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a b s t r a c t 

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

ation 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 carti- 

lage, and which in turn affect mechanical loads. OA-associated biochemical profiles activate cellular activ- 

ity that disrupts homeostasis. To understand the complex interplay among mechanical stimuli, biochem- 

ical 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 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, overload- 

ing, 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 phar- 

macological 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 un- 

derstanding of the complex progression of OA and elucidating new perspectives on causes, treatments, 

and possible preventions. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Osteoarthritis (OA) is a debilitating disease that impacts a sig- 

ificant portion of the population worldwide [1] . OA is the failure 

f an organ, the synovial joint, wherein the degeneration and loss 

f cartilage and cartilage function feature prominently. Nearly 20% 

f people in the US alone suffer from OA [2] , which affects quality

f life through pain, functional limitations, lost earnings, anxiety, 

nd depression. Treatment remains primarily symptomatic, as no 

ure yet exists [3] . Despite the impact of the disease itself and an

xtensive body of research, we do not yet understand the cause or 

rogression of the disease. 

Healthy articular cartilage comprises, by percentage wet weight, 

eterogeneously distributed fluid and electrolytes (68–85%), colla- 

en fibers (15–25%), proteoglycans (PG, 5–10%), and chondrocytes 

primary cell type, < 4%) [4] . The heterogeneous solid phase of 

artilage is the extra-cellular matrix, or ECM, and is made up of 

 negatively charged proteoglycan mesh and a fiber network of 

redominantly type II collagen (COL2), both of which contribute 

o mechanical stiffness of the tissue and permeation of the fluid 

ithin the tissue. The remarkable mechanics of healthy cartilage 

erive from the complex interactions of proteoglycans, collagens, 

nd electrolytic fluid [5,6] . 

Biomechanical investigations indicate that mechanical stimuli 

ypically experienced in daily activities (i.e. physiological loading) 

aintain homeostasis in cartilage, while loading schemes outside 

he physiological range (i.e. non-physiological stimuli) play a key 

ole in the natural history of OA. Both reduced loading (e.g. im- 

obilization) and overloading (e.g. impact trauma) induce molec- 

lar, morphological, and mechanical changes that lead to soften- 

ng, fibrillation, ulceration, and erosion of the cartilage [7] . Under 

omeostatic physiological loading, chondrocytes maintain a bal- 

nce between the degradation and synthesis of ECM [8] . Chon- 

rocytes subjected to increased cyclic hydrostatic pressure in vitro 

ncrease synthesis of proteoglycan; whereas, increased cyclic ten- 

ion increases their synthesis of collagen [9–13] . Reduced me- 

hanical loading reduces the synthesis activity of the chondro- 

ytes: for example, long-term immobilization leads to ECM loss 

nd cartilage thinning [13] . Excessive mechanical loading also leads 

o ECM loss [8,13,14] . Both the amplitude and frequency of me- 

hanical loads demonstrate significant effects on the synthesis 

f ECM molecules and on the biochemical agents that lead to 

CM breakdown [9,15] . 

Chondrocytes not only respond to mechanical loading, but also 

ecome “activated” in OA [1] , exhibiting increased production of 

atrix-degrading enzymes, which disrupt the homeostatic balance 

etween synthesis and degradation of ECM constituents [1,7,16] . 

ro-inflammatory cytokines, e.g. tumour necrosis factor TNF- α and 

nterleukin IL-1 β , induce chondrocytes to upregulate matrix metal- 

oproteinases (MMPs) and a disintegrin and metalloproteinase with 

hrombospondin motifs (ADAMTS), causing degradation [7,16,17] . 

he activity of pro-inflammatory cytokines along with MMPs and 

DAMTSs produce more fibronectin fragments (Fn-fs), which in 

urn provoke further upregulation of pro-inflammatory cytokines 

18] . 

Pro-inflammatory cytokines also directly and indirectly cause 

poptosis and necrosis of chondrocytes [19] , and chondrocyte 

poptosis is a central feature in the degeneration of osteoarthritic 

artilage [20] . Chondrocytes in OA cartilage exhibit both prolif- 

rative and apoptotic activities [13,20–25] , but researchers have 

hown chondrocyte death correlates with OA across diverse species 

e.g. rabbits, dogs, mice, horses, and humans) [20,25–34] . More- 

ver, the prevalence of apoptotic cells correlates significantly with 

A histopathological severity [26,29,31,33,35–38] . The implications 

f chondrocyte death are significant, given the paucity of chondro- 

ytes even in healthy cartilage tissue. 
2 
In OA, remaining viable chondrocytes respond to the upregu- 

ation of catabolic agents with attempts to mediate adverse ef- 

ects by expressing more anabolic cytokines like growth factors, 

.g. transforming growth factor (TGF- β) and bone morphogenetic 

rotein (BMP). A large family of growth factors stimulate chondro- 

ytes to synthesize more PG and COL2, and may block the activity 

f pro-inflammatory cytokines [39] . For example, tissue inhibitors 

f metalloproteinases (TIMPs) naturally inhibit MMPs and ADAMTS 

40,41] , and TIMP-3 in particular inhibits both MMPs and ADAMTS 

n human cartilage [42,43] . The well-established drug suramin 

44,45] prevents uptake of TIMP by cells to ensure more TIMP re- 

ains present in cartilage. Thus suramin shows great promise to 

educe degradation of cartilage and was recently proposed as a 

reatment for that very reason [46] . 

Our understanding of OA is far from complete, but research 

as generated an enormous body of literature on experimental 

artilage mechanics and mechanobiology, illuminating pieces of a 

ynamic whole, and computational models help us understand 

he bigger-picture puzzle of evolving interplay among mechani- 

al stimuli, biochemical signaling pathways, and cartilage func- 

ion. Existing computational models put together subsets of the 

uzzle pieces available in the literature—mechanical, biochemical, 

unctional, and temporal—but none have combined all four. Cur- 

ent computational models of cartilage include mechanical damage 

47,48] or degeneration resulting from excessive, repetitive load- 

ng [49,50] , but do not explicitly include biochemical processes. 

echanobiological models of cartilage that consider the combined 

ffects of mechanical stimuli and chemo-biological actions do not 

nclude longitudinal changes in content and organization of con- 

tituents or longitudinal changes in volumetric loss [51–54] . Longi- 

udinal changes dictate the condition of cartilage in health, disease, 

nd treatment, and are critical to understanding the big-picture 

uzzle. 

The generalized theory of ‘growth and remodeling’ of soft tis- 

ues provides an appealing approach to model tissues in health 

nd disease [55–59] , but to date, models using this approach do 

ot encompass the full chemo-mechano-biological complexity of 

artilage described in the literature. Previously reported growth- 

nd-remodeling-based models of native and engineered cartilage 

apture changes in composition and volume, yet do not consider 

oupled chemical effects [60,61] . Similarly, reported biochemical 

odels of cartilage do not include the full effects of mechanical 

timuli [62,63] . Furthermore, to better understand the cause and 

rogression of disease, evidence suggests a need for computational 

rameworks to also include cell-signaling pathways [64] . We aim to 

apture the “minimally essential” longitudinally evolving chemo- 

echano-biological complexity of cartilage within a computational 

ramework sufficiently flexible to enable future modifications, ex- 

ensions, and experimental validations. 

In this study we establish and exercise a novel 3-D, mathe- 

atical framework for modeling the coupled evolution of chem- 

cal, mechanical, and biological constituents of cartilage resulting 

rom intra-tissue mechanical and chemical environments, and the 

ealth of chondrocytes, and resulting in through-thickness volu- 

etric loss. We couple a new biochemical pathway model, e.g. 

65] , to our existing constitutive model of cartilage [66,67] to pre- 

ict the evolution of key cellular and biomolecular species during 

hysiologically relevant mechanical and/or chemical loading. More- 

ver, we introduce a novel model for homeostasis and adaptation, 

here cartilage adapts to pathological levels of mechanical stim- 

li causing perturbations to tissue homeostasis. We exercise our 

ramework both mechanically and chemically to predict the cou- 

led chemo-mechano-biological evolution of key constituents in 

artilage and the resulting volumetric loss. First we predict the 

ongitudinal effects of both immobilizing and overloading carti- 

age, both initiating the progression of OA, and compare our results 
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Fig. 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, colla- 

genases 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 pro- 

duction 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. 
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gainst experimental measurements of thickness. Next, we predict 

he longitudinal effects of treatments with suramin, an established 

rug [44,45] recently proposed for treatment of OA, after immobi- 

izing and overloading of cartilage, and after high-impact injury. 

. Methods 

Our coupled chemo-mechano-biological framework for model- 

ng the evolution of cartilage is conceptually a 3-D multiscale, i.e. a 

oupled tissue-cellular-molecular, model comprising a finite-strain, 

iomechanical model capturing anisotropic growth and remodel- 

ng, and a signaling-pathways model capturing the “minimally es- 

ential” interactions with chemical and biological constituents, cf. 

ig. 1 for a schematic overview. 

.1. Model formulation I: Biomechanical constitutive model of 

artilage 

.1.1. Anisotropic description of growth 

We exploit the very different time scales between daily activi- 

ies causing deformations of cartilage, e.g. walking ( t in seconds), 

nd progression of OA causing changes in the constituents and 

ubsequently the volume ( τ in months or years). With these two 

ime scales we perform a multiplicative decomposition of the total 

eformation gradient F (τ, t) = F e (t) F g (τ ) , cf. Fig. 2 . 

Chondrocytes within cartilage respond to mechanical and bio- 

hemical stimuli and cause growth and degradation of structural 

nd biochemical constituents resulting in volume loss/gain that af- 

ects subsequent biomechanical loading conditions. Here the (vol- 

metric) growth deformation gradient F g (τ ) captures the volu- 

etric changes (det F g = det F = ˆ v (τ )) , where ˆ v is the normal- 

zed volume change. We constrain the elastic deformation gradient 

et F e (t) → 1 to ensure incompressible elastic deformations [56] . 

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

he degradation of cartilage in OA as, 

 
g = I + ( ̂ v − 1) n � n , (1) 

here I is the identity and n is a distribution of unit vectors nor-

al to the subchondral bone and attached to the cartilage layer. 

ee Appendix A for further details. 

.1.2. Biomechanical constitutive model of cartilage 

To describe the mechanics of cartilage we use a nonlinear, 

nite-strain constitutive model based on a convex strain energy 
3 
unction � . We employ a multiplicative split of � into volumet- 

ic and isochoric contributions, using the elastic deformation gra- 

ient F e = J (1 / 3) 
S 

F , where J S = det ( F e ) and det ( F ) = 1 , and the elas-

ic right Cauchy-Green tensor C e = J (2 / 3) 
S 

C , where C = F T F [68] . We 

efine the decoupled form, 

= U(J S (t)) + �
S 
, (2) 

ith U(J S (t)) = κ[ J S (t) − ˆ v ] 2 / 2 , where κ is a stress-like material

arameter used to enforce near incompressibility. 

