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A B S T R A C T

Chronic inflammation is a key factor in the degenerative changes of osteoarthritic joints. Obesity
significantly raises the risk of osteoarthritis (OA), since excess body fat (adipose tissue) not only
systemically increases the level of inflammation but also locally stimulates the inflammatory
responses within osteoarthritic joints. In this context, physical activity is a practical approach
in OA prevention and intervention, whereas current therapeutic strategies remain empirical
and lack patient-specific tailoring. This makes it challenging to determine the appropriate
dose and timing of physical activity therapy for diverse individuals. Building on our previous
work of an adipokine-mediated inflammation model, this study aimed to analyse the effects
of obesity and physical activity on OA inflammation by parameterising the inflammatory
activities. In this model, five key mediator groups (pro- and anti-inflammatory cytokines,
matrix metalloproteinases, adipokines and fibronectin fragments) were included. A global
sensitivity analysis was conducted in the estimated parametric space and revealed the critical
role of adiposity-associated factors in regulating inflammation. In addition, the inflammatory
activities were simulated by tuning two adiposity-associated parameters, body mass index
(BMI) and physical activity level (PAL), factoring in a simulated injury. The effectiveness
of three physical activity intervention strategies was assessed by examining the inflammatory
responses of the representative cases with four BMI profiles. A marked sensitivity to the
timing (window period) of physical activity implementation was found. Results underscored
the importance of accounting for both the adiposity level and the extent of tissue damage
when designing intervention strategies of physical activity and optimising their timing for
managing OA inflammation. This novel computational study analyses the adiposity-associated
effects of physical activity on OA inflammation, illustrating that the effective window period of
physical activity interventions varies from 0 to 15 months, depending on the level of adiposity
and mechanical damage. Outcomes from the evaluation of the time window can strategically
contribute to optimising physical activity interventions for the management of OA risk at an
early stage.

1. Introduction

Osteoarthritis (OA) is a chronic pathological outcome within the whole synovial joint, resulting from the intricate
interactions of pathogenic pathways across multiple scales (Tang et al., 2025). These include metabolism-driven
inflammation at the molecular and cellular scale and loading-induced mechanical injury at the tissue scale. As a
prominent and modifiable risk factor of OA, obesity has become a global health issue at a pandemic level over the
course of the last 50 years (Blüher, 2019). The increasing exposure to the risk of obesity is significantly contributing
to the worldwide burden of OA. By 2050, the global population with OA is anticipated to reach 642 million, where
there may be over 20% of OA cases associated with obesity (Steinmetz et al., 2023). The resulting financial burden is
projected to be as high as 2.5% of gross national product (GNP) in developed countries (Leifer et al., 2022). To date,
the emphasis of OA treatments is in the management of symptoms, including pain relief and improvements in joint
function, through education, lifestyle modification, physical activity therapy or pharmacological prescriptions (Tang
et al., 2025). The precise mechanisms underlying OA remain unclear at present, rendering it unattainable to develop
effective treatments. Modern consensus acknowledges the crucial roles of metabolic disturbance and biomechanical
abnormalities in OA pathology (Tang et al., 2025). Emerging evidence reveals that low-grade inflammation is present
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prior to the structural signs of OA (Sokolove and Lepus, 2013; Robinson et al., 2016). Adipose tissue has been shown
to regulate the inflammatory process in the pathogenesis of OA (Chang et al., 2018; Zeng et al., 2020; Collins et al.,
2021; Zhou et al., 2022). Body mass index (BMI) is the most common metric for the estimation of adiposity and the
identification of obesity (González-Muniesa et al., 2017). The elevation in per unit BMI correlates with a 15% increased
risk of developing OA (Reyes et al., 2016; Duclos, 2016). At a high level of BMI, the excessive production of adipokines
(Dumond et al., 2003; Poonpet, 2014; Kroon et al., 2019; Zhang et al., 2022) can stimulate OA inflammation, and the
risk of tissue damage increases due to abnormal mechanical loading (Felson, 2013).

The cycle of the inflammatory process in OA can be activated by a variety of risk factors such as genetics, age,
obesity, and injury (Tang et al., 2025). Pattern-recognition receptors (PRRs) and damage-associated molecular patterns
(DAMPs) are recognised by the innate immune system (Orlowsky and Kraus, 2015) when inflammatory mediators
are released in response to the inflammation. The inflammatory mediator groups can be categorised by different
metabolic roles. Primarily, pro- and anti-inflammatory cytokines (PICs and AICs) (Wojdasiewicz et al., 2014; Nees
et al., 2019) modulate the catabolic and anabolic processes reciprocally. Matrix metalloproteinases (MMPs) (Mehana
et al., 2019) and chemokines (Scanzello, 2017) are two key enzymes involved in the regulation of tissue composition.
In the progression of OA, tissue composition degrades with the release of fibronectin fragments (Fn-fs) (Pérez-García
et al., 2019). As a type of damaging products within cartilage tissue, Fn-fs can stimulate inflammatory responses. In
addition, adipokines serve as a critical mediator family that induces inflammation and tissue degradation by disrupting
the metabolic balance within the inflammatory cycle (Wang and He, 2018).

