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Abstract

Background and Objective:  Osteoarthritis (OA), a debilitating joint disease, involves
progressive cartilage degeneration and altered biomechanics. We established a novel
chemo-mechano-biological (CMB) modeling framework that integrates biphasic mechanics
with biochemical and biological processes to predict cartilage degeneration (i.e. loss of masses
of constituents presenting as loss of thickness) under pathological conditions. Our framework
captures time-dependent remodeling of cartilage constituents in 3-D driven by mechanical
loading, biochemical signaling, and cellular metabolism.

Methods: ~ We formulated a nonlinear, large-strain biphasic constitutive model
coupled with a biochemical model of signaling pathways. Our framework incorporates
depth-dependent metabolic activity, explicitly linking oxygen availability to chondrocyte
behavior and extracellular matrix (ECM) remodeling. We included interactions among
mechanical stimuli, growth factors, pro-inflammatory cytokines, enzymes (collagenases and
aggrecanases), and inhibitors (TIMP). We conducted nonlinear, biphasic finite element (FE)
simulations in 3-D, allowing for realistic representations of intra-cartilage heterogeneity.
We simulated cyclic, confined compression of full-thickness cartilage, a scenario mimicking
conditions in vivo during walking or running.

Results: Our simulations spanning 24 months presented realistic patterns of cartilage
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degeneration including zonal variations in matrix composition and thickness loss. In healthy
cartilage, interstitial fluid pressure resisted mechanical loading, maintaining ECM integrity.
However, in degenerative overloading conditions, enzymatic activity and altered metabolic
functions led to increased porosity, reduced fluid pressure, and heterogeneous degradation of
ECM. Incorporating depth-dependent metabolic activity revealed pronounced degeneration
in the superficial zone (SZ) and progressively reduced loss toward the deep zone (DZ). This
outcome aligns with experimental evidence on progression of OA. Oxygen availability played
a critical role, with higher levels exacerbating degradation, consistent with findings linking
oxidative stress to cartilage degeneration.

Conclusions: Our nonlinear, biphasic FE framework offers a robust tool for investigating
mechanisms of cartilage degeneration and OA, and advancing therapeutic strategies. It
uniquely integrates biphasic mechanics, signaling pathways, and metabolic activity in
3-D, providing insights into patterns of cartilage degeneration. We previously developed
automated and publicly available tools to generate patient-specific knee models from MR
Images, altogether enabling personalized diagnostics/prognostics and pre-/post-operative
planning. Our CMB framework is also publicly available as a plugin for FEBio at
https://github.uconn.edu/imLab/FEVGnR-Plugin, supporting broader research on OA and
cartilage biomechanics.

Keywords: cartilage, mechanobiology, mathematical modeling, growth and remodeling,

osteoarthritis, metabolism

1. Introduction

Degeneration of articular cartilage caused by, e.g. injuries, repetitive stresses, age-related
changes, and joint misalignments, ultimately results in loss of function and likely contributes
to development of osteoarthritis (OA). OA is a chronic whole-joint disease affecting millions
of people worldwide, where degeneration of cartilage plays a prominent role [I]. Progressive
degeneration, causing loss of cartilage and cartilage function, leads to failure of the synovial
joint, affecting quality of life through pain, functional limitations, lost earnings, anxiety,
and depression [2]. Despite the prevalence and impact of OA, and an enormous body of

literature on cartilage mechanics and OA, we understand neither the cause nor progression
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of the disease and treatment remains primarily symptomatic. No cure yet exists.

Articular cartilage, a multiphase soft tissue, comprises by percentage wet weight, fluid
and electrolytes (68-85%), collagen fibers (15-25%), proteoglycans (5-10%), and chondrocytes
(primary cell type, <4%) [3]. The heterogeneous solid phase of cartilage is an extracellular
matrix (ECM), consisting of a mesh of negatively charged proteoglycan entangled in a
network of primarily type II collagen fibers. The remarkable mechanics of cartilage derive
from the complex interactions of proteoglycans, collagens, and electrolytic fluid. In particular
these interactions facilitate fluid retention within the ECM, generating interstitial fluid
pressure crucial to shield the solid matrix from mechanical load and to facilitate low-friction
articulation [4} [5].

Intra-tissue biomechanics also play a vital role in the development, homeostasis,
pathology, and regeneration of articular cartilage. Chondrocytes maintain a homeostatic
balance between the degradation and synthesis of ECM under normal physiological
mechanical stimuli [6]. Such mechanical stimuli are generally cyclic (mixed compression,
tension, and hydrostatic pressure) and increase synthesis of both collagen and proteoglycan
[7H11]. However, excessive mechanical loading is detrimental to cartilage, causing softening,
fibrillation, ulceration, and erosion [6, @, 12, 13]. Interestingly, lack of mechanical
stimuli, e.g. long-term immobilization, reduces synthesis of structural proteins and increases
pro-inflammatory cytokines, altogether presenting as thinning of cartilage [9 [14HI6].
Both amplitude and frequency of loading affect the production/degradation of cartilage
constituents [10, 17, [1§].

Chondrocytes, relatively inert in healthy conditions, “activate” under pathological
conditions and alter their functional behavior, which changes the homeostatic balance
between synthesis and degradation of ECM constituents [1, 13, 19]. Chondrocytes, and
other cells within the synovial joint, produce pro-inflammatory cytokines, e.g. interleukin
IL-15, 1L-6, IL-18, tumor necrosis factor TNF-«, that upregulate collagenases (matrix
metalloproteinases, MMPs) and aggrecanases (a disintegrin and metalloproteinase with
thrombospondin motifs, ADAMTSs) [1, 13, 19, 20]. These proteases degrade collagen and
proteoglycan, which alters fluid-pressure retention and load-bearing function of cartilage,

thus affecting mechanotransduction and mechanobiology [16]. Moreover, pro-inflammatory



40

45

50

55

60

65

cytokines cause apoptosis and necrosis of chondrocytes [21], another hallmark feature of OA
[9, 22], 22H27]. In response chondrocytes express growth factors (e.g. transforming growth
factors, TGF-A1, 2, 3; activins; bone morphogenetic protein, BMPs; growth/differentiation
factors, GDFs) and tissue inhibitors of metalloproteinases (TIMPs), which oppose the
catabolic activities of pro-inflammatory cytokines and proteases [28] 29]. Nevertheless, this
attempt at counter-balancing is generally insufficient to revert to normal health.

Compounding such efforts, chondrocytes generally reside in a hypoxic environment, i.e.
where the level of oxygen level is relatively low [30]. The oxygen concentration in cartilage is
higher in the superficial zone (SZ) at ~10% compared to deep zone (DZ) at ~1%, as cartilage
apparently receives nutrients and oxygen mostly from synovial fluid [13]. Experimental
evidence on chondrocyte metabolism suggests that hypoxia (~5%) reduces production of
collagenases, and corresponding degradation of type II collagen, while normoxic condition
(~20%) increases both production of collagen and collagenases [31]. Thus, in the presence
of nutrients, oxygen facilitates the metabolism of chondrocytes [32]. Both anabolic and
catabolic activities of chondrocytes in OA depend on the availability of oxygen, and both
maintenance of homeostasis and progression of disease evolve heterogeneously through the
thickness of cartilage [33].

Models of cartilage in health and in OA provide a means to synthesize diverse
experimental data and provide new insights to structure-function relationships, disease
progression, and even treatment targets. Previous computational growth and remodeling
models captured changes in the volume and composition of both natural and engineered
cartilage, including mechanical damage, but neglected chemical factors [34H40]. Conversely,
models focused on the biochemical pathways of cartilage neglected mechanical stimulation
[411,142]. Some recent models of cartilage combined effects of mechanical and chemo-biological
stimuli to simulate degeneration of cartilage over days, facilitating comparisons with
experimental data ex vivo [43H45]. We recently established a computational framework fully
coupling “minimally essential” chemo-mechano-biological effects to predict the long-term
(years) evolution of cartilage in health, disease, injury, and treatment, and provided
simplified examples [46]. However, no modeling frameworks for cartilage currently

couple mechanical, chemical, and biological perspectives to simulate the heterogeneous,
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multi-factorial pathogenesis and long-term progression of OA in three-dimensions (3-D)
despite extensive, related experimental research [47].

In this study, we establish a computational framework for modeling the coupled evolution
of chemical, mechanical, and biological constituents of cartilage resulting from intra-tissue
mechanical and chemical stimuli resulting in heterogeneous, volumetric changes, as well
as changes in organization of constituents. Here we establish our previously published
biochemical pathways model [46] within 3-D biphasic finite elements by leveraging our
image-driven constitutive model of cartilage [48], 49]. We also incorporate both homeostatic
adaptation of cells (cells adapt to pathological or non-physiological stimuli) and novel,
depth-dependent metabolic activity (metabolic activity of cells depends on the local
oxygen concentration). We exercise our extended computational framework to predict
the heterogenous, chemo-mechano-biological evolution of constituents in cartilage, and the
resulting volumetric loss, under pathological overloading conditions. Finally, using three
numerical studies we compare our predictions of degeneration (i.e. loss of masses of collagen
and proteoglycan presenting as loss of thickness) over 24 months with histological assessments
of cartilage during the progression of early-stage OA [26]. Our CMB framework is publicly
available as a plugin for FEBio at https://github.uconn.edu/imLab/FEVGnR-Plugin,

supporting broader research on OA and cartilage biomechanics.

