,
simulating a downturn of an acute inflammatory response by reducing the cytokine concentration
exponentially over time in synovial fluid led to a recovery of FCD content in the cartilage. Our
novel numerical approach suggests that /7 vivo FCD loss can be estimated in injured cartilage
following ACL injury and reconstruction. Significance: Our novel modeling platform can benefit
the prediction of PTOA progression and the development of treatment interventions such as
disease-modifying drug testing and rehabilitation strategies.

Graphical Abstract

Biomechanical and biochemical degradation models were utilized to estimate FCD loss using

a patient-specific finite element model of an ACL reconstructed knee joint. Biomechanical
degradation was based on the excessive maximum shear strains that may result in cell apoptosis,
while biochemical degradation was driven by the diffusion of pro-inflammatory cytokines. The
biomechanical model predicted substantial localized FCD loss near the lesion and on the medial
areas of the lateral tibial cartilage. In turn, the biochemical model predicted FCD loss all around
the lesion and also at intact areas.
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Introduction

Anterior cruciate ligament (ACL) rupture is one of the most common traumatic knee

joint injuries which often promotes the predisposition of other tissues such as menisci

and articular cartilage to damage and development of post-traumatic osteoarthritis (PTOA).
Signs of this disease include the appearance of fibrocartilaginous tissue, loss of fixed charge
density (FCD) associated with proteoglycans (PGs) especially near acute osteochondral
lesions, and an increase of inflammatory biomarkers in the synovial fluid. Every year in

the United States, about 200,000 ACL injuries are reported of whom more than 70% are
estimated to receive surgical ligament reconstruction=3 which aims to restore the normal
biomechanical function of the joint and prevent further tissue deterioration. However, even
successful ACL reconstruction (ACLR) does not always prevent the onset of PTOA.4

Although ACLR surgery is considered to restore the biomechanical environment of

the knee®, cartilage is often injured and formation or worsening of chondral lesions

is inevitable despite surgery. The location and morphology of chondral lesions also
modulate the mechanical response of cartilage.® These responses include, for example,
higher susceptibility to shear deformation near lesions during normal gait”:8 which may

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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lead to chondrocyte death and accelerated FCD loss®-11, Furthermore, despite or due to
ACLR surgery!2, the acute changes in the knee joint trigger an inflammatory response

in the joint. This inflammatory response is driven by the introduction and diffusion

of cytokines (such as pro-inflammatory interleukins IL-1 or IL-6) which increase the
levels of proteolytic enzymes such as the aggrecanases (ADAMTS-4,5 a disintegrin

and metalloproteinase with thrombospondin motifs) in the synovial fluid and cartilage

that degrade aggrecan PGs. Cytokines can also reduce the synthesis of extracellular

matrix components (aggrecan, collagen)!3. Eventually, these changes accelerate cartilage
degradation, ultimately decreasing the intra-tissue FCD levels.14-18 The interaction between
biomechanical and biochemical degradation mechanisms might disturb the healthy balance
between anabolic and catabolic states of the tissue, possibly leading to irreversible
worsening of cartilage condition1®,

Comprehension of these degradation mechanisms, and how they change over time, is
important for the development of more successful strategies for the prevention of PTOA
progression after ACLR. Previous numerical knee joint29-22 and /n vitro models®11.23.24
have shed some light on cartilage degradation after injury. Particularly, in our previous joint-
level work’, a biomechanical degeneration algorithm could predict FCD loss near a lesion
corresponding to MRI findings, but the model could not explain alterations of cartilage
composition away from lesions as suggested by quantitative MRI. Also, clinical studies have
reported fluctuations in the synovial fluid cytokine concentrations over time2°:26, Together
these observations underline the need for refining joint-level models to also incorporate
biochemical degradation mechanisms. Establishing a robust procedure to estimate both
biomechanical and inflammation-related alterations in cartilage over time could lead to the
development of tools for patient-specific planning of effective rehabilitation schemes.