We employ an additive decomposition of the superimposed 

olid Helmholtz free energy �
S 
into �

S 

IM 
and �

S 

FN , which defines 

he isotropic matrix and anisotropic fiber network as, 

S = (1 − ν) ̂  ρpg �
S 

IM 

(
Ī 1 
)

+ ν ˆ ρco �
S 

FN 

(
Ī 4 , M 

)
, (3) 

here ν(τ ) = (ν0 ˆ m 
fn 
co ) / [ ν

0 ˆ m co + (1 − ν0 ) ̂  m pg ] is the evolving vol- 

me fraction of functional collagen with ν0 its initial vol- 

me fraction, ˆ m pg (τ ) and ˆ m co (τ ) are the evolving normalized 

asses of proteoglycan and total collagen, respectively, and ˆ ρpg (τ ) 

nd ˆ ρco (τ ) are the evolving normalized densities of proteogly- 

an and collagen, respectively. Additionally, ˆ m co (τ ) = ˆ m 
fn 
co (τ ) + 

ˆ  dm 

co (τ ) , where ˆ m 
fn 
co and ˆ m 

dm 

co are the functional and damaged col- 

agen, respectively. 

We define the evolving normalized volume change as, 

ˆ  = ν ˆ ρco ˆ m co + (1 − ν) ̂  ρpg ˆ m pg , (4) 

nd we assume constant constituent densities, i.e. ˆ ρco = ˆ ρpg = 1 

56] . Since we model volume changes using TVG, ˆ v equals the nor- 
alized change in thickness ˆ h . 

We model the densely packed proteoglycan using a neo- 

ookean strain energy function �
S 

IM 
( I 1 ) = μ( I 1 − 3) / 2 , where μ is

amé’s second parameter, a stress-like material parameter corre- 

ponding to the shear modulus of the ground matrix in the refer- 

nce configuration. We model the anisotropic and nonlinear con- 

ributions of networked collagen fibers to the total strain energy 

f total solid as [66] , 

S 

FN 

(
Ī 4 , M 

)
= 

∫ 
	

ρ(M ) w 

(
Ī 4 
)
d	, (5) 

here, ρ( M ) is the angular density of fibers (the orientation dis- 

ribution function) with 1 / (4 π) 
∫ 
	 ρ( M ) d	 = 1 where 	 = M ∈ 

 
3 : | M | = 1 is the unit sphere. Without loss of generality we as-

ume ρ( M ) produces a isotropic (spherical) distribution in the lo- 

al orientation of collagen fibers, for more details see Pierce et al. 
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Fig. 2. Kinematics of growth in cartilage. The total deformation gradient F (τ, t) maps the reference configuration B 0 to the current configuration B τ . The growth deforma- 

tion gradient F g (τ ) maps the reference configuration B 0 to the intermediate, stress-free growth configuration B g . Mechanical and/or biochemical stimuli cause the growth or 

degradation of structural components ˆ m pg and ˆ m co , representing the normalized proteoglycan (PG) and collagen (CO) content, respectively. The elastic deformation gradient 

F e (t) maps the intermediate, stress-free growth configuration B g to the current configuration B τ . 

Table 1 

List of Variables. Symbols and definitions. 

Number Variable Definition 

(a) ˆ h Thickness of cartilage 

(b) ˆ m co Mass of collagen including functional and damaged 

(c) ˆ m pg Mass of proteoglycan (PG) 

(d) ˆ n c Number of living chondrocytes 

(e) ˆ n nc Number of necrotic chondrocytes 

(f) ˆ n hc Number of hypertrophic chondrocytes 

(g) ˆ c i Concentration of TIMPs 

(h) ˆ c ca Concentration of collagenases (MMPs) 

(i) ˆ c ag Concentration of aggrecanases (ADAMTSs) 

(j) ˆ c �β Concentration of latent growth factors 

(k) ˆ c � p Concentration of latent pro-inflammatory cytokines 

(l) ˆ c β & ˆ c p Concentration of active growth factors ˆ c β (solid line) and active pro-inflammatory cytokines ˆ c p (dashed) 

(m) ˆ m 
fn 
co Mass of functional type II collagen 

(n) ˆ m 
dm 
co Mass of damaged type II collagen 

(o) ˆ c sm Concentration of suramin 
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1 
66] and Wang et al. [67] . We define the strain energy of single

bers of reference angular orientation M as, 

 

(
Ī 4 
)

= 

k 1 
2 k 2 

{
exp [ k 2 ( ̄I 4 − 1) 2 ] − 1 

}
H( ̄I 4 − 1) , (6) 

here the fourth pseudo-invariant Ī 4 is the square of the stretch 

f a fiber in the direction m = F M , i.e. Ī 4 ( M ) = λ2 ( M ) = M · C M ,

 1 > 0 and k 2 > 0 are a stress-like material parameter and a di-

ensionless parameter, respectively, and H is the Heaviside step 

unction evaluated at ( ̄I 4 − 1) , i.e. the collagen fibers only engage 

nder tensile stretch. We evaluate the integral in (5) numerically 

69] . 

.2. Model formulation II: Signaling pathways biochemical model 

To describe the time evolution of chemical, structural, and cel- 

ular species we establish a system of ordinary differential equa- 

ions (ODEs). We list the chemical, structural, and cellular variables 

n our model in Table 1 , along with a reference number for plotting

ariables in the results (§3 ). 

We provide a schematic overview of the signaling pathways for 

ur chemo-mechano-biological model in Fig. 3 . 

Chondrocytes, the primary cell type in cartilage, are quiescent 

ells, i.e. in healthy equilibrium chondrocytes do not proliferate 

70] . Production of chondrocytes ( ̂  n c ) occurs in proportion to the 

umber of chondrocytes and is mediated by the active growth 

actors ˆ c β [71] . Moderate physiological loading maintains cartilage 
4 
omeostasis; however, in overloading and reduced loading, a frac- 

ion of proliferating cells become hypertrophic and lose their dif- 

erential phenotype [72,73] . Activated pro-inflammatory cytokines 

 ̂ c p ) directly cause cell apoptosis [74] . Therefore, loss of chondro- 

ytes stems from natural decay, phenotypic switching of chondro- 

ytes to hypertrophic chondrocytes (regulated by growth factors), 

nd apoptosis driven by pro-inflammatory cytokines ( ̂ c p ) . Conse- 

uently, for hypertrophic chondrocytes ( ̂  n hc ) , production occurs 

uring the phenotypic conversion of normal chondrocytes ( ̂  n c ) to 

ypertrophic chondrocytes in the presence of active growth fac- 

ors ( ̂ c β ) which degrade naturally. Additionally, a fraction of living 

hondrocytes become necrotic during impact loading [75] , and go 

o apoptosis with an exponential decay. We model the time evo- 

ution of the normal, hypertrophic, and necrotic chondrocytes in 

7) –(9) as 

d ̂  n c 

d τ
= (r c 1 + r c 2 ̂  c β ) ̂  n c − (r c 3 + r c 4 ̂  c β + r c 5 ̂  c p ) ̂  n c , (7) 

d ̂  n hc 
d τ

= r hc 1 ˆ c β ˆ n c − r hc 2 ˆ n hc , (8) 

d ̂  n nc 

d τ
= −r nc 1 ˆ n nc , (9) 

here r c 
1 
, r c 

2 
, r c 

3 
, r c 

4 
, r c 

5 
are the rate parameters for normal chondro-

ytes; r hc 
1 
, r hc 

2 
are the rate parameters for hypertrophic chondro- 

ytes; and r nc is the rate parameter for necrotic chondrocytes. 
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Fig. 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. 

f

c

c

p

a

g

c

(

t  

o

f

a

g

l

u

[

o

p

n

b

o

u

d

t

g

c

[

We introduce two different masses of type II collagen: one is 

unctional, load-bearing collagen ˆ m 
fn 
co and the other is damaged 

ollagen ˆ m 
dm 

co resulting from impact or injury. The latter does not 

ontribute to bearing load. Chondrocytes ( ̂  n c ) express structural 

roteins, i.e. proteoglycan ( ̂  m pg ) and functional collagen ( ̂  m 
fn 
co ) , and 

ctive growth factors ( ̂ c β ) upregulate production [39,76] . Proteo- 

lycan and collagen degrade naturally by aggrecanases ( ̂ c ag ) and 

ollagenases ( ̂ c ca ) , respectively. During injuries, functional collagen 

 ̂  m 
fn 
co ) may become damaged ( ̂  m 

dm 

co ) , and this degrades naturally in 

he presence of collagenases ( ̂ c ca ) . Total collagen ( ̂  m co ) is the sum

f ˆ m 
fn 
co and ˆ m 

dm 

co . We model the time evolution of proteoglycan, and 

unctional and damaged collagen in (10) –(12) as 

d ̂  m pg 

d τ
= (r pg 

1 
+ r pg 

2 
ˆ c β ) ̂  n c − r pg 

3 
ˆ c ag ˆ m pg , (10) 

d ̂  m 
fn 
co 

d τ
= (r co 1 + r co 2 ˆ c β ) ̂  n c − r co 3 ˆ c ca ˆ m 

fn 
co , (11) 

d ̂  m 
dm 

co 

d τ
= −r co 4 ˆ c ca ˆ m 

dm 

co . (12) 

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

nd aggrecanases that cause degradation of collagen and proteo- 
5 
lycan, respectively [77,78] . Chondrocytes ( ̂  n c ) produce both col- 

agenases ( ̂ c ca ) and aggrecanases ( ̂ c ag ) and production is upreg- 

lated in the presence of active pro-inflammatory cytokines ( ̂ c p ) 

79,80] . However, active growth factors ( ̂ c β ) inhibit the production 

f collagenases and aggrecanases [81] . Hypertrophic cells ( ̂  n hc ) ex- 

ress aggrecanases and collagenases [82] . Degradation results from 

atural decay, decay of the inhibitory complex of TIMP ( ̂ c i ) , and 

oth collagenases and aggrecanases. We model the time evolution 

f collagenases and aggrecanases in (13) and (14) , respectively as 

d ̂  c ca 

d τ
= 

[
r ca 1 + r ca 2 

ˆ c p 

1 + r ca 
3 
ˆ c β

]
ˆ n c + r ca 4 ˆ n hc − (r ca 5 + r ca 6 ˆ c i ) ̂  c ca , (13) 

d ̂  c ag 

d τ
= 

[
r ag 
1 

+ r ag 
2 
ˆ c p 

1 + r ag 
3 
ˆ c β

]
ˆ n c + r ag 

4 
ˆ n hc − (r ag 

5 
+ r ag 

6 
ˆ c i ) ̂  c ag . (14) 

Chondrocytes ( ̂  n c ) produce TIMP ( ̂ c i ) and production is upreg- 

lated in the presence of active growth factors ( ̂ c β ) [81] . Degra- 

ation results from uptake of TIMP by chondrocytes and decay of 

he inhibitory complex of TIMP with collagenases ( ̂ c ca ) and ag- 

recanases ( ̂ c ag ) [83] . Suramin ( ̂ c sm ) prevents uptake of TIMP by 

hondrocytes and ensures more TIMP remains present in cartilage 

46] , and suramin degrades naturally. We model the time evolution 
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Fig. 4. Schematic of mechanical stimulus function f S . The stimulus function f S ∈ 
[0 , 1] is a double sigmoidal function of the mechanical stimulus σi (τ ) ( i ∈ { sh , 1 } ) 
and the high and low homeostatic thresholds, σ H 

i, hom 
(τ ) and σ L 

i, hom 
(τ ) , respectively. 