Despite the improved understanding of OA inflammation, it is still difficult to facilitate consensus on identifying
drivers of early OA due to the complex and simultaneous cascades of molecular signal transduction (Mahmoudian
et al., 2021). In the current understanding of OA, molecular signalling pathways differ not only across pathogenic
tissue types, but also temporally interrelate over the progression of OA. This understanding could be responsible for
the manifestation of OA as a whole-joint disease. The lack of consensus on specific OA phenotypes and endotypes
is a main factor underlying challenges in developing valid treatments (Hunter and Deveza, 2025). Empirical evidence
shows that exercise contributes to OA management by influencing the heterogeneity of phenotypes and endotypes at
both systemic and local levels. Specifically, exercise can ultimately modulate the levels of inflammatory mediators
(Griffin et al., 2012, 2020; Messier et al., 2004, 2013; Sakamoto et al., 2023; Hahn et al., 2021; Hsieh and Yang, 2018;
Castrogiovanni et al., 2019; Huesa et al., 2022; Runhaar et al., 2019) through the channel of mechanical transduction
(Segarra-Queralt et al., 2024; Kong et al., 2022) and the alteration of metabolic environments such as the reduction
of adipose tissue (Thompson et al., 2012; Drenowatz et al., 2015; Saeidi et al., 2021), thereby reducing the overall
risk of OA. Physical activity has accordingly become the mainstream strategy to manage OA (Roos and Arden, 2016;
Barrow et al., 2019; Skou et al., 2018; Huffman et al., 2024). Since the degeneration of joints in OA is progressive,
proper physical activities play a positive role in the prevention of OA, adapting to the population with different risk
levels. In addition to the aforementioned metabolism-related outcomes, physical activity can improve general health,
muscle strength and joint stability, serving as primary intervention by contributing to the protection of joints from the
onset of OA in susceptible populations (Roos and Arden, 2016). The implementation of physical activity can also be
considered as secondary prevention by aiming to slow the progressive degeneration of joints in individuals with early
OA (Roos and Arden, 2016). Nevertheless, there is no clear consensus yet on the specific criteria for physical activity
prescriptions to maximise therapeutic benefits in OA (Huffman et al., 2024).

The heterogeneity of OA pathology leads to diverse and interacting degenerative pathways across the entire
joint. This makes it challenging to identify and examine the underlying mechanisms for different phenotypes and
endotypes. To overcome this challenge, computational modelling approaches exhibit the advantages in exploring the
pathological mechanisms of OA (Mukherjee et al., 2020). Aside from reducing environmental and experimental costs,
computational approaches are exceptionally suited to integrate the fragmented knowledge of different pathways in
OA onset and development. This knowledge-based integration allows for the classification and analysis of distinct,
simultaneously interacting pathological pathways. As a result of that, emerging mathematical models (Baker et al.,
2017; Kar et al., 2016; Kapitanov et al., 2016; Campbell et al., 2019; Lesage et al., 2022; Segarra-Queralt et al., 2022,
2023; Rahman et al., 2023; Ferrao Blanco et al., 2024; Lai and Lacroix, 2025) have been recently established to study
cartilage degeneration and inflammation. However, only one mathematical model with five variables considers the
metabolic effects of adipokines in the context of obesity, which was developed in our previous work (Lai and Lacroix,
2025). This general model includes the signalling pathways of adipokines that mediate OA inflammation for the first
time. While other models (Kapitanov et al., 2016; Segarra-Queralt et al., 2023; Rahman et al., 2023) incorporate
mechanical loading as a stimulus, our model uniquely introduces physical activity level (PAL) as a parameter that
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Figure 1: The regulatory network of the PICs, AICs, MMPs, adipokines and Fn-fs in OA inŕammation. Reproduced from
Lai and Lacroix (2025) under CC BY 4.0. PICs, AICs, MMPs, adipokines and Fn-fs interact to mediate the inŕammatory
process of OA. Damage is an external source to stimulate the production of Fn-fs due to the tissue injury resulting from
mechanics. The production of adipokines is associated with the level of adiposity. PAL, BMI and nutrition are three
modiőable system attributes that measure the adiposity level to govern the adipokine production.

regulates adiposity in conjunction with BMI and nutrition. This enables the possibility to computationally analyse
the overall adiposity-associated effects on the inflammatory process of OA. Due to the difficulty in acquiring data,
parameters were non-dimensionalised in the development of the general five-variable model (Lai and Lacroix,
2025) and the focus was the analysis of inflammation dynamics in OA. Nevertheless, the roles of physical activity
and adiposity in OA inflammation remain unclear for different cohorts stratified by BMI levels. Moreover, the
nondimensionalisation of this model hindered the optimisation of the strategy to reduce OA inflammation risk through
physical activity within a temporal framework, due to the uncertainty in the global parametric space. Therefore, this
study aimed to parameterise this dimensionless model using literature-based estimates, and to examine the effects of
adiposity-associated factors (BMI and PAL) on the inflammatory activities through the pathway of altering adiposity,
with identifying various temporal strategies of physical activity intervention. The representative molecular half-
lives were estimated as an approximation of time granularity for the parameterisation of this five-variable model.
A global sensitivity analysis was performed to identify the critical correlations between inflammatory responses and
the estimated parameter space by a global mapping of system behaviours. The inflammatory processes were simulated
to analyse the effects of physical activity when varying the mechanical damage level and BMI to represent different
cohorts.

2. Methods

2.1. Governing equations
A minimal model of adipokine-mediated inflammation was developed in a previous study (Lai and Lacroix, 2025).