2. Methods

Here we extend our chemo-mechano-biological framework for modeling the evolution of
cartilage [46] by implementing it within 3-D biphasic finite elements and coupling it with
our well-established, image-driven constitutive model of cartilage [48, 49], as this provides
better insights into intra-tissue cartilage mechanics and their relation with the evolution
of structural and biochemical constituents. For a conceptual overview of the modeling
framework, see Fig. 1 in [46]. Here we also incorporate both homeostatic adaptation of
cells (as presented previously [46]) and metabolic activity of cells dependent on intra-tissue

oxygen concentration (a new source of through-thickness heterogeneity).


https://github.uconn.edu/imLab/FEVGnR-Plugin

100

105

110

115

120

2.1. Model formulation I: Biomechanical model of cartilage
2.1.1. Anisotropic description of growth

We utilize the very different time scales between daily activities, e.g. walking (¢ in
seconds), and progression of damage and OA in cartilage (7 occurring over months or
years). Accordingly, we perform a multiplicative decomposition of the total deformation
gradient using these two time scales F(7,t) = Fg(¢t)F#(7) and following our prior work
[46], cf. Fig. 2 therein. In response to external, mechanical loading cartilage deforms
poro-visco-elastically with Fg = 0xg/0Xg the deformation gradient tensor of the solid
(subscript S), where x is the position vector of the spatial point (reference position X). In
response to biomechanical and biochemical stimuli within cartilage chondrocytes excrete and
degrade structural and biochemical constituents resulting in changes to the organization and
volume. The (volumetric) growth deformation gradient F&(7) captures volumetric changes
det F&¢ = (1), where ¢ is the normalized volume change. To model the degradation of

cartilage, we formulate through-thickness volume growth (TVG) as [50]
Fe=1+(0—1)n®n, (1)

where I is the second-order identity tensor and n represents a distribution of unit vectors

normal to the subchondral bone at the interface to cartilage.

2.1.2. Biomechanical constitutive model
We utilize the theory of porous media to model cartilage as a biphasic (poro-visco-elastic)
continuum ¢ = ¢° + ¢ consisting of a porous solid phase ¢° saturated with the
interstitial fluid phase ¢%, both materially incompressible [51, [52]. We thus characterize
the microstructure of cartilage with the average volume fractions n®(x,t) = dv*/dw,
Yooan¥(x,t) =1, a € S,F, where t is time, dv® are volume elements of the phases, dv
is the bulk volume element, and S and F denote the solid and fluid phases, respectively. We

express the total Cauchy stress as [48], 49
o=-pl+op=—pl+ 2pSFsg—gz

where p is the fluid pore pressure, a3, is the effective Cauchy stress tensor, p5 is the current

Fg, (2)

partial density of the solid, Cs = FaFg is the right Cauchy—Green tensor, and WS is the

solid Helmholtz free-energy function.
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We employ an additive decomposition of the superimposed solid Helmholtz free-energy
function WS consisting of a Donnan osmotic part W35, and isotropic ground matrix part

U3, and a fiber network part W5y as
W = Wop(Js) + (1= (7)) opsWia(Js, I1) + ¥(7)peo Win (Cs), (3)

where Js = det Fg is the solid Jacobian, I; = tr Cg is the first invariant of Cg, v(7) =
(10 /[0 + (1 — 1)1, Tepresents the evolving volume fraction of functional collagen
with 10 the initial volume fraction of total collagen, and 1,,(7) and 7. (7) = Wl (7) +

mdm () are the evolving normalized masses of proteoglycan and total collagen (with

and md™ the functional and damaged collagen, respectively, see §2.2), and pye and pe, are
the normalized densities of proteoglycan and collagen, both respectively.

We define the evolving normalized volume change as [50]
(1) = 1"1co + (1 — 1)1, (4)

where o(7 = 0) = 1. Since we model volume changes using TVG, cf. , v equals the
normalized change in thickness iz, see .

We model the strain energy of osmotic swelling as [49] 53]

\/4 cm
_ =

ch Cfc
inh | —/— 5
e i + asin e || (5)

\IJ% R@cosnos

C

where, R = 8.314 MPa - mm3®K'mol~! is the universal gas constant, © is the absolute
temperature in K, and ¢, is the average ion concentration of the external solution. We

model the concentration of the fixed charges as [49]
] -1
e = cfniy (det Fg — ”Ss)

-1
= cle <1 n08> (det Fs — ”05) ,

where cl and ngy are the initial concentration of fixed charges within the tissue and initial

(6)

volume fractions, respectively.
We model the strain energy of the isotropic (largely) proteoglycan solid matrix [54],
extended to include compaction effects, as [48], 55H57]
1

Ve (s, B) = == |UCR) + 550 =3)| )
0S



where
1
U(Js) = Xap [5 (log Js)* + CS} — ¥ log Js, (8)

s and where we use abbreviations

sy2 17t
S __ S S (Jcp)
ch_)\ 1+J ( 1_JCSp)] )
1—JS
¢® = J5 log Js + 7 _; 9)

and where p° is Lamé’s second parameter (a stress-like material parameter corresponding

to the shear modulus of the underlying matrix in the reference configuration), A5 is Lamé’s

first parameter (a stress-like material parameter that degenerates to a non-physical, positive

penalty parameter used to enforce incompressibility, cf. [52]), and nig < Jep S <1 defines the
150 point of compaction for the tissue.

We model the strain energy of the networked collagen fibers as [48]
Uiy (Cg, M) —/p(M {explko(Iy — 1)*] = 1} H(L, — 1) dQ, (10)
Q

where p(M) is the angular density of fibers (the orientation distribution function) with
1/(4m) [o p(M)dQ = 1 (where Q@ = M € R® : [M| = 1 is the unit sphere), Iy, the fourth
pseudo-invariant, is the square of the stretch of a fiber in the direction m = FM, i
s [4(M) = NM2(M) = M - CsM, k; > 0 and ky > 0 are a stress-like material parameter and
a dimensionless parameter, respectively, and H is a Heaviside step function evaluated at
(I, — 1), thus ensuring fibers only engage under tensile stretches.
To capture the corresponding permeation of interstitial fluid, we define the seepage
velocity wrg = X —Xg, i.e. the difference between the fluid phase x and the solid phase xg.
10 We model the filtration velocity nfwpg = Kg(—gradp+ pFRb), where Kr is the anisotropic
intrinsic permeability of the cartilage and b is the body force per unit mass [48]. Considering
that permeation of interstitial fluid is least restricted in the direction parallel to the fibers

we formulate Ky as [48, [49]

kos nfo\" p(M)
Kp=—|——= dQ2 11
S (1—7185) /914(m)m®m ’ (11)

8
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where kgg is the Darcy permeability and m ia a dimensionless parameter controlling the

deformation dependence of the permeability [58].

2.2. Model formulation II: Signaling-pathways biochemical model of cartilage

We recently established a system of ordinary differential equations (ODESs) to describe
the time evolution of “minimally essential” chemical, structural, and cellular species [46]. We
briefly overview our full signaling pathways biochemical model and highlight two interactions
with specialized coupling functions. The first coupling function fs(o;(x),7), ¢ € {sh,1}
(taking either first principal stress or maximum shear stress as an argument, see
acts on the basal rate parameters, controlling mechanobiological responses based on local
injurious or pathological mechanical stimuli. The second coupling function fa(Oz(x),7)
(taking oxygen concentration as an argument, see acts on the basal rate parameters,
controlling production and degradation based on the local oxygen concentration.

Briefly, production of normal chondrocytes 7. is proportional to the number of existing
chondrocytes and is mediated by both local oxygen concentration and active growth
factors ¢z [59]. Depletion of chondrocytes results from natural decay, phenotypic switching
to hypertrophic chondrocytes regulated by growth factors ¢z, and apoptosis driven by
pro-inflammatory cytokines ¢, [30, 60, 6I]. Hypertrophic chondrocytes nye, produced due
to phenotypic switching of proliferated chondrocytes, degrade naturally (exponential decay).
Injurious loading can cause living chondrocytes be become necrotic [62], denoted by 7y, and
these similarly degrade naturally. We model the time evolution of normal, hypertrophic, and

necrotic chondrocytes as

dﬁc c [ P c (N ca 1

5 = [Fa(0)r + 753l — [fa(Oa)rs + 55 + 756, (12)
d7ipe ca o cp

dTh = fa(O2)ri%anc — fa(Og)rsitne, (13)
d7ige ne -

dT = _fA(OQ)Tl Nne, (14)

where 7§, 7S, 7S, 75, r¢ are the rate parameters for normal chondrocytes; rh¢, r5¢ are the

rate parameters for hypertrophic chondrocytes; and r}¢ is the rate parameter for necrotic
chondrocytes.
We model two different masses of type Il collagen, i.e. functional or load-bearing collagen

s fn

mM and damaged collagen 3™ which does not bear load. Normal chondrocytes 7,

9
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produce functional collagen 7% and proteoglycan 1, and active growth factors ¢ promote
production [63] [64]. Collagen (both 72 and /™) and proteoglycan degrade naturally with
collagenases ¢, and aggrecanases C,g, respectively. Total collagen 1, is the sum of mﬁg
and md™. The metabolic activity function fa(Os) acts on the basal rate parameters of the
production of proteoglycan and collagen determining their rates of production. We model

the time evolution of functional and damaged collagen, and proteoglycan as

~ fn
dmg

T A ORI + rPisli, — i (15
dmdm CcO A A~ dm
e (16)
Plos (1 (Oa)r 0 + 86 — 1§, (17)
T

where 75°, 75°, 1%, r{° are the rate parameters for collagen and ri®, r5% r® are the rate

parameters for proteoglycan.

