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Abstract

Background and Objective: Osteoarthritis (OA) is a pervasive and debilitating disease,

wherein degeneration of cartilage features prominently. Despite extensive research, we do

not yet understand the cause or progression of OA. Studies show biochemical, mechanical,

and biological factors affect cartilage health. Mechanical loads influence synthesis of

biochemical constituents which build and/or break down cartilage, and which in turn affect

mechanical loads. OA-associated biochemical profiles activate cellular activity that disrupts

homeostasis. To understand the complex interplay among mechanical stimuli, biochemical

signaling, and cartilage function requires integrating vast research on experimental mechanics

and mechanobiology—a task approachable only with computational models. At present,

mechanical models of cartilage generally lack chemo-biological effects, and biochemical

models lack coupled mechanics, let alone interactions over time.

Methods: We establish a first-of-its kind virtual cartilage: a modeling framework that

considers time-dependent, chemo-mechano-biologically induced turnover of key constituents

resulting from biochemical, mechanical, and/or biological activity. We include the

“minimally essential” yet complex chemical and mechanobiological mechanisms. Our 3-D

framework integrates a constitutive model for the mechanics of cartilage with a novel

model of homeostatic adaptation by chondrocytes to pathological mechanical stimuli, and a
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new application of anisotropic growth (loss) to simulate degradation clinically observed as

cartilage thinning.

Results: Using a single set of representative parameters, our simulations of immobilizing and

overloading successfully captured loss of cartilage quantified experimentally. Simulations

of immobilizing, overloading, and injuring cartilage predicted dose-dependent recovery

of cartilage when treated with suramin, a proposed therapeutic for OA. The modeling

framework prompted us to add growth factors to the suramin treatment, which predicted

even better recovery.

Conclusions: Our flexible framework is a first step toward computational investigations of

how cartilage and chondrocytes mechanically and biochemically evolve in degeneration of

OA and respond to pharmacological therapies. Our framework will enable future studies

to link physical activity and resulting mechanical stimuli to progression of OA and loss of

cartilage function, facilitating new fundamental understanding of the complex progression

of OA and elucidating new perspectives on causes, treatments, and possible preventions.

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

osteoarthritis, homeostatic adaptation

1. Introduction1

Osteoarthritis (OA) is a debilitating disease that impacts a significant portion of the2

population worldwide [1]. OA is the failure of an organ, the synovial joint, wherein the3

degeneration and loss of cartilage and cartilage function feature prominently. Nearly 20%4

of people in the US alone suffer from OA [2], which affects quality of life through pain,5

functional limitations, lost earnings, anxiety, and depression. Treatment remains primarily6

symptomatic, as no cure yet exists [3]. Despite the impact of the disease itself and an7

extensive body of research, we do not yet understand the cause or progression of the disease.8

Healthy articular cartilage comprises, by percentage wet weight, heterogeneously9

distributed fluid and electrolytes (68-85%), collagen fibers (15-25%), proteoglycans (PG,10

5-10%), and chondrocytes (primary cell type, <4%) [4]. The heterogeneous solid phase11

of cartilage is the extra-cellular matrix, or ECM, and is made up of a negatively charged12

proteoglycan mesh and a fiber network of predominantly type II collagen (COL2), both of13
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which contribute to mechanical stiffness of the tissue and permeation of the fluid within the14

tissue. The remarkable mechanics of healthy cartilage derive from the complex interactions15

of proteoglycans, collagens, and electrolytic fluid [5, 6].16

Biomechanical investigations indicate that mechanical stimuli typically experienced in17

daily activities (i.e. physiological loading) maintain homeostasis in cartilage, while loading18

schemes outside the physiological range (i.e. non-physiological stimuli) play a key role in19

the natural history of OA. Both reduced loading (e.g. immobilization) and overloading20

(e.g. impact trauma) induce molecular, morphological, and mechanical changes that lead21

to softening, fibrillation, ulceration, and erosion of the cartilage [7]. Under homeostatic22

physiological loading, chondrocytes maintain a balance between the degradation and23

synthesis of ECM [8]. Chondrocytes subjected to increased cyclic hydrostatic pressure in24

vitro increase synthesis of proteoglycan; whereas, increased cyclic tension increases their25

synthesis of collagen [9–13]. Reduced mechanical loading reduces the synthesis activity of26

the chondrocytes: for example, long-term immobilization leads to ECM loss and cartilage27

thinning [13]. Excessive mechanical loading also leads to ECM loss [8, 13, 14]. Both the28

amplitude and frequency of mechanical loads demonstrate significant effects on the synthesis29

of ECM molecules and on the biochemical agents that lead to ECM breakdown [9, 15].30

Chondrocytes not only respond to mechanical loading, but also become “activated” in31

OA [1], exhibiting increased production of matrix-degrading enzymes, which disrupt the32

homeostatic balance between synthesis and degradation of ECM constituents [1, 7, 16].33

Pro-inflammatory cytokines, e.g. tumour necrosis factor TNF-α and interleukin IL-1β,34

induce chondrocytes to upregulate matrix metalloproteinases (MMPs) and a disintegrin35

and metalloproteinase with thrombospondin motifs (ADAMTS), causing degradation [7,36

16, 17]. The activity of pro-inflammatory cytokines along with MMPs and ADAMTSs37

produce more fibronectin fragments (Fn-fs), which in turn provoke further upregulation38

of pro-inflammatory cytokines [18].39

Pro-inflammatory cytokines also directly and indirectly cause apoptosis and necrosis of40

chondrocytes [19], and chondrocyte apoptosis is a central feature in the degeneration of41

osteoarthritic cartilage [20]. Chondrocytes in OA cartilage exhibit both proliferative and42

apoptotic activities [13, 20–25], but researchers have shown chondrocyte death correlates43
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with OA across diverse species (e.g. rabbits, dogs, mice, horses, and humans) [20, 25–34].44

Moreover, the prevalence of apoptotic cells correlates significantly with OA histopathological45

severity [26, 29, 31, 33, 35–38]. The implications of chondrocyte death are significant, given46

the paucity of chondrocytes even in healthy cartilage tissue.47

In OA, remaining viable chondrocytes respond to the upregulation of catabolic agents48

with attempts to mediate adverse effects by expressing more anabolic cytokines like growth49

factors, e.g. transforming growth factor (TGF-β) and bone morphogenetic protein (BMP).50

A large family of growth factors stimulate chondrocytes to synthesize more PG and COL2,51

and may block the activity of pro-inflammatory cytokines [39]. For example, tissue52

inhibitors of metalloproteinases (TIMPs) naturally inhibit MMPs and ADAMTS [40, 41],53

and TIMP-3 in particular inhibits both MMPs and ADAMTS in human cartilage [42, 43].54

The well-established drug suramin [44, 45] prevents uptake of TIMP by cells to ensure more55

TIMP remains present in cartilage. Thus suramin shows great promise to reduce degradation56

of cartilage and was recently proposed as a treatment for that very reason [46].57

Our understanding of OA is far from complete, but research has generated an enormous58

body of literature on experimental cartilage mechanics and mechanobiology, illuminating59

pieces of a dynamic whole, and computational models help us understand the bigger-picture60

puzzle of evolving interplay among mechanical stimuli, biochemical signaling pathways, and61

cartilage function. Existing computational models put together subsets of the puzzle pieces62

available in the literature—mechanical, biochemical, functional, and temporal—but none63

have combined all four. Current computational models of cartilage include mechanical64

damage [47, 48] or degeneration resulting from excessive, repetitive loading [49, 50], but65

do not explicitly include biochemical processes. Mechanobiological models of cartilage that66

consider the combined effects of mechanical stimuli and chemo-biological actions do not67

include longitudinal changes in content and organization of constituents or longitudinal68

changes in volumetric loss [51–54]. Longitudinal changes dictate the condition of cartilage69

in health, disease, and treatment, and are critical to understanding the big-picture puzzle.70

The generalized theory of ‘growth and remodeling’ of soft tissues provides an appealing71

approach to model tissues in health and disease [55–59], but to date, models using this72

approach do not encompass the full chemo-mechano-biological complexity of cartilage73
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described in the literature. Previously reported growth-and-remodeling-based models of74

native and engineered cartilage capture changes in composition and volume, yet do not75

consider coupled chemical effects [60, 61]. Similarly, reported biochemical models of cartilage76

do not include the full effects of mechanical stimuli [62, 63]. Furthermore, to better77

understand the cause and progression of disease, evidence suggests a need for computational78

frameworks to also include cell-signaling pathways [64]. We aim to capture the “minimally79

essential” longitudinally evolving chemo-mechano-biological complexity of cartilage within a80

computational framework sufficiently flexible to enable future modifications, extensions, and81

experimental validations.82

In this study we establish and exercise a novel 3-D, mathematical framework for83

modeling the coupled evolution of chemical, mechanical, and biological constituents of84

cartilage resulting from intra-tissue mechanical and chemical environments, and the health85

of chondrocytes, and resulting in through-thickness volumetric loss. We couple a new86

biochemical pathway model, e.g. [65], to our existing constitutive model of cartilage [66, 67] to87

predict the evolution of key cellular and biomolecular species during physiologically relevant88

mechanical and/or chemical loading. Moreover, we introduce a novel model for homeostasis89

and adaptation, where cartilage adapts to pathological levels of mechanical stimuli causing90

perturbations to tissue homeostasis. We exercise our framework both mechanically and91

chemically to predict the coupled chemo-mechano-biological evolution of key constituents92

in cartilage and the resulting volumetric loss. First we predict the longitudinal effects of93

both immobilizing and overloading cartilage, both initiating the progression of OA, and94

compare our results against experimental measurements of thickness. Next, we predict the95

longitudinal effects of treatments with suramin, an established drug [44, 45] recently proposed96

for treatment of OA, after immobilizing and overloading of cartilage, and after high-impact97

injury.98

2. Methods99

Our coupled chemo-mechano-biological framework for modeling the evolution of cartilage100

is conceptually a 3-D multiscale, i.e. a coupled tissue-cellular-molecular, model comprising101

a finite-strain, biomechanical model capturing anisotropic growth and remodeling, and a102
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signaling-pathways model capturing the “minimally essential” interactions with chemical103

and biological constituents, cf. Fig. 1 for a schematic overview.104

Figure 1: Coupled tissue-cellular-molecular interactions in our modeling framework

for cartilage. (a) Cartilage experiences mechanical loads and chemical treatments during

daily activities or pharmacological interventions (see §2.1). (b) Cells (chondrocytes) respond to

intra-tissue stresses and chemicals while, at the molecular level, collagenases and aggrecanases

cleave polypeptide chains and aggrecan core proteins, respectively (see §2.2). During normal

physiological loading, chondrocytes maintain balance between production of structural constituents,

i.e. type II collagen and proteoglycan, and their respective degrading proteinases, i.e. collagenases

and aggrecanases, resulting in tissue homeostasis. Pathological loading causes imbalance with

activation of growth factors and pro-inflammatory cytokines and induces chondrocytes to upregulate

production of collagenases and aggrecanases, thereby degrading collagen and proteoglycan, thinning

cartilage, and altering intra-tissue stresses. Pharmacological interventions, e.g. cell therapy, drug

delivery, etc., may alter interactions among tissue, cells, and molecules.