The general inflammation model includes five state variables (Fig. 1): PICs, AICs, MMPs, adipokines and Fn-fs, as
denoted respectively by 𝑃𝑐 , 𝐴𝑐 ,𝑀,𝐴𝑑 , 𝐹 . The mathematical formation of this minimal model is based on several
assumptions and simplifications. The dynamical effects of cells including macrophages and chondrocytes are not
explicitly included, and the inflammatory process is confined to the synovial joint where a homogeneous environment
is assumed. In addition, inflammatory mediators are signalled as an entire group in this minimal model, and the same
mediator group exhibits similar metabolic effects on OA inflammation. Accordingly, the reaction kinetics of each
mediator group is approximated by a specific molecular phenotype that dominates the group concentration or the
average of different phenotypes. The kinetics of mediator reactions is formulated in Eqs. (1) to (6), where 𝑛 is the
Hill coefficient (Lai and Lacroix, 2025) of reaction kinetics. In addition to stimulation and inhibition, each production
group contains a term of decay rate depending on the half-life of the representative mediator.

PICs and AICs concurrently regulate the inflammatory activities in OA and interact with other mediators. The
production of PICs results from the response of the immune system as well as local chondrocytes, whereas AICs are
primarily released due to the stimulation of immune cells (Wojdasiewicz et al., 2014). The production source of PICs

J. Lai and D. Lacroix.: Preprint submitted to Elsevier Page 3 of 22



A computational study of adiposity-associated factors in the inŕammatory process of osteoarthritis

is characterised by a local natural production term supplemented by three stimulation pathways, which is modelled
as Eq. (1). Interleukin-6 (IL-6) was selected for the representation of PIC group (Nees et al., 2019) to reduce the
complexity of the model, meanwhile, interleukin-4 (IL-4) represents AIC group in this model where there are two
stimulating feedback from PICs and Fn-fs. The production of AICs is modelled as Eq. (2).

𝑑𝑃𝑐 (𝑡)

𝑑𝑡
=

[
𝐶0 + 𝐶1 ⋅

𝑃 𝑛
𝑐
(𝑡)

𝐶𝑛
2
+ 𝑃 𝑛

𝑐
(𝑡)

+ 𝐶3 ⋅

𝐴𝑛
𝑑
(𝑡)

𝐶𝑛
4
+ 𝐴𝑛

𝑑
(𝑡)

+ 𝐶5 ⋅
𝐹 𝑛 (𝑡)

𝐶𝑛
6
+ 𝐹 𝑛 (𝑡)

]
⋅

𝐶𝑛
7

𝐶𝑛
7
+ 𝐴𝑛

𝑐
(𝑡)

−𝐷1 ⋅ 𝑃𝑐 (𝑡) (1)

𝑑𝐴𝑐 (𝑡)

𝑑𝑡
= 𝐶8 ⋅

𝑃 𝑛
𝑐
(𝑡)

𝐶𝑛
9
+ 𝑃 𝑛

𝑐
(𝑡)

+ 𝐶10 ⋅
𝐹 𝑛 (𝑡)

𝐶𝑛
11

+ 𝐹 𝑛 (𝑡)
−𝐷2 ⋅ 𝐴𝑐 (𝑡) (2)

where 𝐶0, 𝐶1, 𝐶3, 𝐶5, 𝐶7 are the rate parameters and 𝐶2, 𝐶4, 𝐶6, 𝐶7 are the saturation parameters in PIC production;
𝐶8, 𝐶10 are the rate parameters and 𝐶9, 𝐶11 are the saturation parameters in AIC production; and 𝐷1, 𝐷2 are the
clearance parameters for PICs and AICs, respectively.

MMP-1 and MMP-13 are two main pivotal types of MMPs, and their half-lives were averaged to estimate the
production of MMPs (Moise and Friedman, 2019). Excessive levels of PICs and adipokines can drive the release of
MMPs to enhance tissue remodelling activities, leading to two stimulation terms. The inhibition sources are from AICs
applied to all the pathways involved in the production of MMPs. The production of MMPs is modelled as Eq. (3).

𝑑𝑀 (𝑡)

𝑑𝑡
=

[
𝐶12 + 𝐶13 ⋅

𝑃 𝑛
𝑐
(𝑡)

𝐶𝑛
14

+ 𝑃 𝑛
𝑐
(𝑡)

+ 𝐶15 ⋅

𝐴𝑛
𝑑
(𝑡)

𝐶𝑛
16

+ 𝐴𝑛
𝑑
(𝑡)

]
⋅

𝐶𝑛
17

𝐶𝑛
17

+ 𝐴𝑛
𝑐
(𝑡)

−𝐷3 ⋅𝑀 (𝑡) (3)

where 𝐶12, 𝐶13, 𝐶15, 𝐶17 are the rate parameters and 𝐶14, 𝐶16, 𝐶17 are the saturation parameters in MMP production,
and 𝐷3 is the clearance parameter for MMPs.