In normal physiological loadings, f S = 0 while in pathological loadings f S > 0 and 

leads to activation of growth factors and cytokines in the biochemical signaling 

pathway model (see §2.2 ). 
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v

t

f TIMP and suramin in (15) and (16) , respectively as 

d ̂  c i 
d τ

= (r i 1 + r i 2 ̂  c β ) ̂  n c −
[

r i 3 ̂  n c 

1 + r i 
4 ̂

 c sm 

+ r i 5 ̂  c ca + r i 6 ̂  c ag 

]
ˆ c i , (15) 

d ̂  c sm 

d τ
= −r sm 

1 ˆ c sm . (16) 

In our model growth factors represent a family of over 

0 growth factors, e.g. transforming growth factors or TGF- 

1-3, activins, bone morphogenetic protein (BMP), and 

rowth/differentiation factors (GDFs) expressed in latent forms 

81,84,85] . Production of latent growth factors ( ̂ c �β ) occurs in pro- 

ortion to the current number of normal chondrocytes ( ̂  n c ) and 

roduction is upregulated in the presence of active growth factors 

 ̂ c β ) . Growth factors are bound by latency-associated peptides 

LAPs) and latent TGF- β binding proteins (LTBPs). These bonds 

eed to be broken to activate growth factors [81] . Active growth 

actors are minimally present in unloaded cartilage; however, 

echanical forces such as shear or compressive loading activate 

atent growth factors [73,85–87] . Degradation of latent growth 

actors therefore occurs during the conversion of latent growth 

actors to the active form, caused by pathological mechanical 

timuli ( f S (σsh ) > 0 , see §2.3 ) and by natural decay. Consequently,

he production of active growth factors ˆ c β occurs during this 

rocess. Active growth factors also decay exponentially. We model 

he time evolution of latent and active growth factors in (17) and 

18) , respectively as 

d ̂  c �β

d τ
= (r �β

1 
+ r 

�β
2 

ˆ c β ) ̂  n c − (r �β
3 

+ r 
�β
4 

f S (σsh )) ̂  c �β , (17) 

d ̂  c β

d τ
= r 

β
1 
f S (σsh ) ̂  c �β − r 

β
2 ̂

 c β . (18) 

Two key cytokines involved in joint inflammation are IL- 1 β
nd TNF- α, and these are expressed in latent form [88] . Active 

ytokines upregulate production of latent pro-inflammatory cy- 

okines [79,80] . Normal chondrocytes ( ̂  n c ) produce latent pro- 

nflammatory cytokines ( ̂ c � p ) , and these are upregulated by ac- 

ive pro-inflammatory cytokines ( ̂ c p ) . However, active growth fac- 

ors ( ̂ c β ) inhibit production of latent pro-inflammatory cytokines 

81] . Necrotic cells ( ̂  n nc ) also upregulate production of latent pro- 

nflammatory cytokines. Degradation results from natural decay 

nd conversion of latent pro-inflammatory cytokines to the ac- 

ive form (caused by pathological mechanical stimuli). Physiolog- 

cal tensile loading inhibits the nuclear factor kappa B (NF- κB) sig- 
aling, which activates pro-inflammatory cytokines [89,90] . Hence, 

e hypothesize that f S (σ1 ) = 0 during physiological loading, and 

on-physiological (both immobilization and overloading) loading 

ctivates latent pro-inflammatory cytokines ( f S (σ1 ) > 0 , see §2.3 ). 

roduction of active pro-inflammatory cytokines ˆ c p occurs dur- 

ng conversion of latent pro-inflammatory cytokines ( ̂ c � p ) caused 

y pathological mechanical stimuli, i.e. f S (σ1 ) > 0 . Active pro- 

nflammatory cytokines degrade naturally. We model the time evo- 

ution of latent and active pro-inflammatory cytokines in (19) and 

f S = 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

f L , max , if σi (τ ) ≤ σ L 
i, hom 

(τ ) − w 
L 

f L 
(
σi (τ ) , σ L 

i, hom 
(τ ) , w 

L 
)
, if σ L 

i, hom 
(τ ) − w 

L < σi (τ ) < σ

0 , if σ L 
i, hom 

(τ ) ≤ σi (τ ) ≤ σH 
i, hom 

(

f H 
(
σi (τ ) , σH 

i, hom 
(τ ) , w 

H 
)
, if σH 

i, hom 
(τ ) < σi (τ ) < σH 

i, hom 
(

f H , max , if σi (τ ) ≥ σH 
i, hom 

(τ ) + w 
H 
6 
20) , respectively as 

d ̂  c � p 

d τ
= 

[
r � p 
1 

+ r � p 
2 
ˆ c p 

1 + r � p 
3 
ˆ c β

]
(1 + r � p 

4 
ˆ n nc ) ̂  n c − [ r � p 

5 
+ r � p 

6 
f S (σ1 )] ̂  c � p , (19) 

d ̂  c p 

d τ
= r p 

1 
f S (σ1 ) ̂  c � p − r p 

2 ̂
 c p . (20) 

.3. Model formulation III: Homeostasis and adaptation to 

echanical stimuli 

Under physiological loading conditions, chondrocytes maintain 

omeostatic balance and the constituents of cartilage remain un- 

hanged. However, during non-physiological loading, homeostatic 

alance is lost. Injurious or pathological mechanical stimuli, e.g. 

xcessive shear or tensile stresses, cause activation of both growth 

actors and pro-inflammatory cytokines [79] . In our model, we 

onsider pathological levels of first principal stress (σ1 ) and maxi- 

um shear stress (σsh ) as two mechanical stimuli that causes ac- 

ivation of latent pro-inflammatory cytokines and growth factors, 

espectively. To incorporate mechanical stimuli into our signaling 

athways biochemical model (see §2.2 ), we introduce a piecewise 

ontinuous, well-shaped mechanical stimulus function, f S , defined 

s 

(τ ) 

 w 
H 

, (21) 

where f L and f H are sigmoidal functions, σi (τ ) is the mechan- 

cal stimulus at evolution time τ with i ∈ { sh , 1 } , σ L 
i, hom 

(τ ) and
H 
i, hom 

(τ ) represent low (L) and high (H) homeostatic thresholds 

f mechanical stimulus σi (τ ) (subscript comma does not indicate 

ifferentiation). The constants f L , max ∈ (0 , 1] and f H , max ∈ (0 , 1] are

aximum values of f S under low and high pathological loading, 

nd w 
L and w 

H are parameters controlling the width of the sig- 

oidal transition zones from physiological to pathological loading. 

uring normal, physiological loading conditions, f S = 0 . We pro- 

ide a schematic representation of the mechanical stimulus func- 

ion at a fixed time τ in Fig. 4 . 
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Table 2 

Material Parameters. Values 

and units [96] . 

Parameter Value Unit 

μ 1 MPa 

k 1 3 MPa 

k 2 8 −−
ν0 0.8 −−

M

(

w

w

2

2

o

2

d

o

λ

w

o  
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d

p
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We assume that the homeostatic thresholds may adapt [91] and 

e implement this using an averaging scheme taking into account 

he temporal history of stimuli [92] . For immobilizing, we adapt 

he low homeostatic threshold σ L 
i, hom 

(τ ) while σi (τ ) ≤ σ L 
i, hom 

(τ ) 

s follows, 

L 
i, hom 

( τ ) = 

{
σ L , 0 
i, hom 

, if τ ≤ τ L 
del 

min 
[
σ L , 0 
i, hom 

, 
(∫ τ

τ−τ L σi ( τ ) d τ/τ L 
)]

, if τ > τ L 
del 

, 

(22) 

here σ L , 0 
i, hom 

denotes the prescribed initial values of the lower 

omeostatic threshold. The parameters τ L 
del 

and τ L control the time 

elay and temporal averaging period for adaptation to immobi- 

izing, respectively. Similarly, for overloading we adapt the high 

omeostatic threshold σH 
i, hom 

(τ ) while σi (τ ) ≥ σH 
i, hom 

(τ ) as fol- 

ows, 

H 
i, hom 

( τ ) = 

{
σH , 0 
i, hom 

, if τ ≤ τH 
del 

max 
[
σH , 0 
i, hom 

, 
(∫ τ

τ−τH σi ( τ ) d τ/τH 
)]

, if τ > τH 
del 

, 

(23) 

here σH , 0 
i, hom 

denotes the prescribed initial value of the high home- 

static threshold. The parameters τH 
del 

and τH control the time de- 

ay and temporal averaging period for adaptation to overloading, 

espectively. See Appendix B for further details 

.4. Computational implementation 

We exploited the very different time scales between daily ac- 

ivities, e.g. walking (seconds), and progression of OA (months to 

ears), which allows iterative rather than simultaneous solutions. 

o exercise the coupled model we solved the system of equa- 

ions ensuring quasi-static mechanical equilibrium of a unit cube 

in the absence of body forces), i.e. div σ = 0 , undergoing compres- 

ion representative of loads acting within the human knee joint 

uring walking, immobilizing, overloading, and injury. We solved 

his system of equations iteratively using an explicit method. We 

ranslated compressive forces acting within the human knee joint 

o an equivalent force F acting on the unit cube (1 mm 
3 ) as [93] , 

 = M 

(
a s 

a k 

)
m b g (24) 

here M is an activity-specific load multiplier, a s = 1 mm 
2 is the 

ontact area of the unit cube, a k = 958 mm 
2 is the average con- 

act area within a human knee, m b = 70 . 8 kg is the average hu-

an body mass [94] , and g = 9 . 81 m / s 2 is the gravitational con-

tant. The load multipliers M for normal walking and downhill 

alking are 3.9 and 8, respectively [95] . We define the normal 

omeostatic loading range as 4 ≤ M ≤ 8 for a healthy adults. Con- 

equently, we computed the initial values of the low and high 

omeostatic thresholds, σ L , 0 
i, hom 

and σH , 0 
i, hom 

, using M = 4 and M = 8 , 

espectively. For illustrative examples, we consider immobilizing 

reduced loading) as M = 0 . 5 and overloading as M = 10 . 