2.1. Model formulation I: Biomechanical constitutive model of cartilage105

2.1.1. Anisotropic description of growth106

We exploit the very different time scales between daily activities causing deformations107

of cartilage, e.g. walking (t in seconds), and progression of OA causing changes in the108

constituents and subsequently the volume (τ in months or years). With these two time109

scales we perform a multiplicative decomposition of the total deformation gradient F(τ, t) =110

Fe(t)Fg(τ), cf. Fig. 2.111
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Figure 2: Kinematics of growth in cartilage. The total deformation gradient F(τ, t) maps

the reference configuration B0 to the current configuration Bτ . The growth deformation gradient

Fg(τ) maps the reference configuration B0 to the intermediate, stress-free growth configuration

Bg. Mechanical and/or biochemical stimuli cause the growth or degradation of structural

components m̂pg and m̂co, representing the normalized proteoglycan (PG) and collagen (CO)

content, respectively. The elastic deformation gradient Fe(t) maps the intermediate, stress-free

growth configuration Bg to the current configuration Bτ .
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Chondrocytes within cartilage respond to mechanical and biochemical stimuli and112

cause growth and degradation of structural and biochemical constituents resulting113

in volume loss/gain that affects subsequent biomechanical loading conditions. Here114

the (volumetric) growth deformation gradient Fg(τ) captures the volumetric changes115

(det Fg = det F = v̂(τ)), where v̂ is the normalized volume change. We constrain the elastic116

deformation gradient det Fe(t) → 1 to ensure incompressible elastic deformations [56].117

We introduce through-thickness volume growth (TVG) to model the degradation of

cartilage in OA as,

Fg = I + (v̂ − 1)n⊗ n, (1)

where I is the identity and n is a distribution of unit vectors normal to the subchondral bone118

and attached to the cartilage layer. See Appendix A for further details.119

2.1.2. Biomechanical constitutive model of cartilage120

To describe the mechanics of cartilage we use a nonlinear, finite-strain constitutive model

based on a convex strain energy function Ψ. We employ a multiplicative split of Ψ into

volumetric and isochoric contributions, using the elastic deformation gradient Fe = J
(1/3)
S F,

where JS = det(Fe) and det(F) = 1, and the elastic right Cauchy-Green tensor Ce = J
(2/3)
S C,

where C = FTF [68]. We define the decoupled form,

Ψ = U(JS(t)) + Ψ
S
, (2)

with U(JS(t)) = κ[JS(t) − v̂]2/2, where κ is a stress-like material parameter used to enforce121

near incompressibility.122

We employ an additive decomposition of the superimposed solid Helmholtz free energy

Ψ
S

into Ψ
S

IM and Ψ
S

FN, which defines the isotropic matrix and anisotropic fiber network as,

Ψ
S

= (1 − ν)ρ̂pgΨ
S

IM

(

Ī1
)

+ νρ̂coΨ
S

FN

(

Ī4,M
)

, (3)

where ν(τ) = (ν0m̂fn
co)/[ν0m̂co + (1 − ν0)m̂pg] is the evolving volume fraction of collagen with123

ν0 its initial volume fraction, and m̂pg(τ) and m̂co(τ) = m̂fn
co(τ) + m̂dm

co (τ) are the evolving124

normalized masses of proteoglycan and total collagen, respectively, and ρ̂pg(τ) and ρ̂co(τ) are125

the evolving normalized densities of proteoglycan and collagen, respectively. Additionally,126
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m̂co(τ) = m̂fn
co(τ) + m̂dm

co (τ), where m̂fn
co and m̂dm

co are the functional and damaged collagen,127

respectively (see128

We define the evolving normalized volume change as,

v̂ = νρ̂com̂co + (1 − ν)ρ̂pgm̂pg, (4)

and we assume constant constituent densities, i.e. ρ̂co = ρ̂pg = 1 [56]. Since we model volume129

changes using TVG, v̂ equals the normalized change in thickness ĥ.130

We model the densely packed proteoglycan using a neo-Hookean strain energy function

Ψ
S

IM

(

Ī1
)

= µ
(

Ī1 − 3
)

/2, where µ is Lamé’s second parameter, a stress-like material

parameter corresponding to the shear modulus of the ground matrix in the reference

configuration. We model the anisotropic and nonlinear contributions of networked collagen

fibers to the total strain energy of total solid as [66],

Ψ
S

FN

(

Ī4,M
)

=

∫

Ω

ρ(M)w
(

Ī4
)

dΩ, (5)

where, ρ(M) is the angular density of fibers (the orientation distribution function) with

1/(4π)
∫

Ω
ρ(M) dΩ = 1 where Ω = M ∈ R

3 : |M| = 1 is the unit sphere. Without loss

of generality we assume ρ(M) produces a isotropic (spherical) distribution in the local

orientation of collagen fibers, for more details see Pierce et al. [66] and Wang et al. [67].

We define the strain energy of single fibers of reference angular orientation M as,

w
(

Ī4
)

=
k1
2k2

{

exp[k2(Ī4 − 1)2] − 1
}

H(Ī4 − 1), (6)

where the fourth pseudo-invariant Ī4 is the square of the stretch of a fiber in the direction131

m = FM, i.e. Ī4(M) = λ2(M) = M · CM, k1 > 0 and k2 > 0 are a stress-like material132

parameter and a dimensionless parameter, respectively, and H is the Heaviside step function133

evaluated at (Ī4 − 1), i.e. the collagen fibers only engage under tensile stretch. We evaluate134

the integral in (5) numerically [69].135

2.2. Model formulation II: Signaling pathways biochemical model136

To describe the time evolution of chemical, structural, and cellular species we establish137

a system of ordinary differential equations (ODEs). We list the chemical, structural, and138

cellular variables in our model in Table 1, along with a reference number for plotting variables139
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Table 1: List of Variables. Symbols and definitions.

Number Variable Definition

(a) ĥ Thickness of cartilage

(b) m̂co Mass of collagen including functional and damaged

(c) m̂pg Mass of proteoglycan (PG)

(d) n̂c Number of living chondrocytes

(e) n̂nc Number of necrotic chondrocytes

(f) n̂hc Number of hypertrophic chondrocytes

(g) ĉi Concentration of TIMPs

(h) ĉca Concentration of collagenases (MMPs)

(i) ĉag Concentration of aggrecanases (ADAMTSs)

(j) ĉℓβ Concentration of latent growth factors

(k) ĉℓp Concentration of latent pro-inflammatory cytokines

(l) ĉβ & ĉp Concentration of active growth factors ĉβ (solid line)

and active pro-inflammatory cytokines ĉp (dashed)

(m) m̂fn
co Mass of functional type II collagen

(n) m̂dm
co Mass of damaged type II collagen

(o) ĉsm Concentration of suramin

in the results (§3). We provide a schematic overview of the signaling pathways for our140

chemo-mechano-biological model in Fig. 3.141

Chondrocytes, the primary cell type in cartilage, are quiescent cells, i.e. in healthy

equilibrium chondrocytes do not proliferate [70]. Production of chondrocytes (n̂c) occurs

in proportion to the number of chondrocytes and is mediated by the active growth

factors ĉβ [71]. Moderate physiological loading maintains cartilage homeostasis; however,

in overloading and reduced loading, a fraction of proliferating cells become hypertrophic

and lose their differential phenotype [72, 73]. Activated pro-inflammatory cytokines (ĉp)

directly cause cell apoptosis [74]. Therefore, loss of chondrocytes stems from natural

decay, phenotypic switching of chondrocytes to hypertrophic chondrocytes (regulated by

growth factors), and apoptosis driven by pro-inflammatory cytokines (ĉp). Consequently,

for hypertrophic chondrocytes (n̂hc), production occurs during the phenotypic conversion

of normal chondrocytes (n̂c) to hypertrophic chondrocytes in the presence of active growth

factors (ĉβ) which degrade naturally. Additionally, a fraction of living chondrocytes become

necrotic during impact loading [75], and go to apoptosis with an exponential decay. We

model the time evolution of the normal, hypertrophic, and necrotic chondrocytes in (7) - (9)
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Figure 3: Schematic of signaling pathways for our chemo-mechano-biological framework.

Chondrocytes express structural proteins collagen and proteoglycan, and secret aggrecanase and

collagenase to turnover proteoglycan and collagen, respectively. Chondrocytes also produce latent

cytokines and growth factors. Non-physiological loading conditions cause activation of latent

chemical species. Active pro-inflammatory cytokines upregulate production of both aggrecanase

and collagenase including upregulation of latent pro-inflammatory cytokines. Conversely, active

growth factors upregulate production of proteoglycan and collagen, proliferate chondrocytes, and

promote production of latent growth factors. Tissue inhibitors of matrix metalloproteinases

(TIMPs) inhibit production of aggrecanase and collagenase, while active growth factors upregulate

production of TIMP.
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as

dn̂c

dτ
= (rc1 + rc2ĉβ)n̂c − (rc3 + rc4ĉβ + rc5ĉp)n̂c, (7)

dn̂hc

dτ
= rhc1 ĉβn̂c − rhc2 n̂hc, (8)

dn̂nc

dτ
= −rnc1 n̂nc, (9)

where rc1, rc2, rc3, rc4, rc5 are the rate parameters for normal chondrocytes; rhc1 , rhc2 are the142

rate parameters for hypertrophic chondrocytes; and rnc1 is the rate parameter for necrotic143

chondrocytes.144

We introduce two different masses of type II collagen: one is functional, load-bearing

collagen m̂fn
co and the other is damaged collagen m̂dm

co resulting from impact or injury. The

latter does not contribute to bearing load. Chondrocytes (n̂c) express structural proteins, i.e.

proteoglycan (m̂pg) and functional collagen (m̂fn
co), and active growth factors (ĉβ) upregulate

production [39, 76]. Proteoglycan and collagen degrade naturally by aggrecanases (ĉag)

and collagenases (ĉca), respectively. During injuries, functional collagen (m̂fn
co) may become

damaged (m̂dm
co ), and this degrades naturally in the presence of collagenases (ĉca). Total

collagen (m̂co) is the sum of m̂fn
co and m̂dm

co . We model the time evolution of proteoglycan,

and functional and damaged collagen in (10) - (12) as

dm̂pg

dτ
= (rpg1 + rpg2 ĉβ)n̂c − rpg3 ĉagm̂pg, (10)

dm̂fn
co

dτ
= (rco1 + rco2 ĉβ)n̂c − rco3 ĉcam̂

fn
co, (11)

dm̂dm
co

dτ
= −rco4 ĉcam̂

dm
co . (12)