In this study, we implemented a biochemical FCD degeneration mechanism into a patient-
specific finite element model of the ACL reconstructed knee joint to estimate FCD loss

in injured cartilage. The biochemical degeneration was based on the diffusion of pro-
inflammatory cytokines into tissue and the net effect of the subsequent release of degradative
ADAMTS-4,5 and protective TIMP-3 (tissue inhibitor of metalloproteinase-3)16:18, Then,
we compared our results with the predictions of a previous biomechanical FCD degeneration
model in which the degeneration was based on the excessive maximum shear strain.” To
overcome the lack of information about /n vivo biochemical response of human cartilage

to an inflamed environment, we also conducted a sensitivity analysis by varying pro-
inflammatory cytokine concentration, aggrecanase catalytic rate, and aggrecan biosynthesis
rate. We consider these parameters as the most influential on the biochemical FCD loss
based on our preliminary tests. We hypothesized that i) biochemical interactions cause

FCD loss over larger areas due to synovial fluid distributing inflammatory cytokines to all
cartilage surfaces, and that ii) reduction in the synovial fluid cytokine levels with time after
the acute phase (simulating diminished inflammation in time) will start a recovery process of
FCD content in the cartilage.

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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Methods

Knee joint model generation and biomechanical cartilage degradation.

In our previous study’, we investigated the development of a patient-specific knee joint
model and the implementation of a biomechanical degradation algorithm, which we briefly
describe here to help compare these biomechanical and biochemical degradation models. For
additional information, the reader is referred to Supplementary material Section A. First, a
patient with an ACL reconstructed knee (44 years, 79 kg) was imaged at a 1-year follow-up
time point using a clinical MRI scanner (3.0T, MR750w, General Electric Healthcare). This
time point was used to obtain joint tissue geometries and implement the initial cartilage
composition in the biochemical finite element (FE) model. Simultaneous acquisition of
T1,/T relaxation times was performed to quantify the Ty, and T cartilage maps at the
knee joint cartilage 1 and 3 years after surgery. Second, gait analysis and musculoskeletal
modeling of the subject were used to provide knee joint input to the FE joint model
constructed in ABAQUS (v2018, Dassault Systemes Simulia Corp., Providence, USA).

For the biomechanical degradation model, a previously developed degeneration
algorithm®11 driven by maximum shear strain (damage threshold: 40%) was utilized to
predict FCD loss in cartilage during the stance phase of the gait via consecutive loading
iterations (see Supplementary material Section B for additional information about the
biomechanical degradation approach).

Biochemically-induced cartilage degradation model.

For simulations of biochemical degradation, we assumed the global changes in the
biochemical properties were similar for both femoral and tibial cartilages. Thus, only

the lateral tibial cartilage (including chondral lesion) was considered for studying the
chondral lesion environment. Furthermore, we assumed that the majority of FCD content
originates from aggrecan in the extracellular matrix; hence we used diffusion parameters for
aggrecan (and not other smaller PGs) to model changes in FCD. The cartilage geometry
was meshed using 4-node tetrahedral elements in ABAQUS and imported into COMSOL
Multiphysics (version 5.3a, Burlington, MA, USA). A previous time-dependent reaction-
diffusion model6:18 was employed to simulate FCD loss via diffusion of pro-inflammatory
cytokines through the free surfaces (all surfaces excluding the cartilage-bone-interface)

of tibial cartilage. Since biochemical properties for human cartilage are not well-known
and those might have subject-specific variation, model parameters (such as diffusion and
catalytic rate coefficients of ADAMTS-4,5) were obtained from a previous /n vitro study,
in which a similar model was calibrated to IL-1-induced degeneration in young bovine
explants.2” In addition, the reported human depth-dependent aggrecan distribution28:2° was
implemented into the model.

As biochemical boundary conditions, a constant pro-inflammatory cytokine concentration
of 94 pg/ml (adopted from the IL-6 concentration in the patient’s synovial fluid on the
day of ACLR surgeryl7) was set on the free surfaces (top, lesion, and lateral; Dirichlet
boundary condition). Also, the aggrecanase concentration was set to 0 pg/ml on the free
and bottom surfaces, and the mass transfer of intact aggrecan was allowed through the

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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free surfaces in order to consider the diffusion of aggrecan out of the cartilage to the
synovial fluid!®. In contrast, diffusion was restricted for any of the chemical species through
the cartilage-bone interface. The chondrocyte concentration3® was constant throughout the
simulation (spatially and temporally), and neither apoptosis nor necrosis was included due to
a lack of experimental data about the rate of chondrocyte death. The total diffusion time was
set to 90 days to obtain a relatively early-phase response when analyzing the effect of the
model parameters on the FCD concentrations. Over this timescale, the knee joint cytokine
concentrations of ACLR patients are still above healthy control levels of unoperated knees3Z.
Moreover, clinical studies report similar collection times of synovial fluid samples from
ACLR patients31:32,

Pro-inflammatory cytokine diffusion model.