Normal chondrocytes n. express collagenases ¢., (MMP-1, 3, 13, etc.) and aggrecanases
Cag (ADAMTS-4, 5, etc.) within cartilage [65, [66]. Active pro-inflammatory cytokines
¢, promote production of these proteinases [67, 68], while active growth factors ¢z inhibit
production [69]. Production of collagenases and aggrecanases further depends on local
oxygen concentration. Hypertrophic cells ny. also express aggrecanases and collagenases
[70]. Degradation of these proteinases results from natural decay and decay of inhibitory

complex TIMP ¢;. We model the time evolution of collagenases and aggrecanases respectively

as
déea Fa(Og)rf® + rspe
1 2 YP | ca ca casla
= - Ne + fa(O2)rfine — [1e + 16¢i)Cen (18
dr 1 +r§acﬂ ( 4 [ 5 6 ] ) )
deé, fa(O)ri® +r3®e
g A\M2)T 2 ‘p| » ag ag aga1a
= - Nie + fa(O2)ry®nne — [rs® + 1576 Ca (19)
dr 1+ r5%¢s > 6 &’
where 7%, r§*, r$?) ri®, ré®) r&® are the rate parameters for collagenases and 7%, r5%, 758, rj®,

re8, r¢® are the rate parameters for aggrecanases.
Normal chondrocytes n. produce TIMP ¢;, dependent on the oxygen concentration
fa(O2), and active growth factors ¢z upregulate production [69]. TIMP degrades by uptake

from chondrocytes and natural decay with collagenases ¢., and aggrecanases ¢,z [29]. We

10
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model the time evolution of TIMP as

déi i a5 ign riéca‘i‘riéa ~
ar LfA(OQ)Tl + TQCB]nC — | 7r3Ne + (4—5g) &,
fa(Os)

dr (20)

where 71, 7} ri, ri, rl are the rate parameters for TIMP. Due to the nonlinear term, we
divide the rate parameters ri and i by fa(Os) to satisfy homeostatic balance at 7 = 0.
Normal chondrocytes n. produce latent growth factors ¢4 (including transforming growth
factors, TGF-£1-3, activins; bone morphogenetic protein, BMP; and growth/differentiation
factors, GDF) which are stored in the ECM and upregulated by active growth factors ¢ég
and dependent on oxygen concentration fa(Os). Mechanical forces within cartilage, e.g.
tension or shear, activate latent growth factors by breaking bonds between latency-associated
peptides (LAPs) and latent TGF-g binding proteins (LTBPs) [61], [69, [71-73]. Hence, a
portion of latent growth factors activate to active forms ¢g within chondrocytes under
pathological mechanical stimuli ( fs(ash,aghhom) > 0, see 31) [71l, [72, [74]. Both latent
and active growth factors degrade naturally. We model the time evolution of latent and

active growth factors as

dé, IR j A

d_TB = [fa(02)r)” + 1y eglie — [r” + fs(0un, 0l pom) 7 a5, (21)
de ; . A

d_f - fS(USh7 Ugh,hom>r?céﬁ o 7’505, (22>

where rfﬁ , réﬂ , rﬁﬂ are the rate parameters for latent growth factors; rﬁﬂ is the rate parameter

for conversion of latent to active growth factors; and rf and 7"5 are the rate parameters of
active growth factors.

Normal chondrocytes n. produce pro-inflammatory cytokines ¢g, (including IL-1p,
NF-kB, and TNF-« [28]) dependent on oxygen concentration fa(Oz). The active form of
these cytokines ¢, promote greater production of latent forms [67, [68], while active growth
factors ¢ inhibit production of latent pro-inflammatory cytokines [69]. Necrotic cells 7, also
produce latent pro-inflammatory cytokines. A portion of latent pro-inflammatory cytokines
Cep activate to active pro-inflammatory cytokines ¢, under pathological mechanical stimuli
(fs(oy, a{’hom) > 0, see [T5HTT]. Both latent and active pro-inflammatory cytokines

degrade naturally. We model the time evolution of latent and active pro-inflammatory

11
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cytokines as

deé (0P 4 P o ; )

s [f O 14 fu(Oa)r e — 12+ falon ) P (29
3B

dép J o P

dr = fS(017 O_I,hom)rlcfp — T'yCp;, <24)

o b bp lp L : :
where 7", r5", r3P) P riP are the rate parameters for latent pro-inflammatory cytokines;

rép is the rate parameter for conversion of latent to active pro-inflammatory cytokines; and

ri and 75 are the rate parameter of active pro-inflammatory cytokines.

2.83. Model formulation III: Coupling functions

Coupling functions connect our signaling-pathways biochemical model to intra-cartilage
mechanical and biochemical conditions, determined using finite element simulations or other
means. We establish two such functions here, one for intra-tissue mechanics (including

homeostatic adaption) and one for intra-tissue oxygen concentration.

2.3.1. Homeostasis and adaptation to mechanical stimuli

Normal physiological loading promotes chondrocytes to maintain homeostatic
balance while injurious or pathological mechanical loading activate growth factors and
pro-inflammatory cytokines [46], [67]. Briefly, following our previous work [46], we formulate

mechanical stimuli functions fs(o;(x),7) as

¢

fL,max’ if Ui<T> < U}:hom(T) —w"
£ (i), Ol (D 0") i Fy(7) = 0 < 0(7) < Ol (7)
fs(oi(x),7) = <o, i 0hon(7) S 0i(7) S 0fhoul(r) o (2D)

£ (01(7), 0B () w) i 0B (1) < () < T (7) + 0

fH,max’ if Ui(T) > O-Ehom(,r) + wH

where f and f" are sigmoidal functions, ¢;(7) is the mechanical stimulus at evolution
time 7 with ¢ € {sh, 1}, 0}},,,(7) and o}},.(7) represent low (L) and high (H) homeostatic
thresholds of mechanical stimulus o;(7) (subscript comma does not indicate differentiation).
We activate growth factors using pathological maximum shear stresses, i.e. fs(owm(x),T)

[71], [72], [74], while we activate pro-inflammatory cytokines using pathological first principal

12
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stresses, i.e. fs(oy(x),7) [T5HT7]. The constants flmax € (0,1] and fHmax € (0,1] are
maximum values of fg under low and high pathological loading, and w"“ and w" are
parameters controlling the width of the sigmoidal transition zones from physiological to
pathological loading. We define fs(osn(x),7) = fs(01(x),7) = 0 under normal physiological
loading, recognizing that active growth factors remain present to sustain cartilage health
without inducing damage.

Chondrocytes adapt to injurious or pathological mechanical stimuli over time, to
minimize deleterious longitudinal effects, by adapting to new homeostatic equilibriums over

time [78, [79]. We model adaptation of homeostatic thresholds o&,  (7) and o} | (7) as

i,hom i,hom

L,0 . L
L i,hom? if 7 S Tdel
Ui,hom(T) = ) Lo - L ) L ) (26>
min | o350, (fFTL oi(r)dr/T > , it T > Ty
H,0 : H
H Ui,hom’ if T S Tdel
Ui,hom(T) = HO - q ) q ’ (27>
max |0; fom » (fPTH oi(r)dr/T ) , it T > Ty
where O'ZL floom and aiH ﬁ?)m are initial values of homeostatic thresholds for low and high

pathological loading, respectively, 7L, and 71, are time delay and averaging period for
adaptation of the low (reduced loading) homeostatic threshold, and 71, and 7 are time

delay and averaging period for adaptation of the high (overloading) homeostatic threshold.

2.3.2. Metabolic activity of chondrocytes

Chondrocytes in vivo live in hypoxic conditions: the concentration of oxygen is ~10% in
the superficial zone (SZ) and ~1% in the deep zone (DZ) while the normoxic condition at
sea level is ~20% [13], 30, BI]. We model the partial pressure of oxygen fo,(z*) as a function

of the normalized cartilage thickness z* € [0, 1] as

.
fosmax = 0.1, if 2* =2,

fo,(2") = q az* +b, it 2% =25y (28)

\fo%min =0.01, if z*=2z),
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where, 2§, € [0,0.15], 25, € (0.15,0.7], and z, € (0.7, 1] represent the normalized thickness
ranges of superficial (SZ), middle (MZ) and deep (DZ) zones, respectively [3]; and a = —0.818
and b = 0.623 are coefficients such that fo,(z*) that decreases linearly from SZ to DZ.
Experimental evidence suggests the concentration of available oxygen correlates positively
with chondrocyte metabolism (in the presence of nutrients), i.e. greater production and
degradation of constituents [31], B2]. We assume a linear relationship between metabolic

activity and the partial pressure of oxygen and model the metabolic activity function as
fA(OZ(X>7T) - 10f02(2*)7 (29)
where fa(O2(x),7) € [0,1].

2.4. Algorithmic and numerical implementation

We implemented our chemo-mechano-biological framework within FEBio 4.2 (University
of Utah, Salt Lake City, UT) [80] utilizing the standard forward solver to run
iteratively, as detailed in Table [I] Initial iteration ¢ = (0 starts with the

Table 1: Algorithmic implementation of the chemo-mechano-biological (CMB) framework.