Due to the lack of documented data on adipokines, leptin is selected to represent the primary behaviour of adipokine
group. Leptin level is positively correlated to BMI level (Dumond et al., 2003), which aligns with the assumptions of
adipokine production behind this model. Specifically, the production of adipokines is determined by two main sources,
the number and size of adipocytes (𝐶18 and 𝐶19). The variations of adiposity primarily depend on the adipocyte size
that can be varied by BMI, nutrition and PAL, therein the nutritional term is defined by the proportion of daily calorie
intake (𝐷𝑎𝑖𝑙𝑦𝐶𝑎𝑙) to basal metabolic rate (BMR). The production of adipokines is modelled as Eq. (4) and Eq. (5) is
the function of 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 scaling the production rate driven by the size of adipocytes.

𝑑𝐴𝑑 (𝑡)

𝑑𝑡
= 𝐶18 +

[
𝐶19 ⋅ 𝑓 (𝐵𝑀𝐼𝑚𝑒𝑎𝑠) ⋅

𝐷𝑎𝑖𝑙𝑦𝐶𝑎𝑙

𝐵𝑀𝑅 ⋅ 𝑃𝐴𝐿

]
⋅

𝐶𝑛𝑒𝑥
20

𝐶𝑛𝑒𝑥
20

+ 𝐴𝑛𝑒𝑥
𝑑

(𝑡)
−𝐷4 ⋅ 𝐴𝑑 (𝑡) (4)

𝑓 (𝐵𝑀𝐼𝑚𝑒𝑎𝑠) =
𝐵𝑀𝐼𝑚𝑒𝑎𝑠

𝐵𝑀𝐼𝑠𝑡𝑑
(5)

where 𝐶18, 𝐶19 are the rate parameters and 𝐵𝑀𝐼𝑚𝑒𝑎𝑠, 𝐷𝑎𝑖𝑙𝑦𝐶𝑎𝑙, 𝐵𝑀𝑅, 𝑃𝐴𝐿, 𝐶20, 𝑛𝑒𝑥 are the adiposity-associated
parameters altering the production rate of adipokines. 𝐷4 is the clearance parameter for adipokines. 𝐵𝑀𝐼𝑠𝑡𝑑 is the
standard BMI in measuring obesity (González-Muniesa et al., 2017). In particular, 𝐶20 and 𝑛𝑒𝑥 are the parameters
determined by 𝑃𝐴𝐿 and 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 respectively, approximating the nonlinear effects of physical activity on adipokine
production at different levels of BMI (Thompson et al., 2012; Drenowatz et al., 2015).

As the damage breakdowns, Fn-fs are released from the tissue degradation that is governed by two parameters
(𝐶21 and 𝐶22). 𝐶21 is associated with the level of MMPs when 𝐶22 measures the level of mechanical damage. The
production of Fn-fs is modelled as Eq. (6).

𝑑𝐹 (𝑡)

𝑑𝑡
= 𝐶21 ⋅𝑀 (𝑡) + 𝐶22 −𝐷5 ⋅ 𝐹 (𝑡) (6)

where 𝐶21, 𝐶22 are the rate parameters in the production of Fn-fs, and 𝐷5 is the clearance parameter for Fn-fs.
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2.2. Parameterisation
Since capturing all the chemical-biological reactions is not viable yet, the illustrative parameterisation of this model

is essential to exhibit the net effects of signal transduction on the mediator production according to the molecular
decay rates. The decay rates can delineate the time scale of mediator production, converted by Eq. (7) according to the
estimated half-life of each representative mediator.

𝐷𝑖𝑚 =
ln 2

𝑇 𝑖𝑚
ℎ𝑎𝑙𝑓−𝑙𝑖𝑓𝑒

,
(
𝑖𝑚 = 𝑃𝑐 , 𝐴𝑐 ,𝑀,𝐴𝑑 , 𝐹

)
(7)

where 𝐷𝑖𝑚 is the decay rate of each mediator, and 𝑇 𝑖𝑚
ℎ𝑎𝑙𝑓−𝑙𝑖𝑓𝑒

is the half-life of the constituent at each generation.
The estimated decay rates and the corresponding production parameters are presented in Tables 1 to 5. The half-lives

of IL-6 (Moise and Friedman, 2019) and IL-4 (Liu et al., 2021) are estimated as 4 days and 20 minutes respectively,
leading to the decay rates of PICs and AICs (𝐷1 and 𝐷2). The half-life of MMPs is approximated as 120 hours by the
average of MMP-1 and MMP-13 to estimate the decay rate of MMPs (𝐷3) (Rahman et al., 2023). The half-life of leptin
is reported as 25 mins (Klein et al., 1996), from which the decay rate of adipokines (𝐷4) is estimated. The decay rate
of Fn-fs (𝐷5) is estimated based on its approximate half-life of 7 days (Homandberg et al., 1998).

For simplicity, the natural production rates (𝐶0, 𝐶12) are estimated as 1 percent of the corresponding decay rates so
that natural production is not dominant in prompting inflammation. Additionally, the stimulated production parameters
of PICs and MMPs (𝐶1, 𝐶3, 𝐶5, 𝐶8, 𝐶10, 𝐶13, 𝐶15) are 10 times the values of decay rates to play a primary role in
regulating inflammatory processes. To maintain the balance of MMPs and Fn-fs production, the effects of MMPs are not
negligible so 𝐶21 is set to match the magnitude of the Fn-fs decay rate. Since the variability of mediator concentration
has yet to be thoroughly assessed and there exists a limited amount of data demonstrating the saturating effects of
inflammatory mediators in OA, the saturation constants (𝐶2, 𝐶4, 𝐶6, 𝐶7, 𝐶9, 𝐶11, 𝐶14, 𝐶16, 𝐶17) are estimated to be
an order of magnitude smaller than the corresponding stimulated production rate in Hill functions. This assumption
helps to minimise bias from overestimating or underestimating saturation effects due to the uncertainty in mediator
concentration. Accordingly, the level of mediator is illustrative to exhibit the minimally essential system behaviours of
inflammation. 𝐶22 is an arbitrary parameter measuring the level of mechanical damage within tissue. Hill coefficient
(𝑛) is set to 2 for all the signalling feedback from multiple receptors in inflammatory regulations (Baker et al., 2017).