The diffusion of pro-inflammatory IL-1/IL-6/TNFa into poroelastic tissue and proteolytic
effects of aggrecanases were modeled with parabolic reaction-diffusion partial differential
equations6:33

9C; 2
7=DJV CJiRj, 1)

where Cjis the concentration/amount of the constituent j, zis time, Djis the effective
diffusivity of the chemical species jand Rjis the corresponding source/sink term,

which describes the rate of generation/repair or degradation of the species. The species
Jinclude chondrocytes (spatially and temporally constant), pro-inflammatory cytokines,
intact aggrecans, and aggrecanases. The model reflects the net effect of pro-inflammatory
cytokines IL-1, IL-6, and TNFa, and we assumed the diffusion and catabolic properties of
IL-6 and TNFa to be similar to experimentally validated 1L-1 properties.1® The catabolic
activity of aggrecanases was also implemented as a net effect of ADAMTS-4,5 and
TIMP-3.16 The source/sink terms Rjto describe the proteolytic effect of aggrecanases on
aggrecan content were designed in accordance with Michaelis—Menten kinetics. For the
case of intact aggrecan, the Eq. (1) takes the following form:

aC,
gg _ 2
or DaggV Cagg -Nn Raggrecan cleaved by aggrecanases + 72Raggrecan synthesis» @

where Cygq is the intact aggrecan concentration, D,qq is the effective diffusivity of aggrecan,
y1 Is aggrecanase catalytic rate coefficient, Raggrecan cleaved by aggrecanases IS the sink term

for the catalytic activity of aggrecanases cleaving aggrecan, - is the aggrecan biosynthesis
rate multiplier, and Raggrecan synthesis 1S the source term for aggrecan biosynthesis (see the
Supplementary material Section C and Kar et al.16:18 for more details).

Experimentally observed time delay in the secretion of ADAMTS after the initiation of
biochemical challenge3* was included in the form of a stimulus expression:

0Saga—a (C — S0 )
or  Caega r—complex aga/s
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where Sygq is a term describing pro-inflammatory cytokine-mediated stimulus response to
form aggrecanases (more specifically, the net effect of aggrecanases ADAMTS-4,5 and
counteracting TIMP-3), G _ complex IS the concentration of receptor complexes and a,gs is a
rate constant for stimulus. This stimulus variable Sygs Was used to define source terms R;in
Eq. (1) for aggrecanases.

In the biochemical model developed in COMSOL Multiphysics, the main degrading
constituent is depth-wise intact aggrecan content, having a concentration Cqq. However,

to have consistent comparisons of the FCD loss between the biomechanically- and
biochemically-driven models, the FCD concentration (mEg/ml) in the biomechanical model
was converted to the input parameter of the biochemical model (aggrecan concentration
(moles/m3)). The FCD content was converted to aggrecan by assuming two moles of
negative charge per mole of disaccharide3® and using the reported molecular weight of
502.5 mg/mmole (assuming the total molecular weight of aggrecan to be 2.5 MDa36). These
values are representative of the chondroitin sulfate disaccharide, which is the dominant
disaccharide in aggrecan.3” Thus, in terms of FCD, the aggrecan concentration of the
cartilage tissue can be calculated with the following equation:

FCD - 502.5
Cage=—""5 735 ~ @

where Cygq is the concentration of intact aggrecan expressed in moles/m3 and FCD is the
fixed charge density of the cartilage tissue expressed in mEg/ml. The FCD concentration
was consistent with previously reported values for human adult cartilage tissue.28:38:39 The
COMSOL Multiphysics model results for aggrecan concentration (maximum value: 0.02
moles/m3) were then transformed back to the FCD concentration (mEg/ml) using the inverse
form of Eq. (4).

Sensitivity analysis of biochemical model parameters.