1: i+ 0

2: 779, d° < initialization

3: Xinitial ¢ X°

4: while i = 0 or 7 < 7™2% do

5: Xiimg < Xinitial < osmotic swelling

6: X{)Vp, Ao <<€ < solve boundary value problem, e.g. cyclic loading
7 o'®% Og — signaling — pathways model < apply stresses and Oz to biochemical signaling pathways
8: ) < calculate volume change

9: F(r') = FsFs(7!) < apply growth to current deformation gradient
10: Update d* < update material properties

11: ielax < boundary value problem, no loading

12: i=1+1

13: Xinitial Xielax < update nodal positions

14: end while

0

initial evolution time 7° and initial vector of model variables d° considering tissue

is healthy and in a stress-free, reference configuration X° and with d! =
s~ dm

{fie Ane Ane MWD M Py Coa Cag & Cog G Cop & fs(owm) fs(o1)}T evaluated at time 7.

To begin each iteration, we osmotically prestress the stress-free, reference configuration

14



295

300

305

310

315

i

a pre-stressed reference configuration) to which we
img p g

into an imaged configuration X
may apply chemical, mechanical, and/or biological loads. Given a specific boundary value
problem (BVP), likely with cyclic loading (e.g. walking or running), we achieve a repeatable
chemo-mechano-biological condition (e.g. the range of mechanical stresses during a loading
cycle remains constant). We extract repeatable stress data from the BVP during the
most extreme loading (maximum deformations) and pass them to the signaling-pathways
biochemical model to evaluate the evolution of constituents. We calculate the total volume
change v summing up the structural constituents times their corresponding volume fractions,
and update the material parameter vector d’. We relax cartilage to reabsorb exuded fluid
and to grow or degrade following the volume change ©. We repeat the BVP starting with an

%

volax- Lhe simulation ends when the iteration reaches the

updated reference configuration X
maximum evolution time 7%,

Numerically, we first establish the intra-cartilage distribution of mechanical stresses by
solving a standard time-dependent FE analysis with FEBio (with time in seconds). We then
establish the current state of chemical, mechanical, and biological constituents by solving the
system of ODEs - using a backward-finite-difference Euler approach. We define the
initial conditions for the normalized quantities 7., Mco, Mpg, as unity. However, we define
the initial concentrations of chemical species equal to the values of the depth-dependent
cellular activity function, ie. éca = fa(O2(x),7), Cag = fa(O2(x),7), & = fa(O2(x),7),
¢op = fa(O2(x),7), and égp = fa(Oa(x), 7). Hypertrophic chondrocytes are generally not
present in healthy cartilage and therefore we define ny,. initially as zero. In health, we define
the active chemical species ¢, and ¢g initially as zero since they are not activated unless
cartilage undergoes pathological loading. Simulations start at zero months with cartilage
in a healthy homeostatic condition, and pathological conditions begin when we start the
simulations.

We verified the correct implementation of our system of ODEs - , and its
interactions with the biomechanical constitutive model of cartilage, within FEBio by
comparison against our original implementation within MATLAB R2021b (The Mathworks,
Natick, MA) [46], cf. Appendix A.
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2.5. Model parameters
2.5.1. Biomechanical constitutive model of cartilage

We list the model parameters for the biomechanical constitutive model of cartilage
(§2.1.2) in Table 2] We define the heterogeneous angular fiber density p(M) based on
diffusion tensor MRI data previously reported [48] [57].
Table 2: Parameters for biomechanical constitutive model of cartilage. Through-thickness material,
compositional, and structural parameters for cartilage and corresponding units ([48], [49]). The parameter

z* € [0, 1] is the normalized tissue thickness, where zero refers to the articular surface and one refers to the

interface with subchondral bone.

Parameter  Value Unit
us 0.23 MPa
k1, k2 3,8 MPa, —

nSg(2*)  0.15+4 0.15(2*) -
10(2*) 0.43(2*)%2 — 0.60(z*) + 0.85 -

JS, 0.36 4+ 0.11(z*) -
kos(z*) [1—-0.9(z*)] x 1073 mm?*/Ns
m(z*) 34 5.0(z*) —
[1.0 +2.6(2*)] x 1077, 2* € [0,0.5] mol/mm?
e () | 23x10°7, =* € (0.5,0.75]  mol/mm® (H)
[4.4 —2.8(2*)] x 1077, 2z* € (0.75,1] mol/mm?
Cm 1.5 x 10~7 mol/mm? H

2.5.2. Signaling-pathways biochemical model of cartilage

We list the model parameters for our signaling-pathways biochemical model of cartilage

(§2.2) in Tables[6] and [7] in Appendix B [46].

2.5.8. Homeostasis and adaptation to mechanical stimuli

We list the model parameters for homeostasis and adaptation to mechanical stimuli of
cartilage that do not depend on the boundary value problem ( in Table . We establish
the remaining required parameters (following in , specifically Table

2.6. FEzercising the chemo-mechano-biological modeling framework

2.6.1. Boundary value problem
To exercise the framework, we simulated confined compression of a full-thickness

cylindrical cartilage explant with radius of 1.5mm and height of 2mm in 3-D, Fig. [I}
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Table 3: Parameters for homeostasis and adaptation to mechanical stimuli. Model parameters and

corresponding units for cartilage that do not depend on the boundary value problem [46].

Parameter  Value Unit Equation
T(],i‘el 0.5 month 26|
R 0.5 month 27,

TL 15 month 26
H 9 month 27|

To reduce the computational expense, we modeled a one-degree slice of the cylindrical,

Distributed force

vz 1N
1.5 mm 7

Figure 1: Schematic illustration of boundary value problem representing cartilage explant
undergoing cyclic, confined compression. We used a one-degree slice of a cylindrical, full-thickness
cartilage explant (radius and thickness equal 1.5mm and 2mm, respectively). We applied boundary
conditions representing cyclic, confined compression via loading from a rigid permeable platen (not shown)
to the articular surface. We divide the full thickness into three zones, i.e. superficial (SZ = 15%), middle
(MZ = 55%), and deep (DZ = 30%) zones [3].

full-thickness cartilage explant meshed with 20 eight-node trilinear hexahedral elements. We
established the accuracy of our simulation by refining the mesh until the displacement-time
response of the top surface changed less than one percent upon subsequent refinements. On
the bottom (bone interface) surface of the explant slice we set all displacement degrees of
freedom, and fluid flux, i.e. Ip/dt = 0, to zero. On the outer surface of the cylindrical slice
we set displacements normal to the surface, and fluid flux, to zero. On the two cutting planes
defining symmetries we also set displacements normal to the surface, and fluid flux, to zero.
On the top (articular) surface we applied time-dependent, cyclic compression at one Hz as
a distributed force and allowed fluid to exude freely, i.e. p = 0.

To establish the magnitude of the total force distributed on the articular surface F' of
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our BVP we converted the compressive force acting inside an average human knee as [81]

F=M (a—> Mg, (30)
ak

where M is an activity-specific load multiplier [82], as = (7r%)/360 = 0.02mm? is the

contact area of the one-degree slice of specimen (r = 1.5mm), a;, = 958 mm? is the average

contact area within a human knee, my, = 70.8 kg is the average human body mass [83], and

g=9.81 rn/s2 is the gravitational constant.

2.6.2. Validation and calibration

We first completed one validation study to establish the physiological relevance of our
BVP. We simulated cyclic, confined compression of our cylindrical explant mimicking normal
walking at one Hertz, using activity-specific load multiplier M = 4 [82] in . We compared
our simulation results for 60 minutes of walking to corresponding experimental results from
Paranjape et al. [84].

To determine the model parameters for homeostasis and adaptation to mechanical stimuli
we first simulated cyclic, confined compression using activity-specific load multipliers M = 4
and M = 8 for normal walking and running, respectively [82] and extracted the corresponding

zone-specific maximum shear and first principal stresses as homeostatic thresholds.

2.6.3. Numerical studies of cartilage degeneration during cyclic overloading

We completed three numerical studies to exercise our 3-D, coupled
chemo-mechano-biological modeling framework for cartilage undergoing overloading
(M = 12) for 7 = 24 months. At each month 7 we simulated 2000 seconds
of mechanical loading to establish a repeatable mechanical response prior to
updating the signaling-pathways biochemical model establishing the intermediate
chemo-mechano-biological conditions for the next month, cf. §2.4]

Study 1: Cartilage evolving with spatially constant homeostatic values,
without homeostatic adaptation, and with spatially constant metabolic activity.
In this simulation we consider a special case with spatially constant homeostatic values
(using the peak values from Table [5]), without homeostatic adaptation (not using and
[27)), and with spatially constant metabolic activity (not using and (29), but setting
fa(Oq(x),7) = 1).
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Study 2: Cartilage evolving with depth-dependent homeostatic values, with
homeostatic adaptation, and with spatially constant metabolic activity. In this
simulation we consider a special case with depth-dependent homeostatic values (using
Table [5]), with homeostatic adaptation (using and (27), and with spatially constant
metabolic activity (not using and (29), but setting fa(O2(x),7) = 1).

Study 3: Cartilage evolving with depth-dependent homeostatic values, with
depth-dependent metabolic activity, and with depth-dependent homeostatic
adaptation. In this simulation we consider a special case employing the full heterogeneity
available within our framework with depth-dependent homeostatic values (using Table [5)),
with homeostatic adaptation (using and ), and with depth-dependent metabolic
activity (using and (29)).

For each study, we first report the intra-tissue mechanics of cartilage as they evolve
over 24 months, specifically the average evolution within the SZ, MZ, and DZ. We then
report the evolution of cellular, structural, and chemical constituents following Table
(a reference for plotting variables provided in the results), again specifically the average

evolution within the SZ, MZ, and DZ. We did not model damage in any of the studies, thus

Table 4: Plotting order for cellular, structural, and chemical constituents. Symbols and definitions.