Given the current state of mechanical equilibrium we solved the 

ystem of ODEs (7) –(16) for the current time τ using a backward 

finite difference) Euler approach. The initial condition for the nor- 

alized quantities ˆ n c , ˆ m co , ˆ m pg , ˆ c ca , ˆ c ag , ˆ c i , ˆ c �β , and ˆ c � p was unity. 

ypertrophic and necrotic chondrocytes are generally not present 

n healthy cartilage and so ˆ n hc and ˆ n nc started at zero. The ac- 

ive chemical species ˆ c p and ˆ c β also started at zero since they are 

ot activated unless cartilage is injured. Finally, the concentration 

f suramin ˆ c sm was set to zero except when prescribed explic- 

tly. Each simulation starts from negative time, i.e. month −1 , rep- 

esenting the healthy homeostatic condition prior to pathological 

oadings which start from month zero. 

We implemented both mechanical equilibrium and the cou- 

led chemo-mechano-biological model using MATLAB R2021b (The 
7

athworks, Natick, MA). We solved for mechanical equilibrium 

at time t) at each cartilage state (at time τ ) using fsolve 

ithin MATLAB. After preliminary testing to ensure convergence, 

e chose the time step τ as 0.01 months. 

.5. Model parameters 

.5.1. Biomechanical constitutive model of cartilage 

We provide the material parameters for the constitutive model 

f cartilage (§2.1.2 ) in Table 2 [96] . 

.5.2. Signaling pathways biochemical model 

Each of the constituents outlined in §2.2 and Table 1 naturally 

ecay. We estimate the corresponding rate parameter for the decay 

f the i th constituent λi as, 

i = 

ln 2 

t i 
1 / 2 

, (25) 

here t i 
1 / 2 

is the half-life of the i th constituent. 

In healthy cartilage chondrocytes undergo apoptosis at the rate 

f approximately 0 . 15% per day, which results the half life of ap-

roximately 15 months [97] . We estimate the rate parameter r c 
3 

sing (25) . In homeostasis the rate of production of chondrocytes 

quals the rate of death, and therefore, we set r c 
1 

= r c 
3 
. A portion

f proliferating chondrocytes become hypertrophic, therefore the 

egradation rate parameter r c 
4 
should equal the rate parameter for 

roduction of hypertrophic chondrocytes, i.e. r c 
4 

= r hc 
1 
. 

The half-lives of type II collagen and proteoglycan are approxi- 

ately 90 years and 25 years, respectively [98–100] . We estimate 

 
co 
3 

and r 
pg 
3 

using (25) . We set the rate parameters for production 

 
co 
1 

= r co 
3 

and r 
pg 
1 

= r 
pg 
3 

since the type II collagen and proteoglycan 

ontent remains constant in homeostasis. 

Anabolic and catabolic cytokines show a range of half-lives 

anging from approximately 0.08 to 15 h [101–106] . We estimate 

he half-life of the latent and activated cytokines as 10 h and esti- 

ate r 
�β
3 

and r 
β
2 

using (25) . To balance the production and degra- 

ation in homeostasis we set r 
�β
1 

= r 
�β
3 

. We also set r 
�β
4 

= r 
β
1 

to ac-

ount for activation of growth factors from the latent form. Simi- 

arly, we estimate r 
� p 
5 

and r 
p 
2 
for latent and active pro-inflammatory 

ytokines, respectively, using (25) . To balance the production and 

egradation in homeostasis we set r 
� p 
1 

= r 
� p 
5 
. We also set r 

� p 
6 

= r 
p 
1 

o account for activation of cytokines from the latent form. 

The half-life of MMPs is approximately 120 h [63] , from which 

e estimate r ca 
5 

using (25) . The half-lives of both of ADAMTSs and 

IMPs are approximately 3.6 h [107,108] , from which we estimate 

 

ag 
5 

and r i 3 using (25) . TIMP, collagenase, and aggrecanase form a 

omplex [63] which has degradation rate parameters r ca 
6 

and r 
ag 
6 
. 

o balance the production and degradation in homeostasis we set 

 
ca 
1 

= r ca 
5 

+ r ca 
6 

and r 
ag 
1 

= r 
ag 
5 

+ r 
ag 
6 
. The half-life of suramin is ap-

roximately 14.5 days [45] , from which we estimate r sm 

1 
using (25) . 

We set the remaining-rate parameters ( r c 
2 
, r c 

5 
, r co 

2 
, r 

pg 
2 
, r 

�β
2 

, r 
� p 
2 
,

 

� p 
3 
, r 

� p 
4 
, r ca 

2 
, r ca 

3 
, r ca 

4 
, r 

ag 
2 
, r 

ag 
3 
, r 

ag 
4 
, and r i 

2 
) by using numerical ex-

eriments simulating immobilizing and overloading conditions de- 

ailed in §3.1 and by prescribing how rates of production are up- 

egulated or downregulated relative to homeostatic levels. To sim- 
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Table 3 

Cellular and structural rate parameters. Definitions, values, and references. 

Parameter Definition Value [month −1 ] Notes and References 

r c 1 Rate of baseline chondrocytes proliferation 4 . 5 × 10 −2 Equal r c 3 ; balancing source/sink terms at homeostasis 

r c 2 Rate of chondrocytes population dynamics sensitivity to 

anabolic cytokines and growth factors 

4 × 10 −1 Combined anabolic cytokines and growth factor effects 

[81,112] 

r c 3 Rate of baseline chondrocytes death 4 . 5 × 10 −2 Extrapolating the apoptosis rate of normal chondrocytes 

[97] 

r c 4 Rate of proliferating chondrocytes converting into 

hypertrophic chondrocytes 

1 × 10 −2 Growth factors cause proliferation; fraction of the 

proliferating chondrocytes become hypertrophic [81,113] 

r c 5 Rate of activated pro-inflammatory cytokines driven cell 

death 

1 × 10 −1 Pro-inflammatory cytokines cause cell death [74] 

r hc 1 Rate of proliferating chondrocytes converting into 

hypertrophic chondrocytes 

1 × 10 −2 Equal to r c 4 , cellular species conversion; Growth factors 

cause proliferation; fraction of the proliferating 

chondrocytes become hypertrophic 

r hc 2 Rate of baseline hypertrophic chondrocytes death 4 . 5 × 10 −1 

r nc 1 Rate of baseline necrotic chondrocytes death 1 Fraction of normal chondrocytes become necrotic due to 

high impact injurious loading 

r co 1 Rate of baseline collagen deposition by chondrocytes 6 . 4 × 10 −4 Equal r co 3 ; balancing source/sink terms at homeostasis 

r co 2 Rate of growth factors driven increase in collagen 

deposition by chondrocytes 

1 × 10 −1 Growth factors increase collagen deposition [114] 

r co 3 Rate of collagenase-driven functional collagen 

degradation 

6 . 4 × 10 −4 Based on the half lives of collagen in cartilage [98] 

r co 4 Rate of collagenase-driven damaged collagen degradation 1 Damaged collagen degrades faster than functional 

collagen 

r pg 
1 

Rate of baseline proteoglycan deposition by chondrocytes 2 . 3 × 10 −3 Equal r pg 
3 
; balancing source/sink terms at homoeostasis 

r pg 
2 

Rate of growth factors driven increase in proteoglycan 

deposition by chondrocytes 

1 × 10 −1 Growth factors increase PG deposition [114] 

r pg 
3 

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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w  
lify model parameterization, we suppose growth factors cause 

eglible inhibitory effects and set r ca 
3 

= r 
ag 
3 

= r 
� p 
3 

= 1 . Similarly, we

uppose growth factors cause negligible upregulation of TIMPs and 

et r i 2 ≈ 10 −3 r i 1 . 

We assume hypertrophic chondrocytes express more colla- 

enases than aggrecanases [109] . Thus we set r ca 
4 

= 10 r ca 
1 

and 

 

ag 
4 

= r 
ag 
1 

for illustration. We set the upregulation of latent pro- 

nflammatory cytokines as five times the basal level when half of 

ells become necrotic, this requires r 
� p 
2 

= 5 . We assume growth fac- 

ors can increase the proliferation of chondrocytes, and thus for il- 

ustration r c 
2 

= 0 . 4 to yield a 20% increase. We also assume active

ro-inflammatory cytokines accelerate cell death, and doubling the 

ate requires r c 
5 

= 0 . 1 . 

We adjusted the model parameters so that there is a modest 

pregulation (approximately a factor of 2) of latent growth factors 

ue to the presence of active growth factors, and so that active 

rowth factors remain a small proportion of latent form (approxi- 

ately 1–2%). Similarly, a small fraction of latent cytokines become 

ctive. 

The rate parameters r co 
2 

and r 
pg 
2 

relate to the upregulation of 

ollagen and proteoglycan production in the presence of active 

rowth factors, respectively. The parameters r ca 
2 

and r 
ag 
2 

relate to 

he upregulation of collagenase and aggrecanase in the presense of 

ctive cytokines. Given the long half-lives of collagen and proteo- 

lycan, we required collagenase/aggrecanse levels to increase sig- 

ificantly (30–120 ×) in pathological conditions to match the rate 

f tissue loss observed in experimentally. In addition, we assumed 

hat tissue loss maintains the relative proportions of collagen and 

roteoglycan during degradation. We assume that in the presence 

f growth factors, production of collagen and proteoglycan can in- 

rease by several fold; for illustration collagen production increases 

y a factor of four and proteoglycan production by a factor of two 

or typical peak levels of growth factors during pathological load- 

ng. We performed parameter studies on these parameters to fit 

he experimental data on cartilage thickness from baseline to 24 

onths during immobilizing (Vanwanseele et al. [110] ) and during 

verloading (Frobell [111] ). 