Table 1: Descriptions of the estimated parameters in the production of PICs.

Parameter Description Value Reference

𝐶0 Natural production rate of PICs 0.05 Estimated

𝐶1 Stimulated production rate of PICs by PICs 50 Estimated

𝐶2

Saturation constant at which the capability
of stimulating PIC production signalled by
PICs is half of maximum

5 Estimated

𝐶3

Stimulated production rate of PICs by
adipokines

50 Estimated

𝐶4

Saturation constant at which the capability
of stimulating PIC production signalled by
adipokines is half of maximum

5 Estimated

𝐶5 Stimulated production rate of PICs by Fn-fs 50 Estimated

𝐶6

Saturation constant at which the capability
of stimulating PIC production signalled by
Fn-fs is half of maximum

5 Estimated

Continued on next page
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Table 1: Descriptions of the estimated parameters in the production of PICs. (Continued)

𝐶7

Saturation constant at which the capability
of inhibiting PIC production signalled by
AICs is half of maximum

5 Estimated

𝐷1 Clearance rate of PICs 5.2
(Moise and Friedman,

2019)

𝑛 Hill coefficient 2 (Baker et al., 2017)

Table 2: Descriptions of the estimated parameters in the production of AICs.

Parameter Description Value Reference

𝐶8 Stimulated production rate of AICs by PICs 1 × 1.54 Estimated

𝐶9

Saturation constant at which the capability
of stimulating AIC production signalled by
PICs is half of maximum

1 × 1.53 Estimated

𝐶10 Stimulated production rate of AICs by Fn-fs 1 × 1.54 Estimated

𝐶11

Saturation constant at which the capability
of stimulating AIC production signalled by
Fn-fs is half of maximum

1 × 1.53 Estimated

𝐷2 Clearance rate of AICs 1.5 × 103 (Liu et al., 2021)

𝑛 Hill coefficient 2 (Baker et al., 2017)

Table 3: Descriptions of the estimated parameters in the production of MMPs.

Parameter Description Value Reference

𝐶12 Natural production rate of MMPs 0.05 Estimated

𝐶13

Stimulated production rate of MMPs by
PICs

50 Estimated

𝐶14

Saturation constant at which the capability
of stimulating MMP production signalled by
PICs is half of maximum

5 Estimated

𝐶15

Stimulated production rate of MMPs by
adipokines

50 Estimated

𝐶16

Saturation constant at which the capability
of stimulating MMP production signalled by
adipokines is half of maximum

5 Estimated

𝐶17

Saturation constant at which the capability
of inhibiting MMP production signalled by
AICs is half of maximum

5 Estimated

𝐷3 Clearance rate of MMPs 4.2 (Rahman et al., 2023)

Continued on next page
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Table 3: Descriptions of the estimated parameters in the production of MMPs. (Continued)

𝑛 Hill coefficient 2 (Baker et al., 2017)

Table 4: Descriptions of the estimated parameters in the production of adipokines.

Parameter Description Value Reference

𝐶18

The background production rate of
adipokines due to the number of adipocytes

500 Estimated

𝐶19

The background production rate of
adipokines due to the size of adipocytes

500 Estimated

𝐵𝑀𝐼𝑠𝑡𝑑 The standard BMI 25
(González-Muniesa

et al., 2017)

𝐶20

Saturation constant at which the capability
of reducing adiposity through physical
activity is half of maximum

Dependent on
𝑃𝐴𝐿

Estimated

𝐷𝑎𝑖𝑙𝑦𝐶𝑎𝑙

𝐵𝑀𝑅

The nutritional term defined by the ratio of
daily calorie intake to BMR

1 Estimated

𝑛𝑒𝑥

The coefficient that governs the nonlinearity
of physical activity effects at different BMI
levels

Dependent on
𝐵𝑀𝐼𝑚𝑒𝑎𝑠

Estimated

𝐷4 Clearance rate of adipokines 1.2 × 103 (Klein et al., 1996)

Table 5: Descriptions of the estimated parameters in the production of Fn-fs.