In cartilage MMP–1, 3, 13 and ADAMTS–4, 5 are key collagenases and aggrecanases

that cause degradation of collagen and proteoglycan, respectively [77, 78]. Chondrocytes

(n̂c) produce both collagenases (ĉca) and aggrecanases (ĉag) and production is upregulated

in the presence of active pro-inflammatory cytokines (ĉp) [79, 80]. However, active growth

factors (ĉβ) inhibit the production of collagenases and aggrecanases [81]. Hypertrophic cells

(n̂hc) express aggrecanases and collagenases [82]. Degradation results from natural decay,

decay of the inhibitory complex of TIMP (ĉi), and both collagenases and aggrecanases. We
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model the time evolution of collagenases and aggrecanases in (13) and (14), respectively as

dĉca
dτ

=

[

rca1 + rca2 ĉp
1 + rca3 ĉβ

]

n̂c + rca4 n̂hc − (rca5 + rca6 ĉi)ĉca, (13)

dĉag
dτ

=

[

rag1 + rag2 ĉp
1 + rag3 ĉβ

]

n̂c + rag4 n̂hc − (rag5 + rag6 ĉi)ĉag. (14)

Chondrocytes (n̂c) produce TIMP (ĉi) and production is upregulated in the presence of

active growth factors (ĉβ) [81]. Degradation results from uptake of TIMP by chondrocytes

and decay of the inhibitory complex of TIMP with collagenases (ĉca) and aggrecanases (ĉag)

[83]. Suramin (ĉsm) prevents uptake of TIMP by chondrocytes and ensures more TIMP

remains present in cartilage [46], and suramin degrades naturally. We model the time

evolution of TIMP and suramin in (15) and (16), respectively as

dĉi
dτ

= (ri1 + ri2ĉβ)n̂c −

[

ri3n̂c

1 + ri4ĉsm
+ ri5ĉca + ri6ĉag

]

ĉi, (15)

dĉsm
dτ

= −rsm1 ĉsm. (16)

In our model growth factors represent a family of over 30 growth factors, e.g.

transforming growth factors or TGF-β1-3, activins, bone morphogenetic protein (BMP), and

growth/differentiation factors (GDFs) expressed in latent forms [81, 84, 85]. Production of

latent growth factors (ĉℓβ) occurs in proportion to the current number of normal chondrocytes

(n̂c) and production is upregulated in the presence of active growth factors (ĉβ). Growth

factors are bound by latency-associated peptides (LAPs) and latent TGF-β binding proteins

(LTBPs). These bonds need to be broken to activate growth factors [81]. Active growth

factors are minimally present in unloaded cartilage; however, mechanical forces such as shear

or compressive loading activate latent growth factors [73, 85–87]. Degradation of latent

growth factors therefore occurs during the conversion of latent growth factors to the active

form, caused by pathological mechanical stimuli (fS(σsh) > 0, see §2.3) and by natural decay.

Consequently, the production of active growth factors ĉβ occurs during this process. Active

growth factors also decay exponentially. We model the time evolution of latent and active

growth factors in (17) and (18), respectively as

dĉℓβ
dτ

= (rℓβ1 + rℓβ2 ĉβ)n̂c − (rℓβ3 + rℓβ4 fS(σsh))ĉℓβ, (17)

dĉβ
dτ

= rβ1 fS(σsh)ĉℓβ − rβ2 ĉβ. (18)
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Two key cytokines involved in joint inflammation are IL-1β and TNF-α, and

these are expressed in latent form [88]. Active cytokines upregulate production of

latent pro-inflammatory cytokines [79, 80]. Normal chondrocytes (n̂c) produce latent

pro-inflammatory cytokines (ĉℓp), and these are upregulated by active pro-inflammatory

cytokines (ĉp). However, active growth factors (ĉβ) inhibit production of latent

pro-inflammatory cytokines [81]. Necrotic cells (n̂nc) also upregulate production of latent

pro-inflammatory cytokines. Degradation results from natural decay and conversion of

latent pro-inflammatory cytokines to the active form (caused by pathological mechanical

stimuli). Physiological tensile loading inhibits the nuclear factor kappa B (NF-κB) signaling,

which activates pro-inflammatory cytokines [89, 90]. Hence, we hypothesize that fS(σ1) = 0

during physiological loading, and non-physiological (both immobilization and overloading)

loading activates latent pro-inflammatory cytokines (fS(σ1) > 0, see §2.3). Production of

active pro-inflammatory cytokines ĉp occurs during conversion of latent pro-inflammatory

cytokines (ĉℓp) caused by pathological mechanical stimuli, i.e. fS(σ1) > 0. Active

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

active pro-inflammatory cytokines in (19) and (20), respectively as

dĉℓp
dτ

=

[

rℓp1 + rℓp2 ĉp

1 + rℓp3 ĉβ

]

(1 + rℓp4 n̂nc)n̂c − [rℓp5 + rℓp6 fS(σ1)]ĉℓp, (19)

dĉp
dτ

= rp1fS(σ1)ĉℓp − rp2 ĉp. (20)

2.3. Model formulation III: Homeostasis and adaptation to mechanical stimuli145

Under physiological loading conditions, chondrocytes maintain homeostatic balance and

the constituents of cartilage remain unchanged. However, during non-physiological loading,

homeostatic balance is lost. Injurious or pathological mechanical stimuli, e.g. excessive

shear or tensile stresses, cause activation of both growth factors and pro-inflammatory

cytokines [79]. In our model, we consider pathological levels of first principal stress (σ1)

and maximum shear stress (σsh) as two mechanical stimuli that causes activation of latent

pro-inflammatory cytokines and growth factors, respectively. To incorporate mechanical

stimuli into our signaling pathways biochemical model (see §2.2), we introduce a piecewise
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continuous, well-shaped mechanical stimulus function, fS, defined as

fS =



























































fL,max, if σi(τ) ≤ σL
i,hom(τ) − wL

fL
(

σi(τ), σL
i,hom(τ), wL

)

, if σL
i,hom(τ) − wL < σi(τ) < σL

i,hom(τ)

0, if σL
i,hom(τ) ≤ σi(τ) ≤ σH

i,hom(τ)

fH
(

σi(τ), σH
i,hom(τ), wH

)

, if σH
i,hom(τ) < σi(τ) < σH

i,hom(τ) + wH

fH,max, if σi(τ) ≥ σH
i,hom(τ) + wH

, (21)

where fL and fH are sigmoidal functions, σi(τ) is the mechanical stimulus at evolution146

time τ with i ∈ {sh, 1}, σL
i,hom(τ) and σH

i,hom(τ) represent low (L) and high (H) homeostatic147

thresholds of mechanical stimulus σi(τ) (subscript comma does not indicate differentiation).148

The constants fL,max ∈ (0, 1] and fH,max ∈ (0, 1] are maximum values of fS under low149

and high pathological loading, and wL and wH are parameters controlling the width of150

the sigmoidal transition zones from physiological to pathological loading. During normal,151

physiological loading conditions, fS = 0. We provide a schematic representation of the152

mechanical stimulus function at a fixed time τ in Fig. 4.

Figure 4: Schematic of mechanical stimulus function fS. The stimulus function fS ∈ [0, 1]

is a double sigmoidal function of the mechanical stimulus σi(τ) (i ∈ {sh, 1}) and the high and

low homeostatic thresholds, σH
i,hom(τ) and σL

i,hom(τ), respectively. In normal physiological loadings,

fS = 0 while in pathological loadings fS > 0 and leads to activation of growth factors and cytokines

in the biochemical signaling pathway model (see §2.2).

153

We assume that the homeostatic thresholds may adapt [91] and we implement this

using an averaging scheme taking into account the temporal history of stimuli [92]. For
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immobilizing, we adapt the low homeostatic threshold σL
i,hom(τ) while σi(τ) ≤ σL

i,hom(τ) as

follows,

σL
i,hom(τ) =















σL,0
i,hom, if τ ≤ τLdel

min

[

σL,0
i,hom ,

(

∫ τ

τ−τL
σi(τ) dτ/τL

)

]

, if τ > τLdel

, (22)

where σL,0
i,hom denotes the prescribed initial values of the lower homeostatic threshold. The

parameters τLdel and τL control the time delay and temporal averaging period for adaptation

to immobilizing, respectively. Similarly, for overloading we adapt the high homeostatic

threshold σH
i,hom(τ) while σi(τ) ≥ σH

i,hom(τ) as follows,

σH
i,hom(τ) =















σH,0
i,hom, if τ ≤ τHdel

max

[

σH,0
i,hom ,

(

∫ τ

τ−τH
σi(τ) dτ/τH

)

]

, if τ > τHdel

, (23)

where σH,0
i,hom denotes the prescribed initial value of the high homeostatic threshold. The154

parameters τHdel and τH control the time delay and temporal averaging period for adaptation155

to overloading, respectively. See Appendix B for further details156

2.4. Computational implementation157

We exploited the very different time scales between daily activities, e.g. walking (seconds),

and progression of OA (months to years), which allows iterative rather than simultaneous

solutions. To exercise the coupled model we solved the system of equations ensuring

quasi-static mechanical equilibrium of a unit cube (in the absence of body forces), i.e.

divσ = 0, undergoing compression representative of loads acting within the human knee joint

during walking, immobilizing, overloading, and injury. We solved this system of equations

iteratively using an explicit method. We translated compressive forces acting within the

human knee joint to an equivalent force F acting on the unit cube (1 mm3) as [93],

F = M

(

as
ak

)

mbg (24)

where M is an activity-specific load multiplier, as = 1 mm2 is the contact area of the unit158

cube, ak = 958 mm2 is the average contact area within a human knee, mb = 70.8 kg is159

the average human body mass [94], and g = 9.81 m/s2 is the gravitational constant. The160
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load multipliers M for normal walking and downhill walking are 3.9 and 8, respectively161

[95]. We define the normal homeostatic loading range as 4 ≤ M ≤ 8 for a healthy adults.162

Consequently, we computed the initial values of the low and high homeostatic thresholds,163

σL,0
i,hom and σH,0

i,hom, using M = 4 and M = 8, respectively. For illustrative examples, we164

consider immobilizing (reduced loading) as M = 0.5 and overloading as M = 10.165

Given the current state of mechanical equilibrium we solved the system of ODEs (7) -166

(16) for the current time τ using a backward (finite difference) Euler approach. The initial167

condition for the normalized quantities n̂c, m̂co, m̂pg, ĉca, ĉag, ĉi, ĉℓβ, and ĉℓp was unity.168

Hypertrophic and necrotic chondrocytes are generally not present in healthy cartilage and169

so n̂hc and n̂nc started at zero. The active chemical species ĉp and ĉβ also started at zero170

since they are not activated unless cartilage is injured. Finally, the concentration of suramin171

ĉsm was set to zero except when prescribed explicitly. Each simulation starts from negative172

time, i.e. month −1, representing the healthy homeostatic condition prior to pathological173

loadings which start from month zero.174

We implemented both mechanical equilibrium and the coupled chemo-mechano-biological175

model using MATLAB R2021b (The Mathworks, Natick, MA). We solved for mechanical176

equilibrium (at time t) at each cartilage state (at time τ) using fsolve within MATLAB.177

After preliminary testing to ensure convergence, we chose the time step τ as 0.01 months.178

2.5. Model parameters179

2.5.1. Biomechanical constitutive model of cartilage180

We provide the material parameters for the constitutive model of cartilage (§2.1.2) in181

Table 2 [96].