Number Variable Definition

(a) h Thickness of cartilage

(b) & Concentration of TIMPs

(c) fc Normalized density of living chondrocytes

(d) fihe Normalized density of hypertrophic chondrocytes

(e) Meo Normalized density of collagen including functional
and damaged

() Mpg Normalized density of proteoglycan (PG)

(2) Cea Concentration of collagenases (MMPs)

(h) Cag Concentration of aggrecanases (ADAMTSs)

(i) Cop Concentration of latent growth factors

() Cop Concentration of latent pro-inflammatory cytokines

(k) ég Concentration of active growth factors

1 ép Concentration of active pro-inflammatory cytokines

we excluded damaged collagen and necrotic chondrocytes . Finally, we show the
through-thickness evolution of key variables within the cross-section of the cartilage explant

for 0, 6, 12, 18, and 24 months.
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3. Results

3.1. Validation and calibration

To ensure the physiological relevance of our BVP we simulated cyclic, confined
compression of our cylindrical explant mimicking normal level walking, and predicted the
accumulation of compressive creep strain over 60 minutes. We compared our simulation

results for level walking with compressive strain measured in-vivo [84], see Fig.

—— Simulation, M = 4
- - =Simulation, M = 8
—— Simulation, M =12 |
§ Paranjape et al., 2019

N

Compressive strain (%)
© v w a o e N ® ©

0 10 20 30 40 50 60
Time ¢ (minutes)

Figure 2: Simulation results predict compressive strain measured in-vivo during walking. We
validated our BVP (cyclic, confined compression mimicking walking) against direct in-vivo, experimental
measurements of accumulated compressive strain during walking. The solid blue curve presents the
simulation result of a confined compression test using our constitutive model considering level walking,
defined by the activity-specific load multiplier M = 4 [82]. The dashed blue curve presents the
corresponding simulation result considering running, load multiplier M = 8, such that the blue shaded region
encompasses normal physiological loading (maintaining homeostatic balance). The solid red curve presents
the corresponding simulation result considering overloading, load multiplier M = 12. The simulation result
for walking provides a good fit to experimental data from Paranjape et al. [84] who measured the compressive
strains (mean, 95% confidence interval) during normal walking using magnetic resonance imaging at five time

points over 60 minutes.

To calibrate our CMB framework for this specific BVP we simulated cyclic, confined
compression using activity-specific load multipliers M = 4 and M = 8 for normal walking
(low threshold L) and running (high threshold H), respectively [82]. We list the model

parameters for homeostasis and adaptation to mechanical stimuli of cartilage (§2.3.1)) in
Table B
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Table 5: Parameters for homeostasis and adaptation to mechanical stimuli. Through-thickness
model parameters for cartilage and corresponding units [46]. The parameter z* € [0, 1] is the normalized
tissue thickness, where zero refers to the articular surface and one refers to the interface with subchondral
bone, and where z§, € [0,0.15], 23, € (0.15,0.7], and z{,, € (0.7,1] represent the normalized thickness

ranges of SZ, MZ and DZ, respectively [3].

Parameter Value Unit

o hom (357) 34391073 MPa
o hom (354z)  3:304x 1073 MPa
o hom (Fhz) 32041072 MPa
oo Som (257)  6.509 x 1073 MPa
o om (34z) 62411073 MPa
o0 (25, 6.192x1073 MPa

sh,hom

O hom (%87) 1822 MPa
O hom (Fiiz) 1752 MPa
T om (2Bz)  1.753 MPa
oy (28,)  3.641 MPa
o1 nm (Zhz) 3492 MPa
aﬁ’hoom (27)  3.496 MPa

3.2. Study 1: Cartilage evolving with spatially constant homeostatic values, without

homeostatic adaptation, and with spatially constant metabolic activity

In this study, we simulate the evolution of cartilage during cyclic overloading, considering
cells have a spatially constant homeostatic values, i.e., a constant homeostatic value through
the thickness, and this homeostatic value does not evolve over time. We also exclude the
effect of depth-dependent metabolic activity by specifying fa(Og(x),7) = 1.

In Fig. [3| we show the time evolution of intra-tissue mechanics (along with homeostatic
thresholds) and of the mechanical stimulus functions that couple the mechanical model to the
signaling-pathways biochemical model. Initially, when 7 < 0, cartilage receives physiological
loading and the shear stresses oy, and first principal stresses oy are within the homeostatic
ranges (cf. Table|5)) in all zones (Figs. (a), (b)). Once overloading begins at 7 = 0, oy, and
o1 rise above the homeostatic thresholds, thus causing the mechanical stimuli fg(og,) > 0
and fs(o1) > 0. Since the homeostatic values do not adapt over time, the mechanical stimuli
(both fs(oen) and fs(o1) ~ 0.6) stay elevated (Figs. [3(c), (d)) for the entire simulation. We
also observe that the fluid pressure decays over time as cartilage thins (Fig. [3(e)) while the
porosity increases [85], B6] and becomes more uniform (Fig. 3{f)).
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Figure 3: Intra-tissue mechanics within cartilage evolving with spatially constant homeostatic
values, without homeostatic adaptation, and with spatially constant metabolic activity. Red,
green, and blue curves represent the mean values of corresponding plot variables in superficial (SZ), middle
(MZ), and deep (DZ) zones, respectively. Time 7 < 0 months represents healthy homeostasis. Specifically:
(a) maximum shear stresses ogn, (b) first principal stresses o1, (¢) mechanical stimulus functions of shear
stress fs(osn), (d) mechanical stimulus functions of first principal stress fs(o1), (e) fluid pressures p, and (f)

porosities.

In Fig. [4 we show the time evolution of key constituents, following Table [ during cyclic
overloading. The elevated mechanical stimuli (Figs. [3{(c), (d)) activate latent growth factors
and pro-inflammatory cytokines (Figs. [4k), (1)), which upregulate their latent forms (Figs.
10[(i) and (j)) homogeneously. Activated growth factors and cytokines feed back to their
latent forms (Figs. [L0|(i) and (j)) and promote production. The activated pro-inflammatory
cytokines upregulate collagenases and aggrecanases (Figs. [ll(g), (h)), which peak (¢.. ~ 30
and ¢,g &~ 10) in approximately two months. Collagenases and aggrecanases degrade collagen
and proteoglycan (Figs. [ff(e), (f)), which cause continuous loss of cartilage thickness (Fig.
[M(a)). Over 24 months cartilage looses approximately 27% of its initial thickness and has
not stabilized. Activated pro-inflammatory cytokines also contribute to cell death
and we observe a decrease in living chondrocytes (Fig. [f(c)). Activated growth factors
also promote production of TIMP (20) (which increases after a sharp loss, Fig. (b)),
chondrocyte proliferation , and production of collagen and proteoglycan . Some
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Figure 4: Key constituents within cartilage evolving with spatially constant homeostatic values,
without homeostatic adaptation, and with spatially constant metabolic activity. Red, green, and
blue curves represent the mean values of corresponding plot variables in superficial (SZ), middle (MZ), and
deep (DZ) zones, respectively. Time 7 < 0 months represents healthy homeostasis. Overloading begins at
7 = 0 and causes activation of growth factors and pro-inflammatory cytokines . Activated cytokines
upregulate collagenases and aggrecanases, and promote further increase in production of latent cytokines
that eventually convert to active forms. Upregulated collagenases and aggrecanases degrade collagen and
proteoglycan, respectively, which presents as homogeneous thinning of cartilage. See Table[d]for a description

of the variables.

proliferated chondrocytes become hypertrophic (Fig.[4|(d)). The evolution of key constituents
is homogeneous through the thickness, i.e. in the SZ, MZ, and DZ.

In Fig. |5l we show the evolution of normalized volume, collagen, proteoglycan, and
chondrocytes at 0, 6, 12, 18, and 24 months on a full-thickness cross-section of the cartilage
explant. Over 24 months we observe loss of normalized volume, collagen, proteoglycan,
and living chondrocytes (Figs. [5a) - (d)) which all progress homogeneously through the
thickness, i.e. SZ, MZ and DZ.
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Figure 5: Full-thickness cross-section of cartilage evolving with spatially constant homeostatic
values, without homeostatic adaptation, and with spatially constant metabolic activity.
Cartilage evolves from healthy (0 month) to progressively degenerated in 6, 12, 18, and 24 months and

looses approximately 27% of its initial thickness. Specifically, shown with a normalized scale: (a) normalized

volume (?) or thickness (h), (b) proteoglycan (1pg), (c) collagen (1), and (d) living chondrocytes ((7ic)).

N.B. Normalized volume is the mass-averaged sum of proteoglycan and collagen, cf. .

3.3. Study 2: Cartilage evolving with depth-dependent homeostatic values, with homeostatic

adaptation, and with spatially constant metabolic activity

In this study, we simulate the evolution of cartilage during cyclic overloading, considering
cells have depth-dependent homeostatic values, i.e. homeostatic values depend on the
thickness location z*, and these homeostatic values evolve over time. We also exclude the
effect of depth-dependent metabolic activity by specifying fa(Os(x),7) = 1.