Parameter Description Value Reference

𝐶21

Stimulated production rate of Fn-fs by
MMPs

3 Estimated

𝐶22

Stimulated production rate of Fn-fs due to
mechanical damage

0 Estimated

𝐷5 Clearance rate of Fn-fs 3
(Homandberg et al.,

1998)

The production rates driven by the number and size of adipocytes (𝐶18, 𝐶19) are estimated to be 500 for the baseline
in analysis. This confines the system so that the stability of steady states is sensitive to the production of adipokines
governed by BMI and PAL, as presented in Fig. (A.1). Based on the given values of 𝐶18 and 𝐶19, a sensitivity analysis
on the coefficients (𝑛𝑒𝑥, 𝐶20) related to BMI and PAL was performed to estimate their boundaries, as shown in Fig. 2.
Accordingly, two piecewise functions are given to determine the aforementioned coefficients, as detailed in Eqs. (8)
and (9). The calibration of the two piecewise functions ensures that the relationship between PAL and adipokine
production is aligned with the present knowledge in general (Lai and Lacroix, 2025). In addition, the ranges of BMI

and PAL are constrained according to (Lai and Lacroix, 2025), and the nutrition term (
𝐷𝑎𝑖𝑙𝑦𝐶𝑎𝑙

𝐵𝑀𝑅
) is assumed to be 1

for the dietary control in this study.
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Figure 2: The calibration of boundaries for the coefficients governing the decrease of adiposity: (a) 𝑛𝑒𝑥; (b) 𝐶20. The level
of BMI includes extreme obesity (EO), obesity (O), overweight (OW), normal weight (NW) and nutritional deőciency
(ND). The level of physical activity includes sedentary (S), low active (LA), active (A) and very active (VA). The BMI
and PAL ranges are presented in Table 6.

𝑛𝑒𝑥 =

⎧
⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

𝐵𝑁𝐷 − 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 ⋅
𝐵𝑁𝐷 − 𝐵𝑁𝑊

𝑅𝑁𝐷 −𝑅𝑁𝐷𝑚𝑖𝑛

, 𝑖𝑓 𝑅𝑁𝐷𝑚𝑖𝑛
< 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 < 𝑅𝑁𝐷

𝐵𝑁𝑊 −
(
𝐵𝑀𝐼𝑚𝑒𝑎𝑠 −𝑅𝑁𝐷

)
⋅

𝐵𝑁𝑊 − 𝐵𝑂𝑊

𝑅𝑁𝑊 −𝑅𝑁𝐷

, 𝑖𝑓 𝑅𝑁𝐷 ⩽ 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 ⩽ 𝑅𝑁𝑊

𝐵𝑂𝑊 −
(
𝐵𝑀𝐼𝑚𝑒𝑎𝑠 −𝑅𝑁𝑊

)
⋅

𝐵𝑂𝑊 − 𝐵𝑂

𝑅𝑂𝑊 −𝑅𝑁𝑊

, 𝑖𝑓 𝑅𝑁𝑊 < 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 ⩽ 𝑅𝑂𝑊

𝐵𝑂 −
(
𝐵𝑀𝐼𝑚𝑒𝑎𝑠 −𝑅𝑂𝑊

)
⋅

𝐵𝑂 − 𝐵𝐸𝑂

𝑅𝑂 −𝑅𝑂𝑊

, 𝑖𝑓 𝑅𝑂𝑊 < 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 < 𝑅𝑂

𝑅𝑂

𝐵𝑀𝐼𝑚𝑒𝑎𝑠
, 𝑖𝑓 𝐵𝑀𝐼𝑚𝑒𝑎𝑠 ⩾ 𝑅𝑂

(8)

𝐶20 =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

𝐵𝑆 −

(
𝑃𝐴𝐿 −𝑅𝑆𝑚𝑖𝑛

)
⋅

𝐵𝑆 − 𝐵𝐿𝐴

𝑅𝑆 −𝑅𝑆𝑚𝑖𝑛

, 𝑖𝑓 𝑅𝑆𝑚𝑖𝑛
⩽ 𝑃𝐴𝐿 ⩽ 𝑅𝑆

𝐵𝐿𝐴 −
(
𝑃𝐴𝐿 −𝑅𝑆

)
⋅

𝐵𝐿𝐴 − 𝐵𝐴

𝑅𝐿𝐴 −𝑅𝑆

, 𝑖𝑓 𝑅𝑆 < 𝑃𝐴𝐿 ⩽ 𝑅𝐿𝐴

𝐵𝐴 −
(
𝑃𝐴𝐿 −𝑅𝐿𝐴

)
⋅

𝐵𝐴 − 𝐵𝑉 𝐴

𝑅𝐴 −𝑅𝐿𝐴

, 𝑖𝑓 𝑅𝐿𝐴 < 𝑃𝐴𝐿 ⩽ 𝑅𝐴

𝐵𝑉 𝐴 −
(
𝑃𝐴𝐿 −𝑅𝐴

)
⋅

𝐵𝑉 𝐴

𝑅𝑉 𝐴 −𝑅𝐴

, 𝑖𝑓 𝑅𝐴 < 𝑃𝐴𝐿 ⩽ 𝑅𝑉 𝐴

(9)

where the boundaries of 𝑛𝑒𝑥 and 𝐶20 are estimated to be 𝐵𝑁𝐷 = 10, 𝐵𝑁𝑊 = 8, 𝐵𝑂𝑊 = 4, 𝐵𝑂 = 2, 𝐵𝐸𝑂 = 1,
𝐵𝑆 = 50, 𝐵𝐿𝐴 = 25, 𝐵𝐴 = 12.5, 𝐵𝑉 𝐴 = 5. The range parameters of BMI level and PAL follow their categorised
definitions (González-Muniesa et al., 2017; Brooks et al., 2004) in Table 6.