Table 2: Material Parameters. Values and units [96].

Parameter Value Unit

µ 1 MPa

k1 3 MPa

k2 8 −−

ν0 0.8 −−

182
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2.5.2. Signaling pathways biochemical model183

Each of the constituents outlined in §2.2 and Table 1 naturally decay. We estimate the

corresponding rate parameter for the decay of the ith constituent λi as,

λi =
ln 2

ti1/2
, (25)

where ti1/2 is the half-life of the ith constituent.184

In healthy cartilage chondrocytes undergo apoptosis at the rate of approximately 0.15%185

per day, which results the half life of approximately 15 months [97]. We estimate the rate186

parameter rc3 using (25). In homeostasis the rate of production of chondrocytes equals the187

rate of death, and therefore, we set rc1 = rc3. A portion of proliferating chondrocytes become188

hypertrophic, therefore the degradation rate parameter rc4 should equal the rate parameter189

for production of hypertrophic chondrocytes, i.e. rc4 = rhc1 .190

The half-lives of type II collagen and proteoglycan are approximately 90 years and 25191

years, respectively [98–100]. We estimate rco3 and rpg3 using (25). We set the rate parameters192

for production rco1 = rco3 and rpg1 = rpg3 since the type II collagen and proteoglycan content193

remains constant in homeostasis.194

Anabolic and catabolic cytokines show a range of half-lives ranging from approximately195

0.08 to 15 hours [101–106]. We estimate the half-life of the latent and activated cytokines196

as 10 hours and estimate rℓβ3 and rβ2 using (25). To balance the production and degradation197

in homeostasis we set rℓβ1 = rℓβ3 . We also set rℓβ4 = rβ1 to account for activation of198

growth factors from the latent form. Similarly, we estimate rℓp5 and rp2 for latent and199

active pro-inflammatory cytokines, respectively, using (25). To balance the production and200

degradation in homeostasis we set rℓp1 = rℓp5 . We also set rℓp6 = rp1 to account for activation201

of cytokines from the latent form.202

The half-life of MMPs is approximately 120 hours [63], from which we estimate rca5 using203

(25). The half-lives of both of ADAMTSs and TIMPs are approximately 3.6 hours [107, 108],204

from which we estimate rag5 and ri3 using (25). TIMP, collagenase, and aggrecanase form a205

complex [63] which has degradation rate parameters rca6 and rag6 . To balance the production206

and degradation in homeostasis we set rca1 = rca5 + rca6 and rag1 = rag5 + rag6 . The half-life of207

suramin is approximately 14.5 days [45], from which we estimate rsm1 using (25).208
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We set the remaining-rate parameters (rc2, r
c
5, r

co
2 , rpg2 , rℓβ2 , rℓp2 , rℓp3 , rℓp4 , rca2 , rca3 , rca4 , rag2 ,209

rag3 , rag4 , and ri2) by using numerical experiments simulating immobilizing and overloading210

conditions detailed in §3.1 and by prescribing how rates of production are upregulated211

or downregulated relative to homeostatic levels. To simplify model parameterization, we212

suppose growth factors cause neglible inhibitory effects and set rca3 = rag3 = rℓp3 = 1. Similarly,213

we suppose growth factors cause negligible upregulation of TIMPs and set ri2 ≈ 10−3ri1.214

We assume hypertrophic chondrocytes express more collagenases than aggrecanases [109].215

Thus we set rca4 = 10rca1 and rag4 = rag1 for illustration. We set the upregulation of216

latent pro-inflammatory cytokines as five times the basal level when half of cells become217

necrotic, this requires rℓp2 = 5. We assume growth factors can increase the proliferation of218

chondrocytes, and thus for illustration rc2 = 0.4 to yield a 20% increase. We also assume219

active pro-inflammatory cytokines accelerate cell death, and doubling the rate requires220

rc5 = 0.1.221

We adjusted the model parameters so that there is a modest upregulation (approximately222

a factor of 2) of latent growth factors due to the presence of active growth factors, and so223

that active growth factors remain a small proportion of latent form (approximately 1-2%).224

Similarly, a small fraction of latent cytokines become active.225

The rate parameters rco2 and rpg2 relate to the upregulation of collagen and proteoglycan226

production in the presence of active growth factors, respectively. The parameters rca2 and rag2227

relate to the upregulation of collagenase and aggrecanase in the presense of active cytokines.228

Given the long half-lives of collagen and proteoglycan, we required collagenase/aggrecanse229

levels to increase significantly (30–120×) in pathological conditions to match the rate of230

tissue loss observed in experimentally. In addition, we assumed that tissue loss maintains231

the relative proportions of collagen and proteoglycan during degradation. We assume that232

in the presence of growth factors, production of collagen and proteoglycan can increase by233

several fold; for illustration collagen production increases by a factor of four and proteoglycan234

production by a factor of two for typical peak levels of growth factors during pathological235

loading. We performed parameter studies on these parameters to fit the experimental data236

on cartilage thickness from baseline to 24 months during immobilizing (Vanwanseele et al.237

[110]) and during overloading (Frobell [111]).238
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Tables 3 and 4 list the complete rate parameters of our signaling pathways biochemical239

model.240
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Table 3: Cellular and structural rate parameters. Definitions, values, and references.

Parameter Definition Value [month−1] Notes and References

rc1 Rate of baseline chondrocytes

proliferation

4.5× 10−2 Equal rc3; balancing

source/sink terms at

homeostasis

rc2 Rate of chondrocytes

population dynamics

sensitivity to anabolic

cytokines and growth factors

4.0× 10−1 Combined anabolic cytokines

and growth factor effects [81]

[112]

rc3 Rate of baseline chondrocytes

death

4.5× 10−2 Extrapolating the apoptosis

rate of normal chondrocytes

[97]

rc4 Rate of proliferating

chondrocytes converting into

hypertrophic chondrocytes

1.0× 10−2 Growth factors cause

proliferation; fraction of

the proliferating chondrocytes

become hypertrophic [81] [113]

rc5 Rate of activated

pro-inflammatory cytokines

driven cell death

1.0× 10−1 Pro-inflammatory cytokines

cause cell death [74]

rhc1 Rate of proliferating

chondrocytes converting into

hypertrophic chondrocytes

1.0× 10−2 Equal to rc4, cellular species

conversion; Growth factors

cause proliferation; fraction of

the proliferating chondrocytes

become hypertrophic

rhc2 Rate of baseline hypertrophic

chondrocytes death

4.5× 10−1

rnc1 Rate of baseline necrotic

chondrocytes death

1.0× 100 Fraction of normal

chondrocytes become necrotic

due to high impact injurious

loading

rco1 Rate of baseline collagen

deposition by chondrocytes

6.4× 10−4 Equal rco3 ; balancing

source/sink terms at

homeostasis

rco2 Rate of growth factors driven

increase in collagen deposition

by chondrocytes

1.0× 10−1 Growth factors increase

collagen deposition [114]

rco3 Rate of collagenase–driven

functional collagen

degradation

6.4× 10−4 Based on the half lives of

collagen in cartilage [98]

rco4 Rate of collagenase–driven

damaged collagen degradation

1.0× 100 Damaged collagen degrades

faster than functional collagen

rpg1 Rate of baseline proteoglycan

deposition by chondrocytes

2.3× 10−3 Equal rpg3 ; balancing

source/sink terms at

homoeostasis

rpg2 Rate of growth factors driven

increase in proteoglycan

deposition by chondrocytes

1.0× 10−1 Growth factors increase PG

deposition [114]

rpg3 Rate of aggrecanase–driven

proteoglycan degradation

2.3× 10−3 Based on the half lives of PG

in cartilage [99, 100]
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Table 4: Biochemical rate parameters. Definitions, values, and references.

Parameter Definition Value [month−1] Notes and References

rℓβ1 Rate of baseline latent

growth factors secretion

by chondrocytes

5.0× 101 Equal rℓβ3 ; balancing

source/sink

rℓβ2 Rate of latent growth factor

secretion by chondrocytes

mediated by active growth

factors

5.0× 103

rℓβ3 Rate of baseline degradation of

latent growth factors

5.0× 101 Based on half lives of growth

factors in cartilage [102–104]

rℓβ4 Rate of latent growth factor

converting to active form by

mechanical stimuli

5.0× 10−1 Active growth factor has very

low concentration in cartilage

[115]

rβ1 Rate of latent growth factor

converting to active form by

mechanical stimuli

5.0× 10−1 Equal to rℓβ4 , cellular species

conversion

rβ2 Rate of baseline degradation of

active growth factor

5.0× 101 Equal rℓβ3 ; same rate of

degradation as latent growth

factors

rℓp1 Rate of baseline latent

pro-inflammatory cytokines

secretion by chondrocytes

5.0× 101 Equal rℓp5 ; balancing

source/sink

rℓp2 Rate of latent

pro-inflammatory cytokines

secretion by chondrocytes

triggered by active cytokines

5.0× 103

rℓp3 Rate of latent

pro-inflammatory cytokines

inhibition by active growth

factors

1.0× 100

rℓp4 Rate of baseline latent

pro-inflammatory cytokines

secretion by necrotic

chondrocytes

5.0× 100

rℓp5 Rate of baseline degradation

of latent pro-inflammatory

cytokines

5.0× 101 Based on half lives of

pro-inflammatory cytokines in

cartilage [101, 105, 106]

rℓp6 Rate of latent

pro-inflammatory cytokines

converting to active form by

mechanical stimuli

1.0× 100 Active pro-inflammatory

cytokines has very low

concentration in cartilage

rp1 Rate of latent

pro-inflammatory cytokines

converting to active form by

mechanical stimuli

5.0× 10−1 Equal to rℓp6 , cellular species

conversion

rp2 Rate of baseline degradation

of active pro-inflammatory

cytokines

5.0× 101 Equal rℓp5 ; same rate

of degradation as latent

pro-inflammatory cytokines
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Table 4: Biochemical rate parameters. Definitions, values, and references (cont. I).