In Fig. [6] we show the time evolution of intra-tissue mechanics (along with homeostatic
thresholds) and of the mechanical stimulus functions. Similar to Study 1 (cf. §3.2)), once
overloading begins at 7 = 0 oy, and oy rise above the homeostatic thresholds (Fig. [6](a) and
(b)), thus causing the mechanical stimuli fs(og,) > 0 and fs(oy) > 0. Since the homeostatic
values adapt over time, the mechanical stimulus functions (fs(og,) and fs(o1)) adapt to
match the pathological stresses in all zones and over 9 months (Figs. [6{c), (d)). As a result,

fs(ogn) and fs(op) return to zero once ol and O'Ehom match the current stresses oy, and

sh,hom
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Figure 6: Intra-tissue mechanics within cartilage evolving with depth-dependent homeostatic
values, with homeostatic adaptation, and with spatially constant metabolic activity. Red, green
and blue curves represent the mean values of corresponding plot variables in superficial (SZ), middle (MZ),
and deep (DZ) zones, respectively. Specifically: (a) maximum shear stresses oy, (b) first principal stresses
o1, (c) mechanical stimulus functions of shear stress fs(ogn), (d) mechanical stimulus functions of first

principal stress fs(o1), () fluid pressures p, and (f) porosities.

o1, respectively. We also observe that the fluid pressure decays over time as cartilage thins
(Fig.[6l(e)) while the porosity increases [85), 86] and becomes more uniform (Fig. [6]f)).

In Fig. [7] we show the time evolution of key constituents, following Table [ during
cyclic overloading. Similar to Study 1 (cf. , the elevated mechanical stimuli (Figs. @(a),
(b)) activate latent growth factors and pro-inflammatory cytokines (Figs. [f|(k), (1)), which
upregulate their latent forms (Figs. [7|i) and (j)) (with slight heterogeneity). Activated
growth factors and cytokines feed back to their latent forms (Figs. [7i) and (j)) and
promote production. The activated pro-inflammatory cytokines upregulate collagenases and
aggrecanases (Figs. [7(g), (h)), which peak (again e &~ 30 and ¢, ~ 10) in approximately
two months. Once ¢, returns to zero in nine months ¢, and ¢, return to their basal levels.
Collagenases and aggrecanases degrade collagen and proteoglycan (Figs. m(e), (f)) until the
normalized quantities reach equilibrium after nine months. Consequently, cartilage looses
approximately 11% of its initial thickness after nine months and then stabilizes (Fig. [f|(a)).

Activated pro-inflammatory cytokines contribute to cell death and we observe a decrease in
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Figure 7: Key constituents within cartilage evolving with depth-dependent homeostatic values,
with homeostatic adaptation, and with spatially constant metabolic activity. Red, green and
blue curves represent the mean values of corresponding plot variables in superficial (SZ), middle (MZ), and
deep (DZ) zones, respectively. Time 7 < 0 months represents healthy homeostasis. Overloading begins at
7 = 0 and causes activation of growth factors and pro-inflammatory cytokines . Activated cytokines
upregulate collagenases and aggrecanases, and promote further increase in production of latent cytokines
that eventually convert to active forms. Upregulated collagenases and aggrecanases degrade collagen and
proteoglycan, respectively, which presents as homogeneous thinning of cartilage. See Table[d]for a description

of the variables.

living chondrocytes (Fig. [7|(c)). Activated growth factors also promote production of TIMP
(which increases after a sharp loss, Fig. [7{b)), chondrocyte proliferation, and production of
collagen and proteoglycan. Some proliferated chondrocytes become hypertrophic (Fig. [7](d)).
Although we considered depth-dependent homeostatic values with adaptation, the evolution
of key constituents remains nearly homogeneous through the thickness, i.e. in the SZ, MZ,
and DZ.

In Fig. |8 we show the evolution of normalized volume, collagen, proteoglycan, and
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chondrocytes at 0, 6, 12, 18 and 24 months on a full-thickness cross-section of the cartilage
explant. Over 24 months we observe loss of normalized volume, collagen, proteoglycan,
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Figure 8: Full-thickness cross-section of cartilage evolving with depth-dependent homeostatic
values, with homeostatic adaptation, and with spatially constant metabolic activity. Cartilage
evolves from healthy (0 month) to progressively degenerated in 6, 12, 18, and 24 months and looses
approximately 11% of its initial thickness. Specifically, shown with a normalized scale: (a) normalized

volume, (b) proteoglycan, (c) collagen, and (d) living chondrocytes.

and living chondrocytes (Figs. [§(a) - (d)). While some of these constituents progress
heterogeneously, they all stabilize after 9 to twelve months to present homogeneity through

the thickness, i.e. SZ, MZ and DZ.

3.4. Study 3:  Cartilage evolving with depth-dependent homeostatic wvalues, with

depth-dependent metabolic activity, and with depth-dependent homeostatic adaptation

In this study, we simulate the evolution of cartilage during cyclic overloading, considering
cells have a depth-dependent homeostatic values, i.e. homeostatic value depend on the
thickness location z*, and these homeostatic values evolve over time. We also include
the effect of depth-dependent metabolic activity by specifying fa(Oq(x),7) = 1 in SZ,

0.1 < fa(Oq(x),7) < 1in MZ, and fa(O2(x),7) = 0.1 in DZ.
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In Fig. |§| we show the time evolution of intra-tissue mechanics (along with homeostatic

thresholds) and of the mechanical stimulus functions. Similar to Studies 1 and 2 (cf. and

3
@ 9 ; ; ; ; () 7 ; ; ;
L Maximum shear stress First principal stress
10 6l
= P =5F 22277
o 8r 222" a, =270
& 22%§ =] - o
2 _.=®" " Odjom =X P Lhon
g6 j §3 J
L
o
L L 1
4k Oy hom i esssssssssssssssssssEsssssssssssmmmnnn
Es====5==z==z==z=z==z=g====zz==z===z=====z====5==== ]
(c) T T T T T T T T (d) T T T T T T T T
1r Mechanical stimulus functions of shear stress R 1+ Mechanical stimulus functions of first principal stress
08 0.8
g 06 1 S 06
- = —SZ
=< L ] = L
04 04 MZ
02t 1 02t —Dz
0 . . 0 . .
(e) 4 T T (f) 11 T
Fluid pressure Porosity
35 1
= 3l &
g Z 09
= <4
< 25 o
a o8
Pys
0.7
15 . . . . . . . . . . . . . .
-1 0 3 6 9 12 15 18 21 24 1.0 3 6 9 12 15 18 21 24
Time 7 (months) Time 7 (months)

Figure 9: Intra-tissue mechanics within cartilage evolving with depth-dependent homeostatic
values, with depth-dependent metabolic activity, and with depth-dependent homeostatic
adaptation. Red, green, and blue curves represent the mean values of corresponding plot variables in
superficial (SZ), middle (MZ), and deep (DZ) zones, respectively. Time 7 < 0 months represents healthy
homeostasis. Specifically: (a) maximum shear stresses oy, (b) first principal stresses o1, (¢) mechanical
stimulus functions of shear stress fs(ogn), (d) mechanical stimulus functions of first principal stress fs(o1),

(e) fluid pressures p, and (f) porosities.

§3.3]), once overloading begins at 7 = 0 oy, and oy rise above the homeostatic thresholds (Fig.

[9(a) and (b)), thus causing the mechanical stimuli fs(og) > 0 and fs(o1) > 0. Since the
homeostatic values adapt over time, the mechanical stimulus functions (fs(og,) and fs(oy))
adapt to match the pathological stresses in all zones and over 9 months (Figs. [6c), (d)). As

a result, fg(oq) and fs(o1) return to zero once o’}

H
shohom and o7y, match the current stresses

osn and o, respectively. We also observe that the fluid pressure decays over time as cartilage
thins (Fig. [6(e)) while the porosity increases [85) 86] and becomes less uniform (Fig. [6(f)).
In Fig. we show the time evolution of key constituents, following Table [ during
cyclic overloading. Similar to Studies 1 and 2, the elevated mechanical stimuli (Figs.
9(a), (b)) activate latent growth factors and pro-inflammatory cytokines (Figs. [L0[k), (1)),
which upregulate their latent forms (Figs. [L0[i) and (j)) with strong heterogeneity though
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Figure 10: Key constituents within cartilage evolving with depth-dependent homeostatic values,
with depth-dependent metabolic activity, and with depth-dependent homeostatic adaptation.
Red, green and blue curves represent the mean values of corresponding plot variables in superficial (SZ),
middle (MZ), and deep (DZ) zones, respectively. Time 7 < 0 months represents healthy homeostasis.
Overloading begins at 7 = 0 and causes activation of growth factors and pro-inflammatory cytokines
. Activated cytokines upregulate collagenases and aggrecanases, and promote further increase in
production of latent cytokines that eventually convert to active forms. Upregulated collagenases and
aggrecanases degrade collagen and proteoglycan, respectively, which presents as heterogeneous thinning of

cartilage, most pronounced within the SZ followed by the MZ. See Table EI for a description of the variables.

the SZ, MZ, and DZ. Following the metabolic activity function fa(Oz(x),7) production is
approximately 10—fold higher in the SZ versus DZ. The activated pro-inflammatory cytokines
upregulate collagenases and aggrecanases in all zones (Figs. [10[g), (h)). Both collagenases
and aggrecanases peak in approximately two months (é., ~ 27, 16, and 3, and ¢,, ~ 10,
5, and 1, in the SZ, MZ and DZ respectively). Once ¢, returns to zero in nine months
Cea and Cue return to their basal levels. Collagenases and aggrecanases degrade collagen

and proteoglycan (Figs. [10[e), (f)) until the normalized quantities reach equilibrium after
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nine months. Consequently, the SZ, MZ, and DZ loose approximately 12%, 7%, and 2%
of their original thicknesses. Cumulatively, cartilage looses approximately 10% of its initial
thickness after nine months and then stabilizes (Fig. [10[a)). Activated pro-inflammatory
cytokines also contribute to cell death and we observe a decrease in living chondrocytes
(Fig. [10)(c)). Activated growth factors also promote production of TIMP (which increases
after an initial loss, Fig. [L0|(b)), chondrocyte proliferation, and production of collagen
and proteoglycan. Some proliferated chondrocytes become hypertrophic (Fig. [10[(d)).
We considered depth-dependent homeostatic values with adaptation and depth-dependent
metabolic activity and the evolution of key constituents presented strong heterogeneity
through the thickness, i.e. in the SZ, MZ, and DZ.