2.3. Sensitivity analysis of inflammation and obesity
Parameter sensitivity analysis was performed for the production of those five mediators in a global parameter space

using Latin hypercube sampling/partial rank correlation coefficient (LHS/PRCC). LHS/PRCC is a global sensitivity
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Table 6

The categories and ranges of BMI and PAL

Level of obesity Interval of 𝐵𝑀𝐼𝑚𝑒𝑎𝑠

Nutritional deőciency (ND) (𝑅𝑁𝐷𝑚𝑖𝑛
, 𝑅𝑁𝐷) ≡ (0, 18.5)

Normal weight (NW) [𝑅𝑁𝐷, 𝑅𝑁𝑊 ] ≡ [18.5, 24.9]

Overweight (OW) (𝑅𝑁𝑊 , 𝑅𝑂𝑊 ] ≡ (24.9, 29.9]

Obesity (O) (𝑅𝑂𝑊 , 𝑅𝑂) ≡ (29.9, 40)

Extreme obesity (EO) [𝑅𝑂,∞) ≡ [40,∞)

Level of physical activity Interval of 𝑃𝐴𝐿

Sedentary (S) [𝑅𝑆𝑚𝑖𝑛
, 𝑅𝑆 ] ≡ [1, 1.39]

Low active (LA) (𝑅𝑆 , 𝑅𝐿𝐴] ≡ (1.39, 1.59]

Active (A) (𝑅𝐿𝐴, 𝑅𝐴] ≡ (1.59, 1.89]

Very active (VA) (𝑅𝐴, 𝑅𝑉 𝐴] ≡ (1.89, 2.5]

analysis method for measuring the correlation between model inputs and outputs (Marino et al., 2008). The inputs
are the model parameters sampled by LHS, and 1,000 samples were uniformly generated, varying from 0.5 to 2 times
the estimated baseline parameter values of reaction kinetics. BMI and PAL are in the range of (0, 50] and [1, 2.5]

respectively. PRCCs and corresponding p-values were calculated for the level of each mediator at a steady state in this
model, where a significance threshold of 𝑝 < 0.01 was applied (Moise and Friedman, 2019).

2.4. Computational configurations of the inflammatory process
By implementing the baseline parameters, the system of ODEs was solved with a relative accuracy of 0.001

using ode15s of implicit method in MATLAB (R2024a, The Math Works, Inc., Natick, MA, USA) to simulate the
inflammatory process. The threshold of mechanical damage level (𝐶22) that results in inflammation was computed for
various cases, while considering the variations in BMI and PAL. To analyse the effects of physical activity intervention,
the temporal variations of inflammatory mediators were simulated according to different levels of BMI (Fig. 3). Normal
weight (NO), overweight (OW), low obesity (LO) and high obesity (HO) were four representative cases in simulations.
The level of PICs serves as a marker for measuring the level of inflammation. At baseline, the levels of inflammatory
mediators stay in a healthy state with the PIC level at a low value of approximately 0.5. A damage level (𝐶22 = 1.2)
was applied at month 12 to induce inflammation, resulting in an increase in the PIC level over 15 in an inflamed state.
Meanwhile, different physical activity intervention strategies were performed in the time domain with a mild increased
level (𝑃𝐴𝐿 = 1.5) to neglect the negative effects of overloading. The interval between introducing mechanical damage
and the latest allowable start of physical activity intervention that remained effective for preventing inflammation was
quantified as the window period. To explore the sensitivity of three main factors (the mechanical damage level, BMI,
and the level of physical activity for intervention), the variations of window period were measured in the inflammatory
process when varying their values respectively. As the illustrative case, mechanical damage level, BMI and PAL were
controlled at 1.2, 25 and 1.5 respectively while serving as covariables. Interventions were simulated over all possible
contiguous time frames within the 36-month period.

3. Results

3.1. Parameter sensitivity
The correlations between parameters and the level of each inflammatory mediator were presented by PRCC values

in Fig. 4. The higher absolute value of PRCC that is from 0 to 1 reflects the stronger correlation between input samples
and measured outputs. Within the given sample space, the production and decay rates exhibited significant correlations
with the level of each corresponding mediator, excluding the natural production rates (𝐶0, 𝐶12) in the secretion of PICs
and MMPs. This suggested that the activation of the inflammatory process was primarily associated with the stimulating
pathways rather than the natural releases of PICs and MMPs that maintain the metabolic balance. In addition, Figs. 4a
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Figure 3: The strategies of physical activity intervention in the inŕammatory process for four representative cases (NW:
Normal weight; OW: Overweight; LO: Low obesity; HO: High obesity).

and 4b illustrate that the production of Fn-fs (𝐶21, 𝐶22) was more correlated to the release of inflammatory cytokines
compared with the production of MMPs (𝐶12, 𝐶13, 𝐶14, 𝐶15, 𝐶16, 𝐶17). This aligns with their regulatory roles, since
MMPs mainly degrade the cartilage tissue to facilitate the release of Fn-fs, the accumulation of which can provoke the
immune response (Robinson et al., 2016).

As a predominant risk factor of OA inflammation, the biological effects of obesity result from the regulation of
adipokines in this model. The parameters governing adipokine production (𝐶18, 𝐶19, 𝐵𝑀𝐼𝑚𝑒𝑎𝑠, 𝑃𝐴𝐿, 𝐷4) revealed a
significant correlation not only in the level of adipokines (Fig. 4d) but also in the levels of the other four inflammatory
mediators (PICs, AICs, MMPs and Fn-fs). Specifically, the relationship between BMI and the inflammatory mediators
included in this model was significantly positive whereas PAL negatively correlated to inflammation, as presented in
Figs. 4a to 4c and 4e.