Parameter Definition Value [month−1] Notes and References

rca1 Rate of baseline collagenase

secretion by chondrocytes

4.6× 100 Equal rca5 + rca6 ; balancing

source/sink terms at

homeostasis

rca2 Rate of pro-inflammatory

cytokines-driven upregulation

in collagenase secretion by

chondrocytes

6.0× 102

rca3 Rate of growth factors-driven

downregulation in collagenase

secretion by chondrocytes

1.0× 100

rca4 Rate of baseline collagenase

secretion by hypertrophic

chondrocytes

1.0× 102 Hypertrophic chondrocytes

express collagenases [116]

rca5 Rate of baseline collagenase

degradation

4.2× 100 Based on the half lives of

collagenase in cartilage [63,

117]

rca6 Rate of TIMP–mediated

collagenase degradation

0.1rca4 = 4.2× 10−1 Assuming additional 10%

degradation by TIMP complex

of collagenase and aggrecanase

[63]

rag1 Rate of baseline aggrecanase

secretion by chondrocytes

1.4× 102 Equal rag5 + rag6 ; balancing

source/sink terms at

homoeostasis

rag2 Rate of pro-inflammatory

cytokines-driven upregulation

in aggrecanase secretion by

chondrocytes

5.0× 103

rag3 Rate of growth factors-driven

downregulation in aggrecanase

secretion by chondrocytes

1.0× 100

rag4 Rate of baseline aggrecanase

secretion by hypertrophic

chondrocytes

1.0× 102 Hypertrophic chondrocytes

express aggrecanases [116]

rag5 Rate of baseline aggrecanase

degradation

1.4× 102 Based on the half lives of

aggrecanase in cartilage [107]

rag6 Rate of TIMP–mediated

aggrecanase degradation

4.2× 10−1 Equal to rca6 ; additional

degradation by TIMP complex

of collagenase and aggrecanase

[63]
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Table 4: Biochemical rate parameters. Definitions, values, and references (cont. II).

Parameter Definition Value [month−1] Notes and References

ri1 Rate of baseline TIMP

secretion by chondrocytes

1.4× 102 Equal ri3 + ri4 + ri5; balancing

source/sink

ri2 Rate of growth factors-driven

increase in TIMP by

chondrocytes

1.0× 10−1

ri3 Rate of baseline TIMP

degradation and uptake by

chondrocytes

1.4× 102 Based on the half lives of

aggrecanase in cartilage [108]

ri4 Rate of suramin driven

downregulation of TIMP

degradation

1.0× 102 Suramin inhibits the uptake of

TIMP by chondrocytes [46]

ri5 Rate of TIMP degradation of

TIMP and collagenase complex

4.2× 10−1 Equal rca6

ri6 Rate of TIMP degradation

of TIMP and aggrecanase

complex

4.2× 10−1 Equal rag6

rsm1 Rate of baseline suramin

degradation

1.4× 100 Based on the half lives of

suramin in blood stream [45]

2.5.3. Homeostasis and adaptation to mechanical stimuli241

With load multipliers bounding the homeostatic range, i.e. M = 4 and M = 8, we242

calculate the corresponding maximum shear stresses and the first principal stresses and use243

these values to prescribe initial homeostatic thresholds σL,0
sh,hom = 1.0 MPa, σH,0

sh,hom = 1.9 MPa,244

σL,0
1,hom = 0.67 MPa, and σH,0

1,hom = 1.3 MPa. Both immobilizing (Vanwanseele et al. [110]) and245

overloading (Frobell [111]) lead to cartilage loss that stabilizes in vivo. When the change in246

thickness of cartilage stabilizes we assume it is in homeostasis, and this assumption allows247

us to estimate parameters in (22) and (23) controlling the evolution of the homeostatic248

thresholds. Based on experimental observations of cartilage adapting to pathological loading,249

cartilage does not adapt instantaneously and achieves a new homeostasis on the order of250

months [118], and thus the time delay parameters must be on the order of days to weeks.251

For illustration we assume τLdel = τHdel = 0.5 months and numerically determine the temporal252

averaging periods τL and τH to fit experimental data [110, 111]. See Appendix C for further253

details. Additionally, we set fL,max = 0.60 and fH,max = 0.63 to reflect the initial rates of254

change in thickness during immobilizing and overloading, respectively.255
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2.6. Numerical simulations256

To exercise our coupled chemo-mechano-biological model of evolving osteoarthritis in257

cartilage we complete three numerical studies. We designed these studies to calibrate and258

test the minimally essential functions of our coupled model. In all studies we simulated259

chemo-mechano-biological evolution of cartilage for 24 months, except for our third study260

(with application of suramin alone in varying concentrations) because cartilage reached261

equilibrium within 12 months.262

Study 1: Cartilage response to immobilizing and overloading. We perform263

two simulations to fit experimental data on longitudinal thickness of cartilage from the264

in-vivo studies by Vanwanseele et al. [110] and Frobell [111] for immobilizing and overloading,265

respectively. To simulate immobilizing and overloading conditions we set the load multiplier266

to M = 0.5 and M = 10, cf. (24), respectively. Before immobilizing and overloading267

conditions (τ < 0), we set the load multiplier M = 6 to define physiological loading.268

Study 2: Treatment with suramin during immobilizing and overloading. We269

perform longitudinal simulations of immobilizing (M = 0.5) and overloading (M = 10)270

and include three different treatments (concentrations) of suramin, specifically ĉsm = 0.1,271

ĉsm = 0.5, and ĉsm = 1. We compare the results without treatment of suramin to the272

dose-dependent responses with suramin.273

Study 3: Treatments with suramin after injury. We perform simulations of healthy274

cartilage experiencing high-impact injurious loading at τ = 0 months. Prior to injury, we275

simulate normal healthy conditions with the load multiplier M = 6, cf. (24). Cartilage276

then loses 26% of the living chondrocytes and of the functional type II collagen due to277

the injury [75]. Post injury, we immobilize cartilage for τ = 6 months (M = 0.5) and278

thereafter go back to normal healthy conditions (M = 6). With this mechanical history we279

perform three sub-studies by varying treatments based on suramin. In sub-study 1 we apply280

three different concentrations of suramin to cartilage, specifically ĉsm = 0.1, ĉsm = 0.5 and281

ĉsm = 1, during immobilizing (i.e. six months total). We compare the results without suramin282

treatment to the dose-dependent responses with suramin. In sub-study 2 we apply the283

highest concentration of suramin (ĉsm = 1) for three different application times including and284

beyond immobilizing, specifically 12, 18, and 24 months. We compare the results of suramin285
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treatment only during immobilizing to the dose-dependent responses including and beyond286

immobilizing. In sub-study 3 we apply the highest concentration of suramin (ĉsm = 1) for287

the longest application time (24 months) accompanied by three different externally applied288

concentrations of active growth factors, specifically ĉβ = 0.01, ĉβ = 0.02, ĉβ = 0.03. We289

compare the results without active-growth-factor treatment to the dose-dependent responses290

with externally applied active growth factors.291

3. Results292

3.1. Study 1: Cartilage response to immobilizing and overloading293

In this study we simulate progressive thinning and stabilization of cartilage in response294

to both immobilizing and overloading. In both simulations we use identical rate parameters295

with the exception of the parameters which control the rates of adaptation of the homeostatic296

thresholds (τL = 15 versus τH = 9 months). In what follows we describe in mechanistic detail297

how our multi-scale, chemo-mechano-biological model accounts for the progressive thinning298

and stabilization of cartilage. In Fig. 5 we illustrate the evolution of intra-tissue mechanical299

variables, homeostatic thresholds, and stimulus functions that drive pathological remodeling.300

In Fig. 6 we illustrate the evolution of cartilage thickness, and cellular and molecular species.301

See Table 1 for a description of the cellular and molecular variables.302

In immobilizing conditions (τ > 0), due to the load multiplier M = 0.5 (see §2.4),303

the maximum shear stress (σsh = 0.15 MPa) and first principal stress (σ1 = 0.10 MPa)304

fall below minimum homeostatic thresholds σL,0
sh,hom = 1.0 MPa and σL,0

1,hom = 0.67 MPa.305

This activates the stimulus functions, i.e. fS(σsh, σ
L
sh,hom) > 0 and fS(σ1, σ

L
1,hom) > 0,306

and drives pathological remodeling pathways leading to cartilage thinning. However, we307

gradually adapt the homeostatic thresholds σL
sh,hom and σL

1,hom towards those of the (current)308

perturbed mechanical environment (see §2.3) (Figs. 5(a) and (b)). Consequently, the values309

of the mechanical stimulus functions fS gradually reduce towards zero over time (Figs. 5(e)310

and (f)), cf. Appendix B. This novel feature of our framework facilitates remodeling of311

cartilage towards a new homeostasis. We adjusted the time parameter controlling the rate312

of adaptation of the homeostatic threshold so that the final cartilage thickness matches313

experimental data [110], for immobilizing this requires τL = 15 months. If τL < 15, the314
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Figure 5: Evolution of intra-tissue mechanics while cartilage evolves in immobilizing and

overloading, represented by blue and red curves respectively. Specifically: (a) maximum

shear stress σsh during immobilizing, (b) first principal stress σ1 during immobilizing, (c) maximum

shear stress σsh during overloading, (d) first principal stress σ1 during overloading, (e) mechanical

stimulus functions of shear stress fS, and (f) mechanical stimulus functions of first principal stress

fS.

thickness of cartilage stabilizes more quickly and the final reduction in thickness is reduced,315

cf. Appendix C.316

In immobilizing conditions, chemo-mechano-biological pathways drive the reduction in317

tissue thickness. Pathological levels of intra-tissue mechanical stimuli (Figs. 5(e) and (f))318

activate latent growth factors and latent pro-inflammatory cytokines (Fig. 6(l)); the increased319

concentrations of these molecular species feed back to upregulate their latent forms (17 and320

19) respectively (Figs. 6(j) and (k)). The increase in growth factors upregulates TIMP321

production and promotes chondrocyte proliferation (7), and a fraction of proliferating cells322

become hypertrophic (8) (Fig. 6(f)). The active pro-inflammatory cytokines cause cell death323

leading to a reduction in normal, living chondrocytes by 28% over nine months (Fig. 6(d)).324

In addition, cytokines upregulate collagenases and aggrecanases (Figs. 6(h) and (i)) which325
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Figure 6: Cartilage evolves in immobilizing and overloading represented by blue and

red blue curves respectively. Time τ < 0 months represents healthy homeostatic conditions.