In Fig. we show the evolution of normalized volume, collagen, proteoglycan, and
chondrocytes at 0, 6, 12, 18 and 24 months on a full-thickness cross-section of the cartilage

explant. Over 24 months we observe loss of normalized volume, collagen, proteoglycan, and
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Figure 11: Full-thickness cross-section of cartilage evolving with depth-dependent homeostatic
values, with depth-dependent metabolic activity, and with depth-dependent homeostatic
adaptation.  Cartilage evolves from healthy (0 month) to progressively degenerated in 6, 12, 18, and
24 months and looses approximately 10% of its initial thickness (heterogeneous losses of 12%, 7%, and 2%
within the superficial, middle, and deep zones). Specifically, shown with a normalized scale: (a) normalized

volume, (b) proteoglycan, (c) collagen, and (d) living chondrocytes.
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living chondrocytes (Figs. [I1[(a) - (d)). All of these constituents progress heterogeneously,
and they stabilize after 9 to twelve months to present strong heterogeneity through the

thickness with the greatest degeneration in the SZ.

4. Discussion

We established a new modeling framework within 3-D biphasic FEs that includes
time-dependent, chemo-mechano-biologically induced turnover of key constituents within
cartilage resulting from biochemical, mechanical, and/or biological activity. FE analyses have
previously been leveraged to model mechanoadaptation of tissues, e.g. arteries and bones
[87, 88], many with phenomenological approaches. Our novel computational framework
is the first to fully integrate a nonlinear, large-strain constitutive model for the biphasic
mechanics of cartilage with a signaling-pathways biochemical model of cartilage which
drives growth-and-remodeling, and which feeds back to alter the mechanics. In formulating
our signaling-pathways biochemical model we included the “minimally essential,” yet still
complex, chemical and mechanobiological mechanisms within cartilage.

The biological complexity of cartilage led us to formulate a simplified model capturing
minimally essential mechanisms within a flexible and expandable framework. Thus,
we defined the overall interactions among mechanical stimuli and biological/biochemical
constituents, namely chondrocytes, collagenases, aggrecanases, TIMP, growth factors, and
pro-inflammatory cytokines, and their combined action on cartilage degeneration (specifically
collagens and proteoglycans). We also estimated the required rate parameters based on
available experimental data [46]. We further extended our prior work by establishing coupling
functions, i.e. functions that couple intra-tissue conditions or results from multi-physics
simulations, to inform our signaling-pathways biochemical model. In our prior work we
included adapting mechanical stimuli functions fs(ow(x),7) and fs(oi(x),7) to inform
mechanobiology of chondrocytes [46]. In this work we also included a novel metabolic activity

function fa(Os(x),T) to inform cellular metabolism based on availability of oxygen.

4.1. Finite element simulations of cartilage during cyclic compression

We exercised our full modeling framework using cyclic, confined compression applied to a

full-thickness cartilage explant. Cyclic, confined compression is relevant to walking, running,
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and overloading in-vivo and presents similar poroelastic creep over time [84, 89|, cf. Fig. .
We choose an axisymmetric representation of our BVP to reduce the computational cost in
illustrative simulations, without limiting the generality of our 3-D framework. Simulations
required approximately 120 hours on a Linux PC with an Intel Core i7-9700 CPU and
16 GB RAM. Implementing our CMB framework within 3-D FEs facilitates more realistic
through-thickness material and structural properties that better reflect the real intra-tissue
mechanics of cartilage, similar to our previous work [48, [49] 56| 57].

We observe realistic evolutions of interstitial fluid pressure in our simulations of
degeneration similar to early-stage OA. In health, compression of cartilage pressurizes
interstitial fluid, as the extracellular matrix has a very low permeability and collagen
fibrils direct fluid flow to help prevent fluid exudation [90, O1]. In disease and OA, the
previously densely packed proteoglycan and networked collagen are damaged, and thus
retarding cartilage’s ability to retain fluid pressure. In Studies 1-3 we observe that fluid

pressure decreases slightly as cartilage degenerates (cf. Figs. Bf(e), [6](e), and [Jfe)) and the
porosity increases (cf. Figs. B(f), [6[f), and [9[f)).

4.2. Studies 1-3: Cartilage degeneration during cyclic overloading

The results from Studies 1 and 2 do not reflect experimental evidence on the
evolution of degeneration in wvivo, i.e. thickness can stabilize [92], O3] and cartilage loss is
generally heterogeneous [94, 95]. In Study 1 we considered spatially constant homeostatic
values without homeostatic adaptation and spatially constant metabolic activity, i.e.
uniform through the thickness. Since there is no adaptation of homeostatic values,
cartilage progressively and homogeneously looses thickness under the activation of latent
pro-inflammatory cytokines and upregulation of collagenases and aggrecanases (cf. Fig.
. We included homeostatic adaptation in Study 2 and, as expected, we see cartilage
achieves a new equilibrium after approximately 12 months (cf. Fig. . Nonetheless, the
through-thickness pattern of degeneration remains homogeneous. Experimental evidence
suggests that cartilage loss is most pronounced in the SZ and is progressively reduced through
the thickness [94], behavior that Studies 1 and 2 fail to capture.

In Study 3 we further included depth-dependent metabolic activity, and results on the
evolution of constituents both stabilize and present depth-dependent variations (cf. Fig. .
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These results are more realistic, as we see greatest degeneration and loss of cell density in
the SZ which gradually decreases towards the DZ. Furthermore, the pattern of cartilage
degeneration qualitatively represents histological images on the progression of OA [95H98].
In Fig. we show full-thickness cross-section of cartilage evolving in Studies 1, 2, and 3
(thus progressively increasing the complexity of our CMB framework) against histological
images of progressively degenerated cartilage quantified via the OARSI grading system [96].
Cartilage evolves from healthy (0 month) to progressively degenerated in 12 and 24 months.
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Figure 12: Full-thickness cross-section of cartilage evolving in Studies 1, 2, and 3 (with
progressively increasing complexity of the CMB framework) against histological images
of progressively degenerated cartilage (adapted for illustration from Pierce imLab [98]).
Normalized degeneration (i.e. loss of masses of constituents presenting as loss of thickness) at month 0
(baseline), 12, and 24 predicted in (a) Study 1, (b) Study 2, and (c¢) Study 3. (d) Histological images of

progressively degenerated cartilage adapted for illustration from Pierce imLab [98].

In Studies 1 and 2 cartilage homogeneously looses approximately 27% and 11% of its initial
thickness, respectively. In study 3, including increased complexity of the CMB framework,
cartilage looses approximately 10% of its initial thickness with heterogeneous losses of 12%,
7%, and 2% within the superficial, middle, and deep zones. While no references currently

report quantitative data on the through-thickness loss of cartilage thickness it is clear that
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the loss is heterogeneous with loss most pronounced within the superficial zone [99).

In our CMB framework, incorporation of oxygen-dependent, and consequently
depth-dependent, metabolic activity (exercised in Study 3) yields more realistic numerical
predictions of cartilage degeneration (cf. Fig. . This refinement is particularly relevant
as chondrocytes, unlike cells in oxygen-rich tissues such as arteries or muscles, thrive
in hypoxic (low-oxygen) environments. Elevated oxygen levels in cartilage, therefore,
exacerbate degradation processes more than hypoxic conditions [I00, T0I]. Furthermore,
there is compelling evidence linking oxidative stress to progressive cartilage degeneration
[102, 103]. Recent advancements in strategies to treat OA focused on mitigating oxidative
damage by reducing the production of nitric oxide and reactive oxygen species through
hypoxia-based interventions [I04]. The discovery of hypoxia-inducible factor has further
invigorated this research direction, with experimental findings suggesting that hypoxia not

only inhibits cartilage degradation but also promotes its regeneration [105].

4.8. Limitations and outlook

To establish and exercise our chemo-mechano-biological framework we focus on a select
group of “minimally essential” signaling pathways while recognizing many more exist [106].
We categorize chemical species based on their general roles in the evolution of cartilage
although there are variations in specific impacts within these categories. Specific proportions
of these chemical species within cartilage remain unknown. Our model assumes chondrocytes
alone produce cytokines and enzymes. However, fibroblasts, macrophages, and synoviocytes
outside cartilage also express pro-inflammatory cytokines, collagenases, and aggrecanases
that contribute to cartilage degradation [107, [I08]. Latent growth factors, for example, can
also be activated by reactive oxygen species (ROS), nitric oxide (NO), MMP3, and protein
interactions, in addition to shear stresses [72], [73]. While incorporation of depth-dependent
metabolic activity (exercised in Study 3) yields more realistic numerical predictions of
cartilage degeneration we acknowledge that a (relatively simple) depth-dependent tuning
parameter may not fully capture realistic heterogeneity. With more experimental data, we
can better calibrate and validate our framework, thus refining model parameters, or even
extend the complexity of our framework. Our framework could be extended using additional

ODEs, for example, to model time-dependent hypoxia-inducible factor-1ae (HIF-1«v) signaling
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that stabilizes the cartilage phenotype [109] and sustains chondrocyte metabolism [TO9HITT].