Tables 3 and 4 list the complete rate parameters of our signal- 

ng pathways biochemical model. 
8 
.5.3. Homeostasis and adaptation to mechanical stimuli 

With load multipliers bounding the homeostatic range, i.e. M = 

 and M = 8 , we calculate the corresponding maximum shear 

tresses and the first principal stresses and use these values to pre- 

cribe initial homeostatic thresholds σ L , 0 
sh , hom 

= 1 . 0 MPa, σH , 0 
sh , hom 

= 

 . 9 MPa, σ L , 0 
1 , hom 

= 0 . 67 MPa, and σH , 0 
1 , hom 

= 1 . 3 MPa. Both immo-

ilizing (Vanwanseele et al. [110] ) and overloading (Frobell [111] ) 

ead to cartilage loss that stabilizes in vivo . When the change in 

hickness of cartilage stabilizes we assume it is in homeostasis, 

nd this assumption allows us to estimate parameters in (22) and 

23) controlling the evolution of the homeostatic thresholds. Based 

n experimental observations of cartilage adapting to pathological 

oading, cartilage does not adapt instantaneously and achieves a 

ew homeostasis on the order of months [118] , and thus the time 

elay parameters must be on the order of days to weeks. For illus- 

ration we assume τ L 
del 

= τH 
del 

= 0 . 5 months and numerically deter- 

ine the temporal averaging periods τ L and τH to fit experimen- 

al data [110,111] . See Appendix C for further details. Additionally, 

e set f L , max = 0 . 60 and f H , max = 0 . 63 to reflect the initial rates of

hange in thickness during immobilizing and overloading, respec- 

ively. 

.6. Numerical simulations 

To exercise our coupled chemo-mechano-biological model of 

volving osteoarthritis in cartilage we complete three numerical 

tudies. We designed these studies to calibrate and test the min- 

mally essential functions of our coupled model. In all studies we 

imulated chemo-mechano-biological evolution of cartilage for 24 

onths, except for our third study (with application of suramin 

lone in varying concentrations) because cartilage reached equilib- 

ium within 12 months. 

Study 1: Cartilage response to immobilizing and overloading. 

e perform two simulations to fit experimental data on longitudi- 

al thickness of cartilage from the in-vivo studies by Vanwanseele 

t al. [110] and Frobell [111] for immobilizing and overloading, 

espectively. To simulate immobilizing and overloading conditions 

e set the load multiplier to M = 0 . 5 and M = 10 , cf. (24) , respec-
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Table 4 

Biochemical rate parameters. Definitions, values, and references. 

Parameter Definition Value [month −1 ] Notes and References 

r 
�β
1 

Rate of baseline latent growth factors secretion by 

chondrocytes 

5 . 0 × 10 1 Equal r 
�β
3 
; balancing source/sink 

r 
�β
2 

Rate of latent growth factor secretion by chondrocytes 

mediated by active growth factors 

5 . 0 × 10 3 

r 
�β
3 

Rate of baseline degradation of latent growth factors 5 . 0 × 10 1 Based on half lives of growth factors in cartilage 

[102–104] 

r 
�β
4 

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] 

r 
β
1 

Rate of latent growth factor converting to active form by 

mechanical stimuli 

5 × 10 −1 Equal to r 
�β
4 
, cellular species conversion 

r 
β
2 

Rate of baseline degradation of active growth factor 5 . 0 × 10 1 Equal r 
�β
3 
; same rate of degradation as latent growth 

factors 

r � p 
1 

Rate of baseline latent pro-inflammatory cytokines 

secretion by chondrocytes 

5 . 0 × 10 1 Equal r � p 
5 
; balancing source/sink 

r � p 
2 

Rate of latent pro-inflammatory cytokines secretion by 

chondrocytes triggered by active cytokines 

5 . 0 × 10 3 

r � p 
3 

Rate of latent pro-inflammatory cytokines inhibition by 

active growth factors 

1 

r � p 
4 

Rate of baseline latent pro-inflammatory cytokines 

secretion by necrotic chondrocytes 

5 

r � p 
5 

Rate of baseline degradation of latent pro-inflammatory 

cytokines 

5 . 0 × 10 1 Based on half lives of pro-inflammatory cytokines in 

cartilage [101,105,106] 

r � p 
6 

Rate of latent pro-inflammatory cytokines converting to 

active form by mechanical stimuli 

1 Active pro-inflammatory cytokines has very low 

concentration in cartilage 

r p 
1 

Rate of latent pro-inflammatory cytokines converting to 

active form by mechanical stimuli 

5 × 10 −1 Equal to r � p 
6 
, cellular species conversion 

r p 
2 

Rate of baseline degradation of active pro-inflammatory 

cytokines 

5 . 0 × 10 1 Equal r � p 
5 
; same rate of degradation as latent 

pro-inflammatory cytokines 

r ca 1 Rate of baseline collagenase secretion by chondrocytes 4.6 Equal r ca 5 + r ca 6 ; balancing source/sink terms at 

homeostasis 

r ca 2 Rate of pro-inflammatory cytokines-driven upregulation 

in collagenase secretion by chondrocytes 

6 . 0 × 10 2 

r ca 3 Rate of growth factors-driven downregulation in 

collagenase secretion by chondrocytes 

1 

r ca 4 Rate of baseline collagenase secretion by hypertrophic 

chondrocytes 

1 . 0 × 10 2 Hypertrophic chondrocytes express collagenases [116] 

r ca 5 Rate of baseline collagenase degradation 4.2 Based on the half lives of collagenase in cartilage [63,117] 

r ca 6 Rate of TIMP-mediated collagenase degradation 0 . 1 r ca 4 = 4 . 2 × 10 −1 Assuming additional 10% degradation by TIMP complex of 

collagenase and aggrecanase [63] 

r ag 
1 

Rate of baseline aggrecanase secretion by chondrocytes 1 . 4 × 10 2 Equal r ag 
5 

+ r ag 
6 
; balancing source/sink terms at 

homoeostasis 

r ag 
2 

Rate of pro-inflammatory cytokines-driven upregulation 

in aggrecanase secretion by chondrocytes 

5 . 0 × 10 3 

r ag 
3 

Rate of growth factors-driven downregulation in 

aggrecanase secretion by chondrocytes 

1 

r ag 
4 

Rate of baseline aggrecanase secretion by hypertrophic 

chondrocytes 

1 . 0 × 10 2 Hypertrophic chondrocytes express aggrecanases [116] 

r ag 
5 

Rate of baseline aggrecanase degradation 1 . 4 × 10 2 Based on the half lives of aggrecanase in cartilage [107] 

r ag 
6 

Rate of TIMP-mediated aggrecanase degradation 4 . 2 × 10 −1 Equal to r ca 6 ; additional degradation by TIMP complex of 

collagenase and aggrecanase [63] 

r i 1 Rate of baseline TIMP secretion by chondrocytes 1 . 4 × 10 2 Equal r i 3 + r i 4 + r i 5 ; balancing source/sink 

r i 2 Rate of growth factors-driven increase in TIMP by 

chondrocytes 

1 × 10 −1 

r i 3 Rate of baseline TIMP degradation and uptake by 

chondrocytes 

1 . 4 × 10 2 Based on the half lives of aggrecanase in cartilage [108] 

r i 4 Rate of suramin driven downregulation of TIMP 

degradation 

1 . 0 × 10 2 Suramin inhibits the uptake of TIMP by chondrocytes [46] 

r i 5 Rate of TIMP degradation of TIMP and collagenase 

complex 

4 . 2 × 10 −1 Equal r ca 6 

r i 6 Rate of TIMP degradation of TIMP and aggrecanase 

complex 

4 . 2 × 10 −1 Equal r ag 
6 

r sm 1 Rate of baseline suramin degradation 1.4 Based on the half lives of suramin in blood stream [45] 
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ively. Before immobilizing and overloading conditions (τ < 0) , we 

et the load multiplier M = 6 to define physiological loading. 

Study 2: Treatment with suramin during immobilizing and 

verloading. We perform longitudinal simulations of immobiliz- 

ng ( M = 0 . 5 ) and overloading ( M = 10 ) and include three differ-

nt treatments (concentrations) of suramin, specifically ˆ c sm = 0 . 1 , 

ˆ  sm = 0 . 5 , and ˆ c sm = 1 . We compare the results without treatment

f suramin to the dose-dependent responses with suramin. 
9 
Study 3: Treatments with suramin after injury. We perform 

imulations of healthy cartilage experiencing high-impact injuri- 

us loading at τ = 0 months. Prior to injury, we simulate normal 

ealthy conditions with the load multiplier M = 6 , cf. (24) . Carti-

age then loses 26% of the living chondrocytes and of the functional 

ype II collagen due to the injury [75] . Post injury, we immobi- 

ize cartilage for τ = 6 months ( M = 0 . 5 ) and thereafter go back

o normal healthy conditions ( M = 6 ). With this mechanical his- 
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Fig. 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 f S , and (f) mechanical stimulus functions of first principal stress f S . (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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ory we perform three sub-studies by varying treatments based on 

uramin. In sub-study 1 we apply three different concentrations of 

uramin to cartilage, specifically ˆ c sm = 0 . 1 , ˆ c sm = 0 . 5 and ˆ c sm = 1 ,

uring immobilizing (i.e. six months total). We compare the re- 

ults without suramin treatment to the dose-dependent responses 

ith suramin. In sub-study 2 we apply the highest concentration 

f suramin ( ̂ c sm = 1 ) for three different application times includ- 

ng and beyond immobilizing, specifically 12, 18, and 24 months. 

e compare the results of suramin treatment only during immobi- 

izing to the dose-dependent responses including and beyond im- 

obilizing. In sub-study 3 we apply the highest concentration of 

uramin ( ̂ c sm = 1 ) for the longest application time (24 months) ac- 

ompanied by three different externally applied concentrations of 

ctive growth factors, specifically ˆ c β = 0 . 01 , ˆ c β = 0 . 02 , ˆ c β = 0 . 03 .

e compare the results without active-growth-factor treatment 

o the dose-dependent responses with externally applied active 

rowth factors. 

. Results 

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

In this study we simulate progressive thinning and stabilization 

f cartilage in response to both immobilizing and overloading. In 

oth simulations we use identical rate parameters with the ex- 

eption of the parameters which control the rates of adaptation 

f the homeostatic thresholds ( τ L = 15 versus τH = 9 months). In 

hat follows we describe in mechanistic detail how our multi- 

cale, chemo-mechano-biological model accounts for the progres- 

ive thinning and stabilization of cartilage. In Fig. 5 we illus- 

rate the evolution of intra-tissue mechanical variables, homeo- 

tatic thresholds, and stimulus functions that drive pathological re- 

odeling. In Fig. 6 we illustrate the evolution of cartilage thick- 
10 
ess, and cellular and molecular species. See Table 1 for a descrip- 

ion of the cellular and molecular variables. 