We performed an additional analysis in order to determine the sensitivity of biochemical
degradation results to the variations in the reaction-diffusion model parameters. First, we
considered various pro-inflammatory cytokine concentrations in order to obtain results of
the range measured from the patient’s synovial fluid on the day of ACLR surgery (IL-1,
IL-6, and TNFa). Second, we studied two additional aggrecanase catalytic rates y1 (see

Eq. (2); extensive details in Kar et al.16, where this parameter is denoted as 43) to estimate
the effect of aggrecanase aggressiveness on the FCD loss estimations in the model. Third,
we analyzed two additional aggrecan biosynthesis rate multipliers -, (see Eq. (2)) due to
data unavailability for human cartilage tissue. Finally, we simulated an exponential decay of
the relative pro-inflammatory cytokine concentration over time starting at day 15 to assess
the response of our biochemical model to diminishing inflammatory stress indicating the
end of an acute inflammatory response22:31, We performed 9 biochemical simulations under
variations of reaction-diffusion parameters within the ranges shown in Table 1. According
to our preliminary analyses, the cartilage response to cytokines was similar in the healthy
areas near the lesion and further away from the lesion. Therefore, spatial and temporal FCD
concentrations were evaluated only across and at the edge of the cartilage lesion (~ 3 mm).

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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The computational workflow developed in this study is shown in Figure 1.

Results

Biomechanical cartilage degradation.

Our previous biomechanical degeneration model” showed areas in the tibial plateau cartilage
where the maximum shear strain exceeded the thresholds of FCD loss. The highest
maximum shear strain was obtained at the second peak of the stance phase (~0.75 stance
fraction). In that previous investigation, the shear strain-driven model predicted localized
FCD loss near the lesion and on the central surface of the lateral tibial cartilage (Figure

2A). After 50 iterations, this model estimated an average relative decrease of 7.8 % in the
FCD content with respect to the initial FCD distribution in the whole lateral tibial cartilage
domain (Table 2).

Biochemical cartilage degradation.

Our biochemical model predicted a substantial and similarly distributed FCD loss in the
intact cartilage regions. The FCD loss was the greatest at the cartilage—synovial fluid-
interface and it progressed to the intermediate zone of cartilage after 90 days of simulation
time (Figure 3C). Specifically, the superficial zone of cartilage and areas around the lesion
experienced degradative biochemical perturbations of the non-fibrillar matrix homeostasis
(Figure 2B). In the reference model, the average relative FCD loss in the whole lateral tibial
cartilage geometry was 29.5 % compared to the initial FCD distribution (Table 2).

Sensitivity analysis of the model parameters revealed that by increasing the pro-
inflammatory cytokine concentration, the FCD content near the cartilage surface was
considerably decreased compared to the reference model (Figure 3). As time progressed,
the FCD content also reached a steady-state for low cytokine concentrations, while the FCD
content distributions were varied faster and decreased more throughout the tissue thickness
for high cytokine concentrations (Figure 4). Furthermore, the increase of the aggrecanase
catalytic rate y1 showed a substantial decrease in the FCD content when compared to the
reference model (Figure 5). When the aggrecanase catalytic activity was turned off, the FCD
content decreased only slightly over time (caused by passive diffusion of PGs out of tissue;
this choice also led to steady-state in the simulations). In turn, a large catalytic rate (9 s1)
caused a substantial decrease in the FCD content throughout the tissue thickness (Figure 6).

Decreasing the aggrecan biosynthesis rate multiplier y» increased the FCD loss when
compared to the reference model (Figure 7). Conversely, the temporal FCD distributions
revealed that for a greater rate multiplier of 2, the cartilage FCD loss was diminished when
compared to the reference conditions (and the steady-state was reached faster; Figure 8).

The time-dependent exponential decay of the pro-inflammatory cytokine concentration in
the synovial fluid exhibited a similar response to the reference model (constant cytokine
concentration) until day 30. Afterward, the FCD content recovered ~7% until day 90

in the model with time-dependent cytokine levels compared to the reference model with
constant cytokine concentration over 90 days (Figure 9). The average relative FCD losses

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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in the whole lateral tibial cartilage after 90 days estimated in all sensitivity analyses are
summarized in Table 2.

Comparison between Ty, and T, maps and numerical predictions.

The Ty, and T relaxation times increased in the lateral tibial cartilage after ACLR surgery
from 1- to 3-year follow-up time points. These alterations were located near the lesion and
in the superficial layer of the cartilage tissue. The numerical predictions from biomechanical
and biochemical mechanisms corresponded with MRI maps; both showed that the FCD loss
was near the lesion. Additionally, the biochemical model predicted FCD loss also away from
the lesion in the superficial cartilage (Figure 2C).