We implemented our framework within 3-D nonlinear FEs, an advancement that affords
much greater versatility, specifically in representing intra-cartilage heterogeneity and by
enabling diverse BVPs. We included our image-driven, heterogeneous constitutive model
of cartilage [48], as well as the mechanical effects of osmotic swelling [49], to capture
through-thickness heterogeneity in intra-cartilage mechanics. We proposed metabolic
cell activity driven by the local availability of oxygen, an advancement that introduces
realistic, through-thickness patterns of degeneration in cartilage. To enable patient-specific
analyses within our framework we have also established a fully automated and publicly
available workflow to generate patient-specific models from research or clinical Magnetic
Resonance Images (MRIs). First, we provide a customized convolutional neural network to
automatically segment MRIs of human knees [I12]. Second, we provide custom software to
then automatically generate hexahedral meshes of patient-specific structures of the human
knee, i.e. femoral/tibial cartilages and menisci, faithfully representing the geometries with
high-quality FEs [I13]. Our novel suite of software tools will allow us and others to advance
understanding of patient-specific pathological changes due to biomechanical factors, improve
clinical diagnostics and therapies, and enable new methods for non-invasive diagnosis and
pre-/post-operative decision making. Our chemo-mechano-biological framework for evolving
cartilage is publicly available for download and academic use as a plugin for FEBio at

https://github.uconn.edu/imLab/FEVGnR-Plugin.
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Appendix A
In Fig. we show direct comparison of our original implementation within
MATLAB R2021b (including a hyperelastic constitutive model of cartilage) [46] with our
implementation using FEBio 4.2 (including a biphasic constitutive model of cartilage). Our
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Figure 13: Direct comparison of the evolution of cartilage during overloading simulated within
MATLAB R2021b (hyperelastic) [46] and within FEBio 4.2 (biphasic).
650
simulation using FEBio leverages a single, unit-cube finite element to verify the correct
implementation of our system of ODEs (12 - (24).
Appendix B
In Tables [6] and [7] we list the model parameters for our signaling-pathways biochemical
ess model of cartilage (§2.2)) [46].
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Table 6: Cellular and structural rate parameters for cartilage [46]. Definitions, values, and

proteoglycan degradation

references.
Parameter  Definition Value [month~!]  Notes and References

r{ Rate of baseline chondrocytes 4.5 x 1072 Equal r§; balancing source/sink terms
proliferation at homeostasis

rS Rate of chondrocytes population 4.0 x 1071 Combined anabolic cytokines and
dynamics sensitivity to anabolic growth factor effects [69] [114]
cytokines and growth factors

r§ Rate of baseline chondrocytes death 4.5 x 10~2 Extrapolating the apoptosis rate of

normal chondrocytes [115]

Ty Rate of proliferating chondrocytes 1.0 x 102 Growth factors cause proliferation;
converting into hypertrophic fraction of the proliferating
chondrocytes chondrocytes become hypertrophic

[69] [116]

rE Rate of activated pro-inflammatory 1.0 x 101 Pro-inflammatory cytokines cause cell
cytokines driven cell death death [60]

% Rate of proliferating chondrocytes  1.0x 1072 Equal to 1§, cellilar species
converting into hypertrophic conversion; Growth factors cause
chondrocytes proliferation; fraction  of  the

proliferating chondrocytes become
hypertrophic

r%‘c Rate  of  baseline  hypertrophic 4.5 x 1071
chondrocytes death

"~/ Rate of baseline necrotic chondrocytes  1.0x 10°  Fraction of normal chondrocytes
death become necrotic due to high impact

injurious loading

"~ #°  Rate of baseline collagen deposition by 6.4x10~*  Equal r§°; balancing source/sink terms
chondrocytes at homeostasis
Rate of growth factors driven increase 1.0 x 1071 Growth factors increase collagen
in collagen deposition by chondrocytes deposition [117]

Rate of collagenase—driven functional 6.4 x 104 Based on the half lives of collagen in
collagen degradation cartilage [118]

Rate of collagenase-driven damaged 1.0 x 10° Damaged collagen degrades faster than
collagen degradation functional collagen

77777777 Rate of baseline proteoglycan 23 x10~3  Equal r£% balancing source/sink
deposition by chondrocytes terms at homoeostasis
Rate of growth factors driven 1.0 x 1071 Growth factors increase PG deposition
increase in proteoglycan deposition by [I17]
chondrocytes
Rate of aggrecanase—driven 2.3 x 1073 Based on the half lives of PG in

cartilage [119, [120]
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Table 7: Biochemical rate parameters for cartilage [46]. Definitions, values, and references.

Parameter  Definition Value [month~™!]  Notes and References
rf*e Rate of baseline latent growth factors 5.0 x 10! Equal rgﬁ ; balancing source/sink
secretion by chondrocytes
rgﬁ Rate of latent growth factor secretion 5.0 x 103
by chondrocytes mediated by active
growth factors
réﬁ Rate of baseline degradation of latent 5.0 x 10! Based on half lives of growth factors in
growth factors cartilage [12IHI23]
rﬁﬁ Rate of latent growth factor converting 5.0 x 10~1 Active growth factor has very low
to active form by mechanical stimuli concentration in cartilage [124]
/% Rateoflatent growth factor converting 5.0 x 10-'  Equal to r.°, cellular species
to active form by mechanical stimuli conversion
5 Rate of baseline degradation of active 5.0 x 101 Equal rgﬁ; same rate of degradation as
growth factor latent growth factors
"~  Rate  of  baseline  latent  50x10'  Bqual r’’; balancing source/sink
pro-inflammatory cytokines secretion
by chondrocytes
rgp Rate of latent pro-inflammatory 5.0 x 103
cytokines secretion by chondrocytes
triggered by active cytokines
rgp Rate of latent pro-inflammatory 1.0 x 10°
cytokines inhibition by active growth
factors
rﬁp Rate of baseline latent 5.0 x 100
pro-inflammatory cytokines secretion
by necrotic chondrocytes
rép Rate of baseline degradation of latent 5.0 x 101 Based on half lives of
pro-inflammatory cytokines pro-inflammatory cytokines in
cartilage [125H127]
rép Rate of latent pro-inflammatory 1.0 x 10° Active pro-inflammatory cytokines has
cytokines converting to active form by very low concentration in cartilage
mechanical stimuli
"~ Rate of latent proinflammatory  50x 10~  Equal to r, cellular species
cytokines converting to active form by conversion
mechanical stimuli
rg Rate of baseline degradation of active 5.0 x 101 Equal rgp; same rate of degradation as

pro-inflammatory cytokines

latent pro-inflammatory cytokines
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Table 7: Biochemical rate parameters. Definitions, values, and references (cont. I).

Parameter  Definition Value [month™1] Notes and References

r{® Rate of baseline collagenase secretion 4.6 x 109 Equal r£? + rg?; balancing source/sink
by chondrocytes terms at homeostasis

r§? Rate of pro-inflammatory 6.0 x 102
cytokines-driven upregulation in
collagenase secretion by chondrocytes

rg? Rate of growth  factors-driven 1.0 x 10°
downregulation in collagenase
secretion by chondrocytes

e Rate of baseline collagenase secretion 1.0 x 102 Hypertrophic chondrocytes express
by hypertrophic chondrocytes collagenases [128]

red Rate of baseline collagenase 4.2 x 109 Based on the half lives of collagenase
degradation in cartilage [42] [129]

re? Rate of TIMP-mediated collagenase 0.1r§%* = 4.2 x 107! Assuming additional 10% degradation
degradation by TIMP complex of collagenase and

aggrecanase [42]
4% Rate of baseline aggrecanase secretion  14x 102 Bqual r28 +72%; balancing source/sink

by chondrocytes terms at homoeostasis

r5® Rate of pro-inflammatory 5.0 x 103
cytokines-driven upregulation in
aggrecanase secretion by chondrocytes

r;g Rate  of growth  factors-driven 1.0 x 10°
downregulation in aggrecanase
secretion by chondrocytes

rzg Rate of baseline aggrecanase secretion 1.0 x 102 Hypertrophic chondrocytes express
by hypertrophic chondrocytes aggrecanases [128|

ng Rate of baseline aggrecanase 1.4 x 102 Based on the half lives of aggrecanase
degradation in cartilage [130]

rgg Rate of TIMP-mediated aggrecanase 4.2 x 1071 Equal to rg%; additional degradation

degradation

by TIMP complex of collagenase and

aggrecanase [42]
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Table 7: Biochemical rate parameters. Definitions, values, and references (cont. II).

Parameter  Definition Value [month~™!]  Notes and References
ril Rate of baseline TIMP secretion by 1.4 x 102 Equal r}) + rjl + r}); balancing
chondrocytes source/sink
ri2 Rate of growth factors-driven increase 1.0 x 101

in TIMP by chondrocytes

r:ig Rate of baseline TIMP degradation 1.4 x 102 Based on the half lives of aggrecanase
and uptake by chondrocytes in cartilage [131]
rjl Rate of TIMP degradation of TIMP 4.2 x 1071 Equal rg*

and collagenase complex
ri Rate of TIMP degradation of TIMP 4.2 x 1071 Equal rg®

and aggrecanase complex
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