In immobilizing conditions ( τ > 0 ), due to the load multiplier 

 = 0 . 5 (see §2.4 ), the maximum shear stress ( σsh = 0 . 15 MPa)

nd first principal stress ( σ1 = 0 . 10 MPa) fall below minimum 

omeostatic thresholds σ L , 0 
sh , hom 

= 1 . 0 MPa and σ L , 0 
1 , hom 

= 0 . 67 MPa. 

his activates the stimulus functions, i.e. f S ( σsh , σ
L 
sh , hom 

) > 0 and 

f S ( σ1 , σ
L 
1 , hom 

) > 0 , and drives pathological remodeling pathways 

eading to cartilage thinning. However, we gradually adapt the 

omeostatic thresholds σ L 
sh , hom 

and σ L 
1 , hom 

towards those of the 

current) perturbed mechanical environment (see §2.3 ) ( Fig. 5 (a) 

nd (b) ). Consequently, the values of the mechanical stimulus 

unctions f S gradually reduce towards zero over time ( Fig. 5 (e) 

nd (f) ), cf. Appendix B . This novel feature of our framework fa- 

ilitates remodeling of cartilage towards a new homeostasis. We 

djusted the time parameter controlling the rate of adaptation 

f the homeostatic threshold so that the final cartilage thickness 

atches experimental data [110] , for immobilizing this requires 
L = 15 months. If τ L < 15 , the thickness of cartilage stabilizes 

ore quickly and the final reduction in thickness is reduced, cf. 

ppendix C . 

In immobilizing conditions, chemo-mechano-biological path- 

ays drive the reduction in tissue thickness. Pathological lev- 

ls of intra-tissue mechanical stimuli Fig. 5 (e) and (f) ) acti- 

ate latent growth factors and latent pro-inflammatory cytokines 

 Fig. 6 (l) ); the increased concentrations of these molecular species 

eed back to upregulate their latent forms ( 17 ) and (19) respec- 

ively ( Figs. 6 (j) and (k) ). The increase in growth factors up- 

egulates TIMP production and promotes chondrocyte prolifera- 

ion (7) , and a fraction of proliferating cells become hypertrophic 

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

eath leading to a reduction in normal, living chondrocytes by 

8% over nine months ( Fig. 6 (d) ). In addition, cytokines upregu- 

ate collagenases and aggrecanases ( Fig. 6 (h) and (i) ) which drives 
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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egradation of collagen and proteoglycan ( Fig. 6 (b) and (c) ). The 

oncentrations of collagenases and aggrecanases peak after five 

onths ( ̂ c ca ≈ 110 and ˆ c ag ≈ 31 ). After nine months, collagen and 

roteoglycan stabilize following a loss of approximately 24% and 

1% of their initial content and consequently there is a similar de- 

rease in the thickness of cartilage, cf. (4) ( Fig. 6 (a) ). 

In overloading conditions ( τ > 0 ), due to the load multi- 

lier M = 10 (see §2.4 ), the mechanical environment exceeds the 

omeostatic thresholds and the mechanical stimulus functions 

f S ( σsh , σ
H 
sh , hom 

) and f S ( σ1 , σ
H 
1 , hom 

) drive pathological remodeling. 

hese functions have initial values of 0.63 and decay to zero 

 5 (e) and (f) ) as homeostatic thresholds σH 
sh , hom 

and σH 
1 , hom 

adapt 

 Fig. 5 (c) and (d) ). The action of the pathway model follows simi-

ar to that in immobilizing. However, we adjusted the time param- 

ter controlling the rate of adaptation of the (high) homeostatic 

hreshold so that the final cartilage thickness matches experimen- 

al data [111] , and this requires that the adaptation occurs more 

uickly, i.e. τH = 9 months. In response to overloading, patholog- 

cally elevated intra-tissue mechanical stimuli activate the latent 

rowth factors and latent pro-inflammatory cytokines ( Fig. 6 (l) ) 

eading to chondrocyte death and hypertrophy, upregulation of col- 

agenases and aggrecanases, and degradation of collagen and pro- 

eoglycan. As the values of the stimuli functions f S drop to near 

ero due to adaptation of the homeostatic thresholds, the activated 

hemical species also drop and the thickness of cartilage stabilizes. 

ote that while the total load acting on cartilage remains fixed, the 

aximum shear stress and first principal stress increase slightly to 

.35 and 1.57 MPa, respectively, due to the evolving volume and 

omposition ( Fig. 5 (c) and (d) ). 

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

verloading 

In this study we examine the impact of the drug suramin on 

he remodeling response of cartilage while subject to immobilizing 
11 
nd overloading using the calibration from §3.1 . In Figs. 7 and 8 we

llustrate the evolution of cellular and molecular species in immo- 

ilizing and overloading conditions, respectively, over 24 months 

nd with various doses (concentrations) of suramin where the blue 

urve represents no treatment with suramin, and the red, green, 

nd magenta curves represent treatments with suramin in concen- 

rations of ˆ c sm = 0 . 1 , 0 . 5 , and 1, respectively. 

During immobilizing conditions, our framework predicts that 

igher concentrations of suramin produce greater improvements 

n the retention of cartilage thickness Fig. 7 (a) ). Specifically com- 

aring no treatment to treatment with the highest concentration 

f suramin ( ̂ c sm = 1 ), we see a reduction in the loss of cartilage

hickness of approximately 25% . In our framework the action of 

uramin ( Fig. 7 (o) ) inhibits uptake of TIMP by chondrocytes (see 

15) and consequently it leads to increases in TIMP within carti- 

age ( Fig. 7 (g) ). The concentration of TIMP reaches peak values af- 

er approximately one month and subsequently decreases due to 

he increase of collagenase and aggrecanase ( Fig. 7 (h) and (i) , re-

pectively), which follow the levels of active cytokines ( Fig. 7 (l) ). 

he presence of elevated TIMP downregulates the peak concen- 

rations of collagenases and aggrecanases by up to 15% and 1 . 2% ,

espectively. As collagenase and aggrecanase subsequently reduce 

owards basal levels between six and nine months, TIMP starts 

o increase again ( Fig. 7 (g) ) due to the continued application of 

uramin. To summarize, application of suramin leads to increases 

n TIMP, decreases in collagenases and aggrecanases, less degrada- 

ion of collagen and proteoglycan ( Fig. 7 (b) and (c) , respectively), 

nd thus less cartilage loss. During overloading conditions, with 

o suramin treatment, cartilage thickness decreases by approxi- 

ately 5%. However, with the application of suramin, our frame- 

ork predicts cartilage thickness can recover ( Fig. 8 (a) ). Mecha- 

istically, the framework works in a similar way to that in immo- 

ilizing. During overloading, the constant application of suramin 

 Fig. 8 (o) ) inhibits uptake of TIMP by chondrocytes (15) which sub-

equently increases TIMP ( Fig. 8 (g) ). With the highest concentra- 
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Fig. 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 ˆ c sm = 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ion of suramin, i.e. ˆ c sm = 1 , TIMP reaches a peak value after one

onth, but decreases thereafter due to increases of collagenases 

nd aggrecanases ( Fig. 8 (h) and (i) , respectively). The presence of 

levated TIMP downregulates the peaks of collagenases and aggre- 

anases by approximately 50% and 4% , respectively. As ˆ c ca and ˆ c ag 
educe to basal levels at approximately five months TIMP starts to 

ncrease ( Fig. 8 (g) ). Due to the increase of TIMP and the decreases

n collagenases and aggrecanases, we see less degradation of col- 

agen and proteoglycan ( Fig. 8 (b) and (c) , respectively), and thus 

ess cartilage loss. 

.3. Study 3: Treatment with suramin after injury 

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

ased treatments on the remodeling response of cartilage while 

ubject to injury, immobilizing, and return to normal walking us- 

ng the calibration from §3.1 . In Fig. 9 we illustrate the evolution 

f intra-tissue mechanical variables, homeostatic thresholds, and 

echanical stimulus functions that drive pathological remodeling. 

mmobilizing following impact injury significantly alters the intra- 

issue mechanics of cartilage. The stress magnitudes reduce below 

he homeostatic thresholds ( Fig. 9 (a) and (b) ), and hence the val-

es of the mechanical stimulus functions, f S ( σsh ) and f S ( σ1 ) , in-

rease ( Fig. 9 (c) and (d) , respectively). These increases drive ac- 

ivation of latent pro-inflammatory cytokines and growth factors, 

nd subsequent tissue remodeling. After six months of immobiliz- 

ng, the patient goes back to normal walking, thus restoring intra- 

issue stresses to homeostatic levels and reducing the mechanical 

timulus functions to zero. However, note that cartilage now ex- 

eriences higher intra-tissue stresses σsh and σ1 versus the ini- 

ial state due to injury-driven changes in the constituents and total 

olume. 

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

nd molecular species over 12 months with various doses (con- 

entrations) of suramin where the blue curve represents no treat- 
12 
ent, and the red, green, and magenta curves represent treatments 

ith suramin in concentrations of ˆ c sm = 0 . 1 , 0 . 5 , and 1, respec-

ively. The high-impact injury at τ = 0 damages 26% of the func- 

ional collagen ( Fig. 10 (n) ) and causes an equal quantity of chon- 

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

nd necrotic cells subsequently degrade following (7) and (12) . The 

udden loss of chondrocytes causes the latent growth factors to 

nitially drop ( Fig. 10 (j) ). However, the ensuing activation of latent 

ro-inflammatory cytokines and growth factors ( Fig. 10 (l) ) feeds 

ack to upregulate their latent forms. The presence of necrotic 

ells also contributes to upregulation of latent pro-inflammatory 

ytokines (19) . After immobilizing, latent forms of growth factors 

nd cytokines return to baseline levels. Suramin acts to inhibit up- 

ake of TIMP by chondrocytes and thus increased concentrations of 

uramin elevate TIMP ( Fig. 10 (g) ). Increased TIMP inturn reduces 

he peak in collagenase ( Fig. 10 (h) ) and thus reduces loss of col-

agen ( Fig. 10 (m) ). The first peak in TIMP occurs at approximately 

ne month and then it drops to a local minimum as collagenases 

nd aggrecanases reach a maximum. As levels of collagenases and 

ggrecanases decrease, TIMP again increases due to application of 

uramin. We stop the application of suramin after six months and 

evels of TIMP subsequently fall to zero. Overall, we see an approx- 

mately 4% reduction in the loss of volume ( Fig. 10 (a) ) comparing

utcomes at 12 months without treatment and with treatment at 

he highest concentration of suramin ( ̂ c sm = 1 ). 