Immobilizing and overloading starts at τ = 0 months and continues for τ = 24 months, causing

activation of pro-inflammatory cytokines (19) and growth factors (17). Activated cytokines promote

increased production of latent cytokines which eventually convert to active forms. The increase

in activated cytokines causes upregulation of collagenases and aggrecanases, which results in

degradation of collagen and proteoglycan, respectively. As a result the overall thickness of cartilage

changes during immobilizing and overloading, and the result provides a good fit to experimental

data from Vanwanseele et al. [110] and Frobell [111], respectively. See Table 1 for a description of

the variables.

drives degradation of collagen and proteoglycan (Figs. 6(b) and (c)). The concentrations326

of collagenases and aggrecanases peak after five months (ĉca ≈ 110 and ĉag ≈ 31). After327

nine months, collagen and proteoglycan stabilize following a loss of approximately 24% and328

21% of their initial content and consequently there is a similar decrease in the thickness of329

cartilage, cf. (4) (Fig. 6(a)).330

In overloading conditions (τ > 0), due to the load multiplier M = 10 (see §2.4), the331

mechanical environment exceeds the homeostatic thresholds and the mechanical stimulus332
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functions fS(σsh, σ
H
sh,hom) and fS(σ1, σ

H
1,hom) drive pathological remodeling. These functions333

have initial values of 0.63 and decay to zero (5(e) and (f)) as homeostatic thresholds σH
sh,hom334

and σH
1,hom adapt (Fig. 5(c) and (d)). The action of the pathway model follows similar335

to that in immobilizing. However, we adjusted the time parameter controlling the rate of336

adaptation of the (high) homeostatic threshold so that the final cartilage thickness matches337

experimental data [111], and this requires that the adaptation occurs more quickly, i.e. τH = 9338

months. In response to overloading, pathologically elevated intra-tissue mechanical stimuli339

activate the latent growth factors and latent pro-inflammatory cytokines (Fig. 6(l)) leading340

to chondrocyte death and hypertrophy, upregulation of collagenases and aggrecanases, and341

degradation of collagen and proteoglycan. As the values of the stimuli functions fS drop to342

near zero due to adaptation of the homeostatic thresholds, the activated chemical species343

also drop and the thickness of cartilage stabilizes. Note that while the total load acting on344

cartilage remains fixed, the maximum shear stress and first principal stress increase slightly345

to 2.35 and 1.57 MPa, respectively, due to the evolving volume and composition (Figs. 5(c)346

and (d)).347

3.2. Study 2: Treatment with suramin during immobilizing and overloading348

In this study we examine the impact of the drug suramin on the remodeling response of349

cartilage while subject to immobilizing and overloading using the calibration from §3.1. In350

Figs. 7 and 8 we illustrate the evolution of cellular and molecular species in immobilizing and351

overloading conditions, respectively, over 24 months and with various doses (concentrations)352

of suramin where the blue curve represents no treatment with suramin, and the red, green,353

and magenta curves represent treatments with suramin in concentrations of ĉsm = 0.1, 0.5,354

and 1, respectively. During immobilizing conditions, our framework predicts that higher355

concentrations of suramin produce greater improvements in the retention of cartilage356

thickness (Fig. 7(a)). Specifically comparing no treatment to treatment with the highest357

concentration of suramin (ĉsm = 1), we see a reduction in the loss of cartilage thickness358

of approximately 25%. In our framework the action of suramin (Fig. 7(o)) inhibits uptake359

of TIMP by chondrocytes (see 15) and consequently it leads to increases in TIMP within360

cartilage (Fig. 7(g)). The concentration of TIMP reaches peak values after approximately one361

month and subsequently decreases due to the increase of collagenase and aggrecanase (Fig.362
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Figure 7: Cartilage evolving in immobilizing conditions with and without treatments

of suramin - suramin produces dose-dependent reductions in loss of cartilage. The

blue curve represents no treatment with suramin. The red, green, and magenta curves represent

treatments with suramin in concentrations of ĉsm = 0.1, 0.5, and 1, respectively. Time τ < 0

months represents healthy, homeostatic conditions. Immobilizing starts at τ = 0 months and

continues for τ = 24 months while we hold the concentration of suramin constant. Suramin inhibits

degradation of TIMP which downregulates collagenases and aggrecanases such that less collagen

and proteoglycan degrades. Overall this results in less degradation of cartilage and subsequently

improvements in thickness of cartilage versus without treatment, cf. Vanwanseele et al. [110]. See

Table 1 for a description of the variables.

7(h) and (i), respectively), which follow the levels of active cytokines (Fig. 7(l)). The presence363

of elevated TIMP downregulates the peak concentrations of collagenases and aggrecanases364

by up to 15% and 1.2%, respectively. As collagenase and aggrecanase subsequently reduce365

towards basal levels between six and nine months, TIMP starts to increase again (Fig.366

7(g)) due to the continued application of suramin. To summarize, application of suramin367

leads to increases in TIMP, decreases in collagenases and aggrecanases, less degradation368

of collagen and proteoglycan (Fig. 7(b) and (c), respectively), and thus less cartilage loss.369
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Figure 8: Cartilage evolving in overloading conditions with and without treatments

of suramin - suramin produces dose-dependent reductions in loss of cartilage. The

blue curve represents no treatment with suramin. The red, green, and magenta curves represent

treatments with suramin in concentrations of ĉsm = 0.1, 1, and 10, respectively. Time τ < 0

months represents healthy, homeostatic conditions. Overloading starts at τ = 0 months and

continues for τ = 24 months while we hold the concentration of suramin constant. Suramin inhibits

degradation of TIMP which downregulates collagenases and aggrecanases such that less collagen

and proteoglycan degrades. Overall this results in less degradation of cartilage and subsequently

improvements in thickness of cartilage versus without treatment, cf. Frobell [111]. See Table 1 for

a description of the variables.

During overloading conditions, with no suramin treatment, cartilage thickness decreases370

by approximately 5%. However, with the application of suramin, our framework predicts371

cartilage thickness can recover (Fig. 8(a)). Mechanistically, the framework works in a similar372

way to that in immobilizing. During overloading, the constant application of suramin (Fig.373

8(o)) inhibits uptake of TIMP by chondrocytes (15) which subsequently increases TIMP (Fig.374

8(g)). With the highest concentration of suramin, i.e. ĉsm = 1, TIMP reaches a peak value375

after one month, but decreases thereafter due to increases of collagenases and aggrecanases376
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(Fig. 8(h) and (i), respectively). The presence of elevated TIMP downregulates the peaks377

of collagenases and aggrecanases by approximately 50% and 4%, respectively. As ĉca and378

ĉag reduce to basal levels at approximately five months TIMP starts to increase (Fig. 8(g)).379

Due to the increase of TIMP and the decreases in collagenases and aggrecanases, we see380

less degradation of collagen and proteoglycan (Fig. 8(b) and (c), respectively), and thus less381

cartilage loss.382

3.3. Study 3: Treatment with suramin after injury383

In this study we examine the impact of three different suramin-based treatments on384

the remodeling response of cartilage while subject to injury, immobilizing, and return to385

normal walking using the calibration from §3.1. In Fig. 9 we illustrate the evolution of386

intra-tissue mechanical variables, homeostatic thresholds, and mechanical stimulus functions387

that drive pathological remodeling. Immobilizing following impact injury significantly alters

Figure 9: Evolution of intra-tissue mechanical variables while cartilage evolves after

injury and during recovery, with and without treatments of suramin. Cartilage

experiences a high-impact injury at τ = 0 months, followed by immobilization for τ = 6 months

after which the patient goes back to normal walking. During immobilizing the injured cartilage

receives treatments of suramin. Specifically: (a) maximum shear stress σsh, (b) first principal Stress

σ1, (c) mechanical stimulus functions of shear stress fS, and (d) mechanical stimulus functions of

first principal stress fS.

388

the intra-tissue mechanics of cartilage. The stress magnitudes reduce below the homeostatic389
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thresholds (Figs. 9(a) and (b)), and hence the values of the mechanical stimulus functions,390

fS(σsh) and fS(σ1), increase (Figs. 9(c) and (d), respectively). These increases drive391

activation of latent pro-inflammatory cytokines and growth factors, and subsequent tissue392

remodeling. After six months of immobilizing, the patient goes back to normal walking, thus393

restoring intra-tissue stresses to homeostatic levels and reducing the mechanical stimulus394

functions to zero. However, note that cartilage now experiences higher intra-tissue stresses395

σsh and σ1 versus the initial state due to injury-driven changes in the constituents and total396

volume.397

In Fig. 10 (sub-study 1) we illustrate the evolution of cellular and molecular species over398

12 months with various doses (concentrations) of suramin where the blue curve represents399

no treatment, and the red, green, and magenta curves represent treatments with suramin400

in concentrations of ĉsm = 0.1, 0.5, and 1, respectively. The high-impact injury at τ = 0401

damages 26% of the functional collagen (Fig. 10(n)) and causes an equal quantity of402

chondrocytes to become necrotic (see Fig. 10(e)), and damaged collagen and necrotic cells403

subsequently degrade following (7) and (12). The sudden loss of chondrocytes causes the404

latent growth factors to initially drop (Fig. 10(j)). However, the ensuing activation of405

latent pro-inflammatory cytokines and growth factors (Fig. 10(l)) feeds back to upregulate406

their latent forms. The presence of necrotic cells also contributes to upregulation of latent407

pro-inflammatory cytokines (19). After immobilizing, latent forms of growth factors and408

cytokines return to baseline levels. Suramin acts to inhibit uptake of TIMP by chondrocytes409

and thus increased concentrations of suramin elevate TIMP (Fig. 10(g)). Increased TIMP410

inturn reduces the peak in collagenase (Fig. 10(h)) and thus reduces loss of collagen (Fig.411

10(m)). The first peak in TIMP occurs at approximately one month and then it drops to a412

local minimum as collagenases and aggrecanases reach a maximum. As levels of collagenases413

and aggrecanases decrease, TIMP again increases due to application of suramin. We stop414

the application of suramin after six months and levels of TIMP subsequently fall to zero.415

Overall, we see an approximately 4% reduction in the loss of volume (Fig. 10(a)) comparing416

outcomes at 12 months without treatment and with treatment at the highest concentration417

of suramin (ĉsm = 1).418

In Fig. 11 (sub-study 2) we illustrate the evolution of cellular and molecular species419
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Figure 10: Cartilage evolving in injury and recovery with various concentrations of

suramin. The blue curve represents no treatment with suramin. The red, green, and magenta

curves represent treatments of suramin in concentrations of ĉsm = 0.1, 0.5, and 1, respectively.

Time τ < 0 months represents healthy homeostatic conditions. High-impact injury occurs at τ = 0

months, thereafter cartilage is immobilized for six months (while we hold the concentration of

suramin constant) and then returns to normal walking conditions for an additional six months

(without suramin). Suramin inhibits degradation of TIMP which downregulates collagenases

and aggrecanases such that less collagen and proteoglycan degrades. Overall this results in less

degradation of cartilage and subsequently improvements in thickness of cartilage versus without

treatment. See Table 1 for a description of the variables.

over 24 months with the highest previous concentration of suramin ĉsm = 1, and with420

various time periods for application of the treatment where the blue, red, green, and421

magenta curves represent applications for 6, 12, 18, and 24 months total. Prolonging422

the time period for application of suramin (Fig. 11(o)) prolongs the elevation of TIMPs423

(Fig. 11(g)). This inturn leads to downregulation of collagenases (Fig. 11(h)) and aggrecanase424

(Fig. 11(i)) relative to baseline levels. However, the net effect yields only marginal increases425

in collagen (Fig. 11(b)) and proteoglycan (Fig. 11(c)), and thus only marginal improvements426
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Figure 11: Cartilage evolving in injury and recovery with various time periods for

application of suramin at concentration ĉsm = 1. The blue, red, green, and magenta

curves represent treatments of suramin in concentration ĉsm = 1 for time periods for 6, 12, 18,

and 24 months total, respectively. Time τ < 0 months represents healthy homeostatic conditions.