Discussion

In the present study, we developed a biochemical numerical model to estimate cartilage
degeneration processes via FCD loss in ACL reconstructed knee. To the best of our
knowledge, combined with our previous study’, this is the first 3D knee joint model that
shows prediction of the progression of PTOA and accounts for either biomechanically or
biochemically-driven mechanism for FCD loss. For the biomechanical process, cartilage
FCD loss has been simulated under the patient’s stance phase of gait by utilizing elevated
levels of maximum shear strain as a trigger for PTOA progression.” For the biochemical
process, a reaction-diffusion model was employed to simulate the FCD loss under the
effects of pro-inflammatory cytokines and aggrecanases. Furthermore, a parametric analysis
determined the sensitivity of biochemical degradation results to the variations in the
reaction-diffusion model parameters.

The biomechanically driven degeneration model predicted a substantial localized FCD loss
near the lesion and on the medial areas of the lateral tibial cartilage’. In turn, besides in

the vicinity of the lesion, the biochemically driven degeneration model predicted FCD loss
at the superficial zone of the geometrically intact areas. These numerical results indicate
that the experimentally observed alterations in cartilage integrity after ACL injury and
reconstruction4?41 could be due to loss of FCD caused by the biomechanical (excessive
shearing) and/or biochemical (elevated levels of inflammatory cytokines) degradation
mechanisms7:25, These mechanisms might be acting simultaneously or to different degrees
possibly at different areas on the cartilage, but this was beyond the scope of the

current study. The additional parametric analysis revealed that, as expected, increasing pro-
inflammatory cytokine concentration increased the FCD loss in cartilage, while a decrease
in the cytokine concentration gradually reduced the FCD loss (and the FCD loss was almost
nonexistent in very small cytokine concentrations). In our model simulating the net effect
of several cytokines and proteases, increasing the aggrecanase catalytic rate demonstrated
that even a relatively low concentration of pro-inflammatory cytokines could lead to a severe
FCD loss provided that the net amount of synthesized aggrecanases would exhibit highly
catabolic behavior. As expected, turning off the aggrecanase activity led to a similar FCD
loss as a negligible pro-inflammatory cytokine concentration. Also, decreasing the aggrecan
biosynthesis rate multiplier increased the FCD loss in the model.

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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Our previous study revealed that the biomechanical degenerative model driven by maximum
shear strain estimated a decrease in the FCD content near the lesion and on the surface

of the cartilage’. Those results were in accordance with previous /77 vivo studies*2:43,
numerical models'12022 and clinical assessments!”4 in which excessive strains have been
suggested to contribute to the cell apoptosis and breakdown of cartilage extracellular matrix
leading to accelerated depletion of aggrecans from the tissue. The biochemical degeneration
model showed that FCD content decreased mainly in the superficial layer of the articular
cartilage after 90 days. Moreover, our biochemical simulations revealed different FCD
content profiles across the lesion compared to the profiles obtained at a short distance from
the defect. These differences in the FCD content profiles were due to the higher initial

FCD content across the lesion, impeding the effective cytokine diffusion into the cartilage
(the effective diffusion coefficient of cytokines depended on aggrecan concentration, see
Supplementary material Section C). Substantial FCD loss displayed in our biochemical
model was in good agreement with previous experimental studies that have described
markedly increased aggrecan loss in injured and cytokine-cultured cartilage.44°

The MRI maps showed that the Ty, and T relaxation times increased near the lesion

and in the superficial layer of the cartilage tissue from 1- to 3-year follow-up time

points. Unfortunately, the acute phase of inflammation might not be confirmed by an MRI
evaluation due to the lack of data from the early follow-up time points. Also, the cytokine
levels of this specific patient were unknown, and they most likely changed during the
follow-up. Therefore, our approach with time-dependent cytokine levels is a theoretical
modeling suggestion to simulate the effect of the downturn of cytokine levels. Interestingly,
our results showed that the time-dependent reduction of the cytokine concentration led to
similar FCD loss over the first 30 days compared to the reference model (constant cytokine
concentration). Subsequently, we observed a moderate recovery in the FCD content over the
next 60 days compared to the reference model (Figure 9). This recovery of FCD content was
not extremely rapid (at least with the chosen exponential decay function), and, importantly,
did not occur immediately after dropping off the cytokine concentration. The reason for

this delay is that, despite the possible decrease in aggrecanase synthesis following the
decrease in cytokine concentrations, the existing aggrecanase activity is not immediately lost
(Supplementary material Eq. 21; aggrecanase concentrations do not explicitly depend on IL
concentration but instead these quantities interact via a stimulus equation Eg. 20). A similar
delay between the decrease in IL-6 levels and the appearance of aggrecanase-generated
aggrecan fragments has been observed in synovial fluid samples of ACLR patients.3!