In Fig. 11 (sub-study 2) we illustrate the evolution of cellu- 

ar and molecular species over 24 months with the highest pre- 

ious concentration of suramin ˆ c sm = 1 , and with various time pe- 

iods for application of the treatment where the blue, red, green, 

nd magenta curves represent applications for 6, 12, 18, and 24 

onths total. Prolonging the time period for application of suramin 

 Fig. 11 (o)) prolongs the elevation of TIMPs ( Fig. 11 (g)). This in-

urn leads to downregulation of collagenases ( Fig. 11 (h)) and ag- 

recanase ( Fig. 11 (i)) relative to baseline levels. However, the net 

ffect yields only marginal increases in collagen ( Fig. 11 (b)) and 
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Fig. 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 ˆ c sm = 0 . 1 , 1 , and 10, respec- 

tively. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 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 

f S , and (d) mechanical stimulus functions of first principal stress f S . 
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roteoglycan ( Fig. 11 (c)), and thus only marginal improvements 

n final tissue thickness ( Fig. 11 (a)) due to the low production 

ates of collagens and proteoglycans in non-pathological condi- 

ions. Notably, the activation of both growth factors and pro- 

nflammatory cytokines is unaffected by the time period of appli- 

ation ( Fig. 11 (l)). 

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

ellular and molecular species over 24 months with the high- 

st previous concentration of suramin ˆ c sm = 1 and with various 

oses (concentrations) of active growth factors where the blue 

urve represents no treatment with active growth factors, and 

he red, green, and magenta curves represent treatments with ex- 

ernally applied active growth factors in concentrations of ˆ c ext 
β

= 
13 
 . 01 , 0 . 02 , and 0.03, respectively. In all simulations the application

f specified treatments remains constant for 24 months. Increases 

n the concentration of externally applied active growth factors 

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

ell proliferation ( Fig. 12 (d)), and upregulates production of colla- 

en and protoeoglycan ( Fig. 12 (b) and (c)). Moreover, the presence 

f latent/active growth factors down regulates latent/active pro- 

nflammatory cytokines ( Fig. 12 (k) and (l)) and consequently down 

egulates collagenase and aggrecanase ( Fig. 12 (h) and (i)). Overall 

oth collagen and proteoglycan increase ( Fig. 12 (b) and (c)) result- 

ng in recovery of cartilage thickness ( Fig. 12 (a)). In this injury and

ecovery scenario after 24 months, treatment with suramin and ex- 

ernally applied active growth factors ( ̂ c const 
β

= 0 . 03 ) results in a fi-
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Fig. 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 ˆ c sm = 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Cartilage evolving in injury and recovery with various time periods for application of suramin at concentration ˆ c sm = 1 . The blue, red, green, and magenta 

curves represent treatments of suramin in concentration ˆ c sm = 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 12. Cartilage evolving in injury and recovery with application of suramin at concentration ˆ c sm = 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 ˆ c ext 
β

= 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

n

7

4

n

m

i

n

l

t

g

m

i

c

p

t

h

W

g

o

n

t

t

p

[

s

c

t

t

m

m

o

b

o

e

t

w

c

w

w

4

h

o

e

b

a

a

t

m

t

p

n

b

[

s

T

o

τ
m

al thickness of cartilage at 87% of the original thickness versus 

7% without externally applied active growth factors ( Fig. 12 (a)). 

. Discussion 

Our work establishes a first-of-its kind virtual cartilage: a 

ew modeling framework that considers time-dependent, chemo- 

echano-biologically induced turnover of key constituents result- 

ng from biochemical, mechanical, and/or biological activity. Our 

ovel computational framework is the first to fully integrate a non- 

inear, large-strain constitutive model for the mechanics of car- 

ilage with a model of the cell-signaling pathways which drive 

rowth-and-remodeling of cartilage, and which in turn alter the 

echanical response. In formulating our model of the cell signal- 

ng pathways we included the “minimally essential” yet complex 

hemical and mechanobiological mechanisms within cartilage to 

redict the evolution of key constituents. To achieve this, we es- 

ablished and incorporated into the framework a novel model of 

omeostatic adaptation of cells to pathological mechanical stimuli. 

e also pioneered a new application for kinematics of anisotropic 

rowth to simulate the through-thickness degradation clinically 

bserved as cartilage thinning—loss quantified in the model as 

egative growth. With representative rate parameters, our simula- 

ions of immobilizing and overloading cartilage successfully predict 

he loss of cartilage volume (presented as thickness) quantified in 

reviously reported experimental studies, e.g. Vanwanseele et al. 

110] and Frobell [111] . To demonstrate use of the framework to 

imulate clinical treatments, we modeled the use of suramin, re- 

ently proposed as a potential treatment for OA due to its inhibi- 

ion of uptake of TIMPs by chondrocytes [46] , for treatment of os- 

eoarthritic or otherwise degenerated cartilage. We simulated im- 

obilizing, overloading, and injuring cartilage, and showed treat- 
15 
ents of suramin result in dose-dependent reductions in thinning 

f cartilage. A notable simulation result suggested suramin would 

e less effective for cartilage subjected to impact injury (relative to 

verloading or immobilization) and motivated us to explore differ- 

nt treatment combinations. As a result, we showed that for car- 

ilage subjected to impact injury, treatments of suramin combined 

ith active growth factors facilitate faster and greater recovery of 

artilage after thinning, an outcome we would not have pursued 

ithout the simulation results made possible by our new frame- 

ork. 

.1. Studies 1–3: Numerical simulations of cartilage evolving in 

ealth, disease, injury, and treatment 

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

ur simulations showed that during pathological loading cartilage 

stablishes a new homeostasis that includes a thinned but sta- 

le cartilage volume. Motivated by the (sparse) experimental data 

vailable in the literature, we hypothesized that chondrocytes can 

dapt to pathological mechanical stimuli. Our model thus assumes 

he homeostatic threshold values shift in response to pathological 

echanical stimuli, and in our framework, cartilage can adapt to 

he adverse mechanical stimuli and re-establish homeostasis. Ex- 

eriments using a mouse model of disuse of cartilage indicate sig- 

ificant thinning occurs in the first two weeks, followed by sta- 

ilization of the thickness in the following four and eight weeks 

118] . We thus assumed that the adaptation to pathological loading 

tarts after two weeks, so we chose 0.5 months as our time delay. 

o fit experimental data from both immobilizing and overloading 

f human cartilage, we used different tem poral averaging periods 
L = 15 and τH = 9 months, respectively. Thus, in our model, hu- 

an cartilage adapts more quickly to overloading than to immo- 
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ilizing, consistent with extant experiments. It is worth noting the 

aucity of experimental data on homeostatic adaptation in carti- 

age offers a direction to further refine these assumptions. 

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

mprovements on recovering the thickness of cartilage. Reflecting 

hat we can discern from the literature, our model suggests the 

egree of recovery depends on the longitudinal intra-tissue me- 

hanics, i.e. on the state of the cartilage as a result of its load- 

ng history. In immobilizing, cartilage thinning over 24 months im- 

roved from 77% to 82% (for the highest concentration of suramin), 

hile in overloading, the thinning over the same period improved 

rom 95% back to 100%. 

Nevertheless in Study 3 (§3.3 ), the same treatments with 

uramin after impact injury (i.e. without simultaneous application 

f active growth factors) showed relatively limited recovery post- 

njury. In sub-study 1, cartilage thinning over 24 months improved 

rom 74% to 76% (for the highest concentration of suramin ap- 

lied only during immobilizing). After injury, fewer viable chon- 

rocytes remain and produce proportionally less collagen and pro- 

eoglycan. In sub-study 2, we applied the highest concentration of 

uramin over different time periods of application. For the longest 

ime period of application (i.e. including immobilization for six 

onths and return to normal walking for 18 months), cartilage 

hinning over 24 months improved from 76% to 77%. This unex- 

ectedly small improvement, relative to what we observed for the 

ame treatment in overloading and immobilizing, motivated us to 

nclude treatments with active growth factors in combination with 

uramin. In sub-study 3, the model showed that constant appli- 

ation of active growth factors, along with suramin (in the highest 

oncentration for the longest time period), resulted in a marked in- 

rease in concentration of chondrocytes and greatly improved the 

ecovery from cartilage thinning (i.e. over 24 months the thickness 

mproved from 77% to 87%). These studies demonstrate the poten- 

ial utility of our framework to test clinical outcomes and guide 

reatment strategies. 

.2. Modeling framework 

Our framework considers cartilage from young, healthy adults; 

he mean ages were 26 and 37 ±13 . 7 years in the two experi-

ental studies we used for calibration, i.e. Frobell [111] and Van- 

anseele et al. [110] , respectively. The cartilage literature suggests 

hat aging causes abnormal differentiation of chondrocytes that 

eads to loss of cartilage ECM [119] , a factor which we did not con-

ider in the studies presented here. That said, mechanical under- 

r overuse of cartilage act as non-physiological (pathogenic) stim- 

li that disrupt homeostasis [119,120] , as observed in our studies. 

ack of mechanical stimuli can degrade other tissues relevant at 

he joint scale, e.g. atrophy of bone and muscle due to micrograv- 

ty during space flights is well-established [121,122] , and although 

e know OA to be a disease of the whole joint, our framework 

onsiders only the cartilage tissue. 

To establish the mathematical framework for our chemo- 

echano-biological model, we simplified complex relationships 

mong chemical species. For example, according to the litera- 

ure, in human cartilage IL-1 β and TNF- α upregulate ADAMTS-4, 

ut not ADAMTS-5 [78,123,124] ; however, in animal models pro- 

nflammatory cytokines upregulate ADAMTS-5 [125] . For another 

xample, TGF- β is a well known anabolic cytokine in cartilage 

ut in at least one study shows upregulation of ADAMTS-4 [126] . 

oreover, mechanical stresses and high levels of TGF- β have been 

hown to disrupt homeostasis in cartilage [127] . This kind of bio- 

ogical complexity led us to formulate a simplified model captur- 

ng the minimally essential functions in a flexible framework. Our 

athematical model can be modified or extended based on the 

vailability of data or on a specific question of interest [54,128] . 
16 
.3. Model parameters 

We used a single set of model parameters in all of our simu- 

ations. We estimated the majority of these rate parameters using 

ublished estimates of the half-lives of the constituents, cf. (25) . 

e provided rationale for estimating the remaining rate parame- 

ers, and we performed numerical experiments to fit experimen- 

al measurements of the thickness of cartilage, as quantified using 

agnetic resonance imaging in vivo [110,111] . 