It is notable that the parameters of AIC production (𝐶8, 𝐶9, 𝐶10, 𝐶11) exhibited a significant correlation only in the
level of AICs (Fig. 4b). This implies that AICs, which are released by the stimulation of PICs and damaging products,
might play a secondary role in counterbalancing inflammation whilst simultaneously acting as inhibitors of PICs and
MMPs.

3.2. Effects of physical activity intervention
The inflammatory mediators were initially at a relatively low level within the system with the estimated baseline

parameters in Tables 1 to 5. The increase of PIC level was measured to indicate inflammation in this model. Fig. 5
illustrates the minimum degree of mechanical damage that triggers inflammation when encompassing all levels of BMI
and physical activity. In Fig. 5a, the deeper hue indicates the reduced resistance of the system to inflammation induced
by mechanical damage. The elevation of PAL can enhance the resistance to inflammation by increasing the threshold
for minimal mechanical damage that may initiate an inflammatory response. Compared to the cases of nutritional
deficiency and extreme obesity, the increase of low PAL (sedentary and low active) was more effective when BMI
level was between normal weight and obesity. Conversely, the case of extreme obesity remained at a high risk of
inflammation from mechanical damage, as the sedentary physical activity failed to elevate the damage threshold.

Fig. 5b shows a threshold of BMI leading to inflammation without mechanical damage. Namely, the minimum
damage is zero when the BMI value is over the threshold. In this model, the threshold was found in the case of obesity
and its value could be decided by the system parameters. In particular, it could be seen that increasing sedentary PAL
led to a transition in the BMI threshold within the cases classified as obese and extremely obese in Fig. 5a. This suggests
that the enhancement of PAL may effectively increase the threshold.
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Figure 4: PRCC analysis of the parameters in the inŕammatory process. The correlations between parameters and (a)
the level of PICs, (b) the level of AICs, (c) the level of MMPs (d) the level of adipokines, and (e) the level of Fn-fs are
measured by PRCC values. The signiőcance of correlation is denoted by (**) when p-value is less than 0.01, and PRCC
varies from -1 to 1, implying negative and positive correlations between changes in parameters and mediator level.

The inflammatory activities of three cases (NW, OW, LO), applying different strategies of physical activity
intervention under the control of mechanical damage (𝐶22 = 1.2), are shown in Figs. 6 to 8. The sign of inflammation
appeared after the introduction of an instant mechanical damage in the case of NW, OW and LO (Figs. 6a to 6c, 7a
to 7c and 8a to 8c). This suggests that the intervention of physical activity for reducing adiposity only prior to the
onset of damage was insufficient in preventing the activation of inflammatory response. However, a window period of
15 months was found for the case of NW when physical activity interventions began after damage occurred (Figs. 6d
to 6f), and the window period decreased to 2 months in the OW case (Figs. 7d to 7f). Within the window period, the
activated inflammatory response was attenuated through a reduction in adipokine levels as a result of the continuous
physical activity intervention following injury (Figs. 6e and 7e). Nevertheless, the intervention strategy subsequent to
injury was ineffective beyond the window period for NW and OW cases (Figs. 6f and 7f). The states of NW, OW and

J. Lai and D. Lacroix.: Preprint submitted to Elsevier Page 11 of 22



A computational study of adiposity-associated factors in the inŕammatory process of osteoarthritis

BMI

The minimum damage 

leading to inflammation

LA

VA

A

T
h

e
 m

in
im

u
m

 d
a

m
a

g
e

 

le
a

d
in

g
 t

o
 in

fl
a

m
m

a
ti

o
n

S

P
A

L

EOOOWNWND

BMI

EOOOWNWND

(a) (b)

Figure 5: The sensitivity of the mechanical damage threshold leading to inŕammation: (a) The distribution of damage
threshold (𝐶22) when PAL is from sedentary to very active and BMI is from nutritional deőciency to extreme obesity; (b)
The representative relation between damage threshold and BMI at different sedentary PALs, where the red line represents
the inŕammation state without damage (𝐶22 = 0).

LO stabilised in the inflammatory state respectively at months 30, 20 and 16 (Figs. 6a, 7a and 8a).This indicated that
the progression of inflammatory processes was faster with a higher BMI.

Different to NW and OW cases, LO (Fig. 8) and HO (Fig. (A.2)) cases did not exhibit the presence of a window
period and any intervention strategies of physical activity were ineffective in hindering the progression of inflammation.
Inflammatory activities evolved from a heathy state alongside the mechanical damage in case LO, whilst the case of HO
has already stabilised at an inflammation state at the beginning of the simulation time frame (Fig. (A.2)). In the case
with LO, the intervention of physical activity could still delay the inflammatory responses. When the mixed physical
activity intervention persisted until month 18, inflammation reached a stable state at month 22 (Fig. 8g). Extension of
the intervention period postponed the time when inflammation was stable to month 32 (Fig. 8i).

Mixed strategies of physical activity intervention appeared to be less effective if the intervention failed to
persist after damage occurs, as illustrated in Figs. 6g to 6i and 7g to 7i. This suggested that the duration of
physical activity, during which the level of adipokines was downregulated, might play a pivotal role in