High-impact injury occurs at τ = 0 months, thereafter cartilage is immobilized for six months

and then returns to normal walking conditions for an additional 18 months (while we hold the

concentration of suramin constant throughout). Suramin inhibits degradation of TIMP which

downregulates collagenases and aggrecanases such that marginally less collagen and proteoglycan

degrades. Overall this results in marginally less degradation of cartilage and subsequently marginal

improvements in thickness of cartilage versus without treatment. Subfigures (b), (c), (h), and (i)

include inset images expanding the y-axis for clarity. See Table 1 for a description of the variables.

in final tissue thickness (Fig. 11(a)) due to the low production rates of collagens and427

proteoglycans in non-pathological conditions. Notably, the activation of both growth factors428

and pro-inflammatory cytokines is unaffected by the time period of application (Fig. 11(l)).429

Finally, in Fig. 11 (sub-study 3) we illustrate the evolution of cellular and molecular430

species over 24 months with the highest previous concentration of suramin ĉsm = 1 and431

with various doses (concentrations) of active growth factors where the blue curve represents432
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no treatment with active growth factors, and the red, green, and magenta curves represent433

treatments with externally applied active growth factors in concentrations of ĉextβ = 0.01, 0.02,434

and 0.03, respectively. In all simulations the application of specified treatments remains435

constant for 24 months. Increases in the concentration of externally applied active growth436

factors (Fig. 12(l)) increases in latent growth factors (Fig. 12(j)), promotes cell proliferation437

(Fig. 12(d)), and upregulates production of collagen and protoeoglycan (Fig. 12(b) and438

(c)). Moreover, the presence of latent/active growth factors down regulates latent/active439

pro-inflammatory cytokines (Fig. 12(k) and (l)) and consequently down regulates collagenase440

and aggrecanase (Fig. 12(h) and (i)). Overall both collagen and proteoglycan increase441

(Fig. 12(b) and (c)) resulting in recovery of cartilage thickness (Fig. 12(a)). In this injury442

and recovery scenario after 24 months, treatment with suramin and externally applied active443

growth factors (ĉconstβ = 0.03) results in a final thickness of cartilage at 87% of the original444

thickness versus 77% without externally applied active growth factors (Fig. 12(a)).445
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Figure 12: Cartilage evolving in injury and recovery with application of suramin at

concentration ĉsm = 1 combined with various concentrations of active growth factors.

The blue curve represents treatment with suramin but no externally applied active growth factors.

The red, green, and magenta curves represent treatment with suramin combined with treatments of

externally applied active growth factors in concentrations of ĉextβ = 0.01, 0.02, and 0.03, respectively.

Time τ < 0 months represents healthy homeostatic conditions. High-impact injury occurs at

τ = 0 months, thereafter cartilage is immobilized for six months and then returns to normal

walking conditions for an additional 18 months (while we hold the concentration of suramin and the

concentration of externally applied active growth factors constant throughout). Suramin inhibits

degradation of TIMP which downregulates collagenases and aggrecanases such that less collagen

and proteoglycan degrades. Increases in the total active growth factors increases the latent growth

factors which in turn promotes cell proliferation and further up regulates production of collagens and

protoeoglycans. Moreover, the presence of latent/active growth factors down regulates latent/active

pro-inflammatory cytokines and consequently down regulates collagenase and aggrecanase, thus

increasing collagens and proteoglycans. Overall this results in less degradation of cartilage and

subsequently improvements in thickness of cartilage versus without treatment of externally applied

active growth factors. See Table 1 for a description of the variables.
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4. Discussion446

Our work establishes a first-of-its kind virtual cartilage: a new modeling framework that447

considers time-dependent, chemo-mechano-biologically induced turnover of key constituents448

resulting from biochemical, mechanical, and/or biological activity. Our novel computational449

framework is the first to fully integrate a nonlinear, large-strain constitutive model450

for the mechanics of cartilage with a model of the cell-signaling pathways which drive451

growth-and-remodeling of cartilage, and which in turn alter the mechanical response. In452

formulating our model of the cell signaling pathways we included the “minimally essential”453

yet complex chemical and mechanobiological mechanisms within cartilage to predict the454

evolution of key constituents. To achieve this, we established and incorporated into the455

framework a novel model of homeostatic adaptation of cells to pathological mechanical456

stimuli. We also pioneered a new application for kinematics of anisotropic growth to457

simulate the through-thickness degradation clinically observed as cartilage thinning—loss458

quantified in the model as negative growth. With representative rate parameters, our459

simulations of immobilizing and overloading cartilage successfully predict the loss of cartilage460

volume (presented as thickness) quantified in previously reported experimental studies,461

e.g. Vanwanseele et al. [110] and Frobell [111]. To demonstrate use of the framework to462

simulate clinical treatments, we modeled the use of suramin, recently proposed as a potential463

treatment for OA due to its inhibition of uptake of TIMPs by chondrocytes [46], for treatment464

of osteoarthritic or otherwise degenerated cartilage. We simulated immobilizing, overloading,465

and injuring cartilage, and showed treatments of suramin result in dose-dependent reductions466

in thinning of cartilage. A notable simulation result suggested suramin would be less effective467

for cartilage subjected to impact injury (relative to overloading or immobilization) and468

motivated us to explore different treatment combinations. As a result, we showed that469

for cartilage subjected to impact injury, treatments of suramin combined with active growth470

factors facilitate faster and greater recovery of cartilage after thinning, an outcome we would471

not have pursued without the simulation results made possible by our new framework.472
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4.1. Studies 1-3: Numerical simulations of cartilage evolving in health, disease, injury, and473

treatment474

In Study 1 (§3.1), consistent with available experimental data, our simulations showed475

that during pathological loading cartilage establishes a new homeostasis that includes a476

thinned but stable cartilage volume. Motivated by the (sparse) experimental data available477

in the literature, we hypothesized that chondrocytes can adapt to pathological mechanical478

stimuli. Our model thus assumes the homeostatic threshold values shift in response to479

pathological mechanical stimuli, and in our framework, cartilage can adapt to the adverse480

mechanical stimuli and re-establish homeostasis. Experiments using a mouse model of disuse481

of cartilage indicate significant thinning occurs in the first two weeks, followed by stabilization482

of the thickness in the following four and eight weeks [118]. We thus assumed that the483

adaptation to pathological loading starts after two weeks, so we chose 0.5 months as our time484

delay. To fit experimental data from both immobilizing and overloading of human cartilage,485

we used different temporal averaging periods τL = 15 and τH = 9 months, respectively. Thus,486

in our model, human cartilage adapts more quickly to overloading than to immobilizing,487

consistent with extant experiments. It is worth noting the paucity of experimental data on488

homeostatic adaptation in cartilage offers a direction to further refine these assumptions.489

In Study 2 (§3.2), treatments with suramin showed promising improvements on recovering490

the thickness of cartilage. Reflecting what we can discern from the literature, our model491

suggests the degree of recovery depends on the longitudinal intra-tissue mechanics, i.e. on492

the state of the cartilage as a result of its loading history. In immobilizing, cartilage thinning493

over 24 months improved from 77% to 82% (for the highest concentration of suramin), while494

in overloading, the thinning over the same period improved from 95% back to 100%.495

Nevertheless in Study 3 (§3.3), the same treatments with suramin after impact injury (i.e.496

without simultaneous application of active growth factors) showed relatively limited recovery497

post-injury. In sub-study 1, cartilage thinning over 24 months improved from 74% to 76%498

(for the highest concentration of suramin applied only during immobilizing). After injury,499

fewer viable chondrocytes remain and produce proportionally less collagen and proteoglycan.500

In sub-study 2, we applied the highest concentration of suramin over different time periods501

of application. For the longest time period of application (i.e. including immobilization502
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for six months and return to normal walking for 18 months), cartilage thinning over 24503

months improved from 76% to 77% . This unexpectedly small improvement, relative to504

what we observed for the same treatment in overloading and immobilizing, motivated us to505

include treatments with active growth factors in combination with suramin. In sub-study506

3, the model showed that constant application of active growth factors, along with suramin507

(in the highest concentration for the longest time period), resulted in a marked increase in508

concentration of chondrocytes and greatly improved the recovery from cartilage thinning (i.e.509

over 24 months the thickness improved from 77% to 87%). These studies demonstrate the510

potential utility of our framework to test clinical outcomes and guide treatment strategies.511

4.2. Modeling framework512

Our framework considers cartilage from young, healthy adults; the mean ages were 26513

and 37 ±13.7 years in the two experimental studies we used for calibration, i.e. Frobell [111]514

and Vanwanseele et al. [110], respectively. The cartilage literature suggests that aging causes515

abnormal differentiation of chondrocytes that leads to loss of cartilage ECM [119], a factor516

which we did not consider in the studies presented here. That said, mechanical under- or517

overuse of cartilage act as non-physiological (pathogenic) stimuli that disrupt homeostasis518

[119, 120], as observed in our studies. Lack of mechanical stimuli can degrade other tissues519

relevant at the joint scale, e.g. atrophy of bone and muscle due to microgravity during space520

flights is well-established [121, 122], and although we know OA to be a disease of the whole521

joint, our framework considers only the cartilage tissue.522

To establish the mathematical framework for our chemo-mechano-biological model, we523

simplified complex relationships among chemical species. For example, according to the524

literature, in human cartilage IL-1β and TNF-α upregulate ADAMTS-4, but not ADAMTS-5525

[78, 123, 124]; however, in animal models pro-inflammatory cytokines upregulate ADAMTS-5526

[125]. For another example, TGF-β is a well known anabolic cytokine in cartilage but in527

at least one study shows upregulation of ADAMTS-4 [126]. Moreover, mechanical stresses528

and high levels of TGF-β have been shown to disrupt homeostasis in cartilage [127]. This529

kind of biological complexity led us to formulate a simplified model capturing the minimally530

essential functions in a flexible framework. Our mathematical model can be modified or531

extended based on the availability of data or on a specific question of interest [54, 128].532
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4.3. Model parameters533

We used a single set of model parameters in all of our simulations. We estimated534

the majority of these rate parameters using published estimates of the half-lives of the535

constituents, cf. (25). We provided rationale for estimating the remaining rate parameters,536

and we performed numerical experiments to fit experimental measurements of the thickness537

of cartilage, as quantified using magnetic resonance imaging in vivo [110, 111].538

We expressed the concentration of different chemical species within our mathematical539

model in a normalized form, which is beneficial to compare simulation results with540

similar experimental results. The literature reports varying concentrations of chemical541

species in cartilage among subjects. For example, in synovial fluid the concentration of542

pro-inflammatory cytokine IL-1 ranges from an average of 0.020 ng/mL in healthy patients543