We expressed the concentration of different chemical species 

ithin our mathematical model in a normalized form, which is 

eneficial to compare simulation results with similar experimen- 

al results. The literature reports varying concentrations of chem- 

cal species in cartilage among subjects. For example, in syn- 

vial fluid the concentration of pro-inflammatory cytokine IL-1 

anges from an average of 0.020 ng/mL in healthy patients [129] , 

o 0.050 ng/mL for patients with mild OA [130] , and 0 . 021 −
 . 146 ng/mL for patients with OA [131] . The concentration of latent 

rowth factors (e.g. TGF- β) ranges from 69 to 300 ng/mL across 

ifferent studies [85,132,133] . Researchers also report variability in 

oncentrations of the latent form of cytokines, but few studies ac- 

ount for concentrations of active forms. Furthermore, many re- 

orts of concentrations make no distinction between the active 

nd latent forms of growth factors. With consideration for the vari- 

bility reported in the literature, we used available data to reason- 

bly bound and estimate the rate parameters. 

To demonstrate key features of our coupled modeling frame- 

ork, we provided representative model parameters, which we 

stimated based on available, and in some cases sparse, ex- 

erimental data. Using these parameters, we saw a sudden in- 

rease in collagenases in both immobilizing and overloading. Dur- 

ng immobilization in particular, the normalized concentration 

f collagenases increased approximately 9.5 times the normal 

ealthy level in one month, a result which aligns with experi- 

ental findings where MMP-3 increased 10 fold in 21 days after 

mmobilization [134] . 

The increases in collagenases and aggrecanases occur due 

o the activation of pro-inflammatory cytokines. In our model, 

he function f S (σ1 ) > 0 represents the pathological mechanical 

oad required to cause this activation ( Fig. 4 ), and the thresh- 

ld at which f S (σ1 ) is greater than zero (i.e. the threshold of 

echanical stimulus required to activate pro-inflammatory cy- 

okines) shifts over time toward a new threshold or homeo- 

tatic equilibrium. In contrast, if the value of f S (σ1 ) were to re- 

ain constant in time, more activated pro-inflammatory cytokines 

ould continue to upregulate more collagenases and aggrecanases, 

hich would cause continued degradation of the matrix and 

hinning of cartilage without reestablishing a new homeostatic 

quilibrium. 

TIMP is a natural inhibitor of collagenases, and the concentra- 

ion of TIMP in cartilage depends in part on the concentration 

f collagenases [83] . Similarly, the concentration of TIMP in car- 

ilage affects the concentration of aggrecanases. In our simulations 

e observed that higher concentrations of TIMP, conserved by the 

pplication of higher concentrations of suramin, inhibited collage- 

ases and aggrecanases ( Figs. 7, 8 , and 10 ). Of interest, we see peak

alues of aggrecanases are less sensitive to suramin compared to 

he peak values of collagenases. Note that the half-life of aggre- 

anases is lower than that of collagenases and similar to that of 

IMP. Our simulations suggest that in homeostasis the rate of pro- 

uction of aggrecanases is greater than that of collagenases, and 

as little effect on the concentration of TIMP. Future experiments 

ill help us to validate the impact of suramin on aggrecanases and 

n cartilage health. Likewise, we can refine the model parameters 

nd framework itself as additional data become available in the fu- 

ure. 
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.4. Limitations and outlook 

We model cartilage as a non-linear, fiber-reinforced, hypere- 

astic solid while cartilage is widely considered a fluid-saturated, 

iphasic material [66] . Our model also simulates cartilage mechan- 

cs without considering the osmotic swelling/prestretch within a 

iphasic model [67] which may affect the growth and remodel- 

ng response [135] . The volume of chondrocytes in the superficial 

nd middle zones of cartilage increases with progression of OA, but 

ells in the deep zone do not change volume [136] . Our framework 

oes not currently distinguish among the different zones. 

To establish this initial model we consider only a subset of 

nown signaling pathways while many more exist [137] . We 

lso assume only chondrocytes produce cytokines and enzymes, 

hile fibroblasts and macrophages express many of the pro- 

nflammatory cytokines, collagenases, and aggrecanases that con- 

ribute to degradation of cartilage [138] . We combine chemical 

pecies into classes based on their general roles in cartilage, al- 

hough not all species within each class have identical effects 

n cartilage homeostasis. Moreover we estimate the half-lives for 

hese classes of chemical species despite variability in the half-lives 

ithin each class. Anabolic cytokines and growth factors have dif- 

erent half-lives: e.g. the half-lives of BMP, FGF, and TGF- β1 are 

 . 12 − 0 . 27 , 4 − 13 , and 1.67 h, respectively [102–104] . Different

ro-inflammatory cytokines have different half-lives, too: e.g. the 

alf-lives of TNF- α, IL-6, IL-1 α and IL-1 β are 0.08, 1, 15, and 2.5 h,

espectively [101,105,106] . The half-lives of MMP-1 and MMP-3 are 

10 h and 4 h, respectively [117] . Furthermore, the relative propor- 

ion of these chemical species in cartilage is unknown; with more 

ata, we can refine model parameters or extend the model itself. 

We calibrated our coupled chemo-mechano-biological model of 

volving osteoarthritis in cartilage using two longitudinal experi- 

ental studies, which measure the thickness of cartilage. Our me- 

hanical stimulus functions assume that pathological maximum 

hear stresses convert latent growth factors to their active forms, 

hile first principal stresses convert latent cytokines to their ac- 

ive forms. Additional experiments and simulations with realistic 

eometries and mechanical loads will clarify differences in how 

ntra-tissue mechanics drive the up- and down-regulation of chem- 

cal species. Longitudinal quantification of biochemical constituents 

n evolving cartilage is not yet available in literature; future studies 

f this nature, both in vitro and in vivo , will allow us and others to

efine this model. 

We present a novel mathematical framework incorporating the 

oupled longitudinal evolution of key chemical, structural, and bio- 
ig. A1. Representative kinematics of (a) isotropic volume growth (IVG) and (b) throu

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

utline the initial and final configurations, respectively, while dotted blue outlines repre

his figure legend, the reader is referred to the web version of this article.) 

17 
ogical constituents of cartilage and exercise our model to demon- 

trate thinning of cartilage that leads to the progression of OA. Our 

roposed model is a first step towards investigating the biochem- 

cal, mechanical, and biological evolution of cartilage and chon- 

rocytes in degeneration or progression of OA, as well as the re- 

pective responses to pharmacological interventions and therapies. 

ith more longitudinal experimental data on chemical species, 

ur mathematical model can be fitted to predict clinical outcomes. 

o exercise our model we demonstrated a possible treatment for 

artilage thinning that progressively leads to OA. In recent ani- 

al studies suramin showed chondroprotective properties by de- 

reasing aggrecanases and collagenases, and increasing TIMP [139] , 

hich we observe in Figs. 7, 8 , and 10 . We aim to implement our

hemo-mechano-biological framework for finite element analyses, 

hus enabling advanced understanding of patient-specific patho- 

ogical changes due to biomechanical factors, improved clinical di- 

gnostics and therapies [43] , and new methods for non-invasive 

iagnosis and pre-/post-operative decision making. Leveraging our 

ramework in future studies will enable us to link physical activ- 

ty, and the resulting mechanical stimuli, to the progression of OA 

nd loss of cartilage function, enabling new fundamental under- 

tanding of the complex progression of OA, and elucidating new 

erspectives on causes, treatments, and possible preventions. 
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ppendix A 

Deformation gradients describing transversely anisotropic 

rowth take the general form, 

 
g = αI + βn � n , (A.1) 

here α and β are parameters controlling the growth kine- 

atics. To prescribe isotropic volume growth (IVG) α = ̂  v 1 / 3 and 
gh-thickness volume growth (TVG) with F e = I and ˆ v ∈ [1 , 0 . 7] (negative growth). 

he through-thickness ( n = { 0 0 1 } T ) direction. Solid green ( ̂ v = 1 ) and red ( ̂ v = 0 . 7 ) 

sent intermediate configurations. (For interpretation of the references to colour in 
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Fig. B.1. Mechanical stimuli activates latent cytokines and growth factors that are a function of stress and time τ. Representative f S 
(
σi , σ

L 
i, hom 

, σ H 
i, hom 

)
for pathological 

loading conditions, which is a function of σi (τ ) , σ L 
i, hom 

, and σ H 
i, hom 

. Initially, at τ = 0 the lower homeostatic threshold is σ L , 0 
i, hom 

. As τ increases, chondrocytes adapt the 

pathological stress σsh , and σ
L 
i, hom 

shifts linearly: (a) represents immobilizing, where σ L 
i, hom 

decreases, and (b) represents overloading, where σ H 
i, hom 

increases. 

β
T
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= 0 . However, by specifying α = 1 and β = ̂  v − 1 we introduce 

VG which captures the degradation of cartilage in the through- 

hickness direction, cf. (1) . In Fig. A1 we illustrate the kinematics 

f IVG and TVG using the same total volume loss. We observe that 

he change of volume occurs in all directions equally in IVG while 

he change of volume occurs only in the through-thickness direc- 

ion in TVG. 

ppendix B 

In Fig. B.1 we illustrate the mathematics of homeostatic adap- 

ation to mechanical stimuli. 
ig. C.1. Evolution of intra-tissue mechanics while cartilage evolves in immobilizing 
L = 5 , 10, and 15, respectively. Specifically: (a) maximum shear stress σsh during immo

unctions of shear stress f S , and (d) mechanical stimulus functions of first principal stress

s referred to the web version of this article.) 

18
ppendix C 

In Figs. C.1 and C.2 we complete a representative parameter 

tudy of the time averaging period τ L during immobilizing, and il- 

ustrate the evolution of both intra-tissue mechanics and of cellular 

nd molecular species, respectively. 
with different time averaging periods τL . Blue, red, and green curves represent 

bilizing, (b) first principal stress σ1 during immobilizing, (c) mechanical stimulus 

 f S . (For interpretation of the references to colour in this figure legend, the reader 
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Fig. C.2. Cartilage evolves in immobilizing with different time averaging periods τL . Blue, red, and green curves represent τ L = 5 , 10, and 15, respectively. Time τ < 0 

months represents healthy homeostatic conditions, and immobilizing starts at τ = 0 months. With τ L = 15 months, thickness of cartilage matches with the experimental 

data from Vanwanseele et al. [110] . See Table 1 for a description of the variables. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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