Thus, if aggrecan degradation and loss occur during the acute inflammation phase, the
cartilage is in danger of continued degradation even though the cytokine levels may start

to decrease. These findings suggest that the optimal time window for the application of
disease-modifying drugs (e.g., broad scope anti-inflammatory glucocorticoids or specific
cytokine blockers, like dexamethasone and IL-1Ra, respectively#647), is temporally close
to the moment of ACL injury or the follow-on reconstructive surgery. Our model could

be helpful to predict these processes. For example, provided that the effect of cytokines
could be controlled, the acute inflammatory response would not be prolonged to a chronic
state and our model could estimate the restoration of the FCD content. Unfortunately,
subject-specific changes in the inflammatory response over time after different joint injuries

J Orthop Res. Author manuscript; available in PMC 2023 July 01.
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remain unknown and they may have a substantial contribution to the overall degeneration
process.

Traumatic injuries during sports activities or incisions made on the joint capsule during
invasive surgery often trigger the acute inflammatory response. While inflammation is
relevant for initiation of the healing process, the acute inflammatory response releases
cytokines from synovium to the cartilage via the synovial fluid. Elevated levels of pro-
inflammatory cytokines then pose a risk to prolong the insult towards a chronic state.
Specific acute inflammatory cytokine profiles could be examined both right after ACL injury
and reconstruction surgery.2526:48 Additionally, systemic low-grade chronic inflammation in
obese patients or alcoholics might tip the biochemical homeostasis to the path of destruction.
Our model could be used to probe the best- and worst-case scenarios of surgeries, traumas,
low or high-grade inflammation, and drug deliveries after careful validation.

In this computational study, some limitations exist regarding the development of numerical
models and specific assumptions. First, tissue knee geometries were based on a single ACL
reconstructed patient and it might not represent all aspects at a population level. However,
our approach is reasonable for this proof-of-concept work, computationally suggesting two
separate mechanisms to explain cartilage FCD loss in vivo.

Second, the exact patient-specific biomechanical and biochemical properties of cartilage
were unknown. Compositional properties can vary in different subjects and they may also be
affected by the acute inflammation response after injury and surgery. These factors alter the
local mechanical response and, consequently, the estimated maximum shear strains and FCD
loss. The FCD loss estimations might also change if pro-inflammatory cytokines alter the
material properties of other knee tissues such as subchondral bone, ligaments, and menisci.
Further interaction of multiple degenerative factors such as age, obesity, and different lesion
locations must be included to fully comprehend the post-traumatic inflammatory response of
the whole joint as an organ. For the future, instead of finding values for all the parameters

in each of the patients, it is important to find the most important model parameters

and find reasonable estimates for them for example patient cohort-wise. Possible factors
behind a cohort separation could include cytokine concentrations, presence of biomarkers of
synovitis, size and location of lesions, and changes in gait parameters.

Third, the effect of convection on pro-inflammatory cytokine transport due to dynamic
loading was not considered in our approach. It has been shown that the fluid velocity

and dynamic loading after injury play an important role during cartilage degradation.%49
The diffusion (coefficient) of cytokines in areas of cartilage—cartilage contact and how

it is affected by the contribution of fluid pressurization or convection during dynamic
loading, and subsequent effects of this loading to mechanical injuries, biosynthesis increase,
cell apoptosis/necrosis, and inhibition of the catabolic response of cartilage are poorly
understood but should be included in future developments.

Fourth, chondral lesion geometry was segmented at a particular time point and its growth
over time was not considered. In future models, propagation of the lesions and the effect
of mechanical loading on crack growth in the cartilage should be accounted for as it might
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affect the local mechanical response®® and diffusion conditions of the tissue. Likewise, our
models did not consider alterations in the collagen network structure since we assumed
that loss of aggrecan FCD would occur before collagen degradation. A combined model
considering changes in both FCD and collagen content after injury, mechanisms considered
in previous numerical studies'®:24 will be a part of our future investigations.