[129], to 0.050 ng/mL for patients with mild OA [130], and 0.021− 0.146 ng/mL for patients544

with OA [131]. The concentration of latent growth factors (e.g. TGF-β) ranges from 69545

to 300 ng/mL across different studies [85, 132, 133]. Researchers also report variability in546

concentrations of the latent form of cytokines, but few studies account for concentrations of547

active forms. Furthermore, many reports of concentrations make no distinction between the548

active and latent forms of growth factors. With consideration for the variability reported in549

the literature, we used available data to reasonably bound and estimate the rate parameters.550

To demonstrate key features of our coupled modeling framework, we provided551

representative model parameters, which we estimated based on available, and in some cases552

sparse, experimental data. Using these parameters, we saw a sudden increase in collagenases553

in both immobilizing and overloading. During immobilization in particular, the normalized554

concentration of collagenases increased approximately 9.5 times the normal healthy level in555

one month, a result which aligns with experimental findings where MMP-3 increased 10 fold556

in 21 days after immobilization [134].557

The increases in collagenases and aggrecanases occur due to the activation of558

pro-inflammatory cytokines. In our model, the function fS(σ1) > 0 represents the559

pathological mechanical load required to cause this activation (Fig. 4), and the threshold560

at which fS(σ1) is greater than zero (i.e. the threshold of mechanical stimulus required to561

activate pro-inflammatory cytokines) shifts over time toward a new threshold or homeostatic562
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equilibrium. In contrast, if the value of fS(σ1) were to remain constant in time, more563

activated pro-inflammatory cytokines would continue to upregulate more collagenases and564

aggrecanases, which would cause continued degradation of the matrix and thinning of565

cartilage without reestablishing a new homeostatic equilibrium.566

TIMP is a natural inhibitor of collagenases, and the concentration of TIMP in cartilage567

depends in part on the concentration of collagenases [83]. Similarly, the concentration of568

TIMP in cartilage affects the concentration of aggrecanases. In our simulations we observed569

that higher concentrations of TIMP, conserved by the application of higher concentrations570

of suramin, inhibited collagenases and aggrecanases (Figs. 7, 8, and 10). Of interest, we see571

peak values of aggrecanases are less sensitive to suramin compared to the peak values of572

collagenases. Note that the half-life of aggrecanases is lower than that of collagenases and573

similar to that of TIMP. Our simulations suggest that in homeostasis the rate of production574

of aggrecanases is greater than that of collagenases, and has little effect on the concentration575

of TIMP. Future experiments will help us to validate the impact of suramin on aggrecanases576

and on cartilage health. Likewise, we can refine the model parameters and framework itself577

as additional data become available in the future.578

4.4. Limitations and outlook579

We model cartilage as a non-linear, fiber-reinforced, hyperelastic solid while cartilage580

is widely considered a fluid-saturated, biphasic material [66]. Our model also simulates581

cartilage mechanics without considering the osmotic swelling/prestretch within a biphasic582

model [67] which may affect the growth and remodeling response [135]. The volume of583

chondrocytes in the superficial and middle zones of cartilage increases with progression of584

OA, but cells in the deep zone do not change volume [136]. Our framework does not currently585

distinguish among the different zones.586

To establish this initial model we consider only a subset of known signaling pathways587

while many more exist [137]. We also assume only chondrocytes produce cytokines and588

enzymes, while fibroblasts and macrophages express many of the pro-inflammatory cytokines,589

collagenases, and aggrecanases that contribute to degradation of cartilage [138]. We combine590

chemical species into classes based on their general roles in cartilage, although not all species591

within each class have identical effects on cartilage homeostasis. Moreover we estimate the592
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half-lives for these classes of chemical species despite variability in the half-lives within each593

class. Anabolic cytokines and growth factors have different half-lives: e.g. the half-lives594

of BMP, FGF, and TGF-β1 are 0.12 − 0.27, 4 − 13, and 1.67 hours, respectively [102–595

104]. Different pro-inflammatory cytokines have different half-lives, too: e.g. the half-lives of596

TNF-α, IL-6, IL-1α and IL-1β are 0.08, 1, 15, and 2.5 hours, respectively [101, 105, 106]. The597

half-lives of MMP-1 and MMP-3 are 210 hours and 4 hours, respectively [117]. Furthermore,598

the relative proportion of these chemical species in cartilage is unknown; with more data,599

we can refine model parameters or extend the model itself.600

We calibrated our coupled chemo-mechano-biological model of evolving osteoarthritis601

in cartilage using two longitudinal experimental studies, which measure the thickness of602

cartilage. Our mechanical stimulus functions assume that pathological maximum shear603

stresses convert latent growth factors to their active forms, while first principal stresses604

convert latent cytokines to their active forms. Additional experiments and simulations605

with realistic geometries and mechanical loads will clarify differences in how intra-tissue606

mechanics drive the up- and down-regulation of chemical species. Longitudinal quantification607

of biochemical constituents in evolving cartilage is not yet available in literature; future608

studies of this nature, both in vitro and in vivo, will allow us and others to refine this model.609

We present a novel mathematical framework incorporating the coupled longitudinal610

evolution of key chemical, structural, and biological constituents of cartilage and exercise611

our model to demonstrate thinning of cartilage that leads to the progression of OA.612

Our proposed model is a first step towards investigating the biochemical, mechanical,613

and biological evolution of cartilage and chondrocytes in degeneration or progression of614

OA, as well as the respective responses to pharmacological interventions and therapies.615

With more longitudinal experimental data on chemical species, our mathematical model616

can be fitted to predict clinical outcomes. To exercise our model we demonstrated617

a possible treatment for cartilage thinning that progressively leads to OA. In recent618

animal studies suramin showed chondroprotective properties by decreasing aggrecanases619

and collagenases, and increasing TIMP [139], which we observe in Figs. 7, 8, and 10.620

We aim to implement our chemo-mechano-biological framework for finite element analyses,621

thus enabling advanced understanding of patient-specific pathological changes due to622
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biomechanical factors, improved clinical diagnostics and therapies [43], and new methods for623

non-invasive diagnosis and pre-/post-operative decision making. Leveraging our framework624

in future studies will enable us to link physical activity, and the resulting mechanical625

stimuli, to the progression of OA and loss of cartilage function, enabling new fundamental626

understanding of the complex progression of OA, and elucidating new perspectives on causes,627

treatments, and possible preventions.628
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Appendix A636

Deformation gradients describing transversely anisotropic growth take the general form,

Fg = αI + βn⊗ n, (26)

where α and β are parameters controlling the growth kinematics. To prescribe isotropic637

volume growth (IVG) α = v̂1/3 and β = 0. However, by specifying α = 1 and β = v̂ − 1638

we introduce TVG which captures the degradation of cartilage in the through-thickness639

direction, cf. (1). In Fig. 13 we illustrate the kinematics of IVG and TVG using the same640

total volume loss. We observe that the change of volume occurs in all directions equally in641

IVG while the change of volume occurs only in the through-thickness direction in TVG.642
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Figure 13: Representative kinematics of (a) isotropic volume growth (IVG) and (b)

through-thickness volume growth (TVG) with Fe = I and v̂ ∈ [1, 0.7] (negative growth).

In IVG the volume shrinks equally in all directions. In TVG, the volume shrinks only in the

through-thickness (n = {0 0 1}T) direction. Solid green (v̂ = 1) and red (v̂ = 0.7) outline the

initial and final configurations, respectively, while dotted blue outlines represent intermediate

configurations.

Appendix B643

In Fig. 14 we illustrate the mathematics of homeostatic adaptation to mechanical stimuli.644

645
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Appendix C646

In Figs. 15 and 16 we complete a representative parameter study of the time averaging647

period τL during immobilizing, and illustrate the evolution of both intra-tissue mechanics648

and of cellular and molecular species, respectively.

0

0.5

1

1.5

2

0

0.5

1

1.5

-1 0 3 6 9 12 15 18 21 24

0

0.2

0.4

0.6

0.8

1

-1 0 3 6 9 12 15 18 21 24

0

0.2

0.4

0.6

0.8

1

Figure 15: Evolution of intra-tissue mechanics while cartilage evolves in immobilizing

with different time averaging periods τL. Blue, red, and green curves represent τL = 5,

10, and 15, respectively. Specifically: (a) maximum shear stress σsh during immobilizing, (b) first

principal stress σ1 during immobilizing, (c) mechanical stimulus functions of shear stress fS, and

(d) mechanical stimulus functions of first principal stress fS.
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Figure 16: Cartilage evolves in immobilizing with different time averaging periods τL.

Blue, red, and green curves represent τL = 5, 10, and 15, respectively. Time τ < 0 months

represents healthy homeostatic conditions, and immobilizing starts at τ = 0 months. With τL = 15

months, thickness of cartilage matches with the experimental data from Vanwanseele et al. [110].

See Table 1 for a description of the variables.
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[28] M. Lotz, S. Hashimoto, K. Kühn, Mechanisms of chondrocyte apoptosis, Osteoarthritis727

and Cartilage 7 (1999) 389–391.728

[29] H. A. Kim, Y. J. Lee, S. C. Seong, K. W. Choe, Y. W. Song, Apoptotic chondrocyte729

death in human osteoarthritis, J. Rheumatol. 27 (2000) 455–462.730

[30] J. P. Pelletier, D. V. Jovanovic, V. L. Coman, J. C. Fernandes, P. T. Manning, J. R.731

Conner, M. G. Currie, J. M. Pelletier, Selective inhibition of inducible nitric oxide732

synthase reduces progression of experimental osteoarthritis in vivo: Possible link with733

the reduction in chondrocyte apoptosis and caspase 3 level, Arthritis Rheum. 43 (2000)734

1290–1299.735

[31] D. Y. Kim, H. W. Taylor, R. M. Moore, D. B. Paulsen, D. Y. Cho, Articular736

chondrocyte apoptosis in equine osteoarthritis, Vet. J. 166 (2003) 52–57.737

51



[32] D. Mistry, Y. Oue, M. G. Chambers, M. V. Kayser, R. M. Mason, Chondrocyte death738

during murine osteoarthritis, Osteoarthritis and Cartilage 12 (2004) 131–141.739

[33] C. M. Thomas, C. J. Fuller, C. E. Whittles, M. Sharif, Chondrocyte death by apoptosis740

is associated with cartilage matrix degradation, Osteoarthritis and Cartilage 15 (2007)741

27–34.742

[34] Z. Zamli, M. Sharif, Chondrocyte apoptosis: a cause or consequence of osteoarthritis?,743

Int. J. Rheum. Dis. 14 (2011) 159–166.744

[35] F. J. Blanco, R. Guitian, E. V. Martul, F. J. de Toro, F. Galdo, Osteoarthritis745

chondrocytes die by apoptosis: A possible pathway for osteoarthritis pathology,746

Arthritis Rheum. 41 (1998) 284–289.747
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