Fifth, contrary to the biochemical model, our previous biomechanical approach’ does

not include a physical timescale (in days, months, years). Instead, an arbitrary time was
simulated, and 50 iterations used in our estimations could represent thousands of repetitions
of walking. Our model should be calibrated against /n7 vivo and/or in vitro experiments

in a time-dependent manner or a probabilistic failure analysis should be conducted.?!
Additional experiments also would provide information for validation of our biochemical
model parameters, e.g., analyzing the synovial fluid, urine or serum samples and comparing
numerical predictions with alterations in the longitudinal Ty, and T relaxation times of
injured knee joints.52

Sixth, a net degenerative effect of inflammatory cytokines was considered in our
biochemical model. As a simplification, we did not simulate the individual catabolic
influence for each cytokine that might act after injury. We assumed that simulating

each cytokine individually would probably not change that much of our conclusions. On

the other hand, if we consider each inflammatory cytokine in our model, then further
experimental validation would be costly and time-consuming, and the model would become
perhaps unnecessarily complex. Furthermore, we did not consider the apoptotic effect of
pro-inflammatory cytokines on the chondrocytes and the subsequent changes in the aggrecan
synthesis and the aggrecanase activity in the matrix. These actions of cytokines will be
included in the future developments.

Seventh, biomechanical and biochemical degradation mechanisms were investigated
independently, while it is reasonable to assume that they might interact. In the future, we
plan to combine these two degeneration mechanisms to occur simultaneously and assess
our approach in more patients. In order to calibrate these models, more experimental
data combining both biomechanical and biochemical mechanisms are needed to determine
model parameters for human tissue, 7.e. /n vitroand in vivo diffusion coefficients of
cytokines, turnover rate of aggrecan, and biomechanical degeneration rate parameters.
All these parameters are most likely age- and/or subject-specific, including material and
compositional variations after injury. Nevertheless, we strongly believe that reasonable
estimates of FCD loss could be achieved if the most influential parameters could be
estimated for example in different patient cohorts.

In conclusion, the results of this numerical modeling study propose that the biomechanically
and biochemically driven degeneration mechanisms could explain and be used to estimate
the FCD loss in cartilage following ACL injury and reconstruction. Our computational
approach is a promising approach which in the future could be utilized as a tool for
identifying patients prone to accelerated PTOA progression and planning of rehabilitation
and surgical procedures.
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Figurel.
(A) Segmentation of knee tissue geometries for the finite element model, including the

cartilage lesion in the lateral tibial cartilage, performed in our previous study’. (B)

The biomechanical degradation model utilizes patient-specific gait data based on motion
analysis, the knee joint biomechanical data obtained from a musculoskeletal model, and an
adaptation algorithm driven by excessive maximum shear strain to estimate cartilage FCD
loss.” (C) The biochemical degradation model considers the diffusion of pro-inflammatory
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cytokines into the cartilage as well as the subsequent disruption in aggrecan homeostasis.
The total simulation time was 90 days.
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Figure 2.
(A) FCD content distributions predicted by the biomechanical model driven by the

maximum shear strain mechanism. FCD content reduced on the medial areas of lateral
tibial cartilage and around the lesion. (B) The biochemical model predicted substantial
FCD loss similarly distributed at the free surfaces of the lateral tibial cartilage, including
the tissue lesion. More specifically, the biochemical FCD loss was highest at the cartilage—
synovial fluid-interface and decreased towards the inner regions. (C) Sagittal T1,/T, map
slices at both 1- and 3-years follow-up time points for the lateral compartment were used
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for qualitative comparison of the numerical biomechanical and biochemical degenerative
estimations against /7 vivo findings. Our modeling approach suggests that the biomechanical
degradation occurs primarily near the lesion and the intact areas are potentially affected by
the biochemical mechanism.
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Figure 3.
Comparison of spatial FCD content distributions across the lateral tibial cartilage subjected

to biochemical degradation for different pro-inflammatory cytokine concentrations Ceyto
(0.005, 94, 1000 and 2000 pg/ml) at 0, 9, 15, 30 and 90 days.

J Orthop Res. Author manuscript; available in PMC 2023 July 01.



1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Orozco etal.

Page 22

Pro-inflammatory cytokine concentration (pg/ml)

0.005 (pg/ml)

05 1.0 1.5 20 25 30 35 40

Cartilage thickness (mm)
94 (pg/ml)
Reference
i

05 10 15 20 25 30 35 40
Cartilage thickness (mm)

1000 (pg/ml)

Days
0= 9+re+s 15==+ 30= 90—
A 0.005 (pg/ml) D
0.20 -
£ 020 -
015 .
g § E 015
= P g
] -
Eow ‘gmu
e H
2 -
005 005 4
6 000
00 02 04 06 08 10 12 14 00
Cartilage thickness (mm)
94 (pg/ml) E
020 =
02
015 =
- S 0as
E : 8
= -
= P
Eow i Eow |
] A
g -
0.05 i 0.05
[
000 L 0.00
00 02 04 06 08 L0 12 14 0.0
Cartilage thickness (mm) :
C 1000 (pg/mi) F
i
,-E- 0.15
z L=
T L
F-Eo.m E 0.10
= -]
(=] 9
o ;B
™ 005 1 R
0.00 - ; v + £ 0.00
o0 02 04 06 08 10 12 14 0.0
Cartilage thickness (mm) z

05 10 15 20 25 30 35 40
Cartilage thickness (mm)

Figure 4.
Comparison of temporal changes in FCD content across (A-C) and near the edge (D-F) of

the lesion within lateral tibial cartilage subjected to biochemical degradation for different
pro-inflammatory cytokine concentrations Ceyto (0.005, 94, and 1000 pg/ml) at 0, 9, 15, 30
and 90 days.
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Figureb.

Comparison of spatial FCD content distributions across the lateral tibial cartilage subjected
to biochemical degradation for different aggrecanase catalytic rates y4 (0, 0.9 and 9 s71) at

0, 9, 15, 30 and 90 days.
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Comparison of temporal changes in FCD content across (A-C) and near the edge (D-F) of
the lesion within lateral tibial cartilage subjected to biochemical degradation for different
aggrecanase catalytic rates i (0, 0.9 and 9 s71) at 0, 9, 15, 30 and 90 days.
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Figure7.

Comparison of spatial FCD content distributions across the lateral tibial cartilage subjected
to biochemical degradation for different aggrecan biosynthesis rate multipliers », (0.5, 1 and
2)at0, 9, 15, 30 and 90 days.
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Figure8.

Comparison of temporal changes in FCD content across (A-C) and near the edge (D-F) of
the lesion within lateral tibial cartilage subjected to biochemical degradation for different
aggrecan biosynthesis rate multipliers »» (0.5, 1 and 2) at 0, 9, 15, 30 and 90 days.
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Figure.
(A) An exponential function was implemented to vary the pro-inflammatory cytokine

concentration overtime on the free surfaces including the lesion surface. (B-H) Comparison
of spatial FCD content distributions across the lateral tibial cartilage subjected to
biochemical degradation for the reference setup (temporally constant concentration of 94
pg/ml of pro-inflammatory cytokines) and exponentially decreasing cytokine concentration
at 0, 15, 30, 45, 60, 75 and 90 days, respectively. For quantitative comparison, the average
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relative percentage of the FCD loss with respect to the initial FCD content over the time has
been included.
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Table 1

Summary of the parameters varied in the sensitivity analysis. Bold face elements indicate the reference case
for the biochemical degradation model.

Parameter Range
Pro-inflammatory cytokine concentration Cy, (pg/ml) 0.005, 94, 1000, 2000
Aggrecanase catalytic rate y; (s 0,099
Aggrecan biosynthesis rate multiplier 35 () 05,1,2
Relative concentration over time (=) Constant, Exponential decay
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Page 30

The average relative percentage of the FCD loss estimated from biomechanically and biochemically-driven
models with respect to the initial FCD content in the whole lateral tibial cartilage geometry after 50 iterations

and 90 days, respectively.

Biomechanically-driven model 7.8
Biochemically-driven model (reference) 29.5
Pro-inflammatory cytokine concentration Ceyy, (Pg/ml)
0.005 212
1000 51.3
2000 55.6
Aggrecanase catalytic rate y, (s%)
0 212
9 52.5
Aggrecan biosynthesis rate multiplier y, (=)
0.5 40.2
2 27.1
Relative cytokine concentration over time (=)
Exponential decay 22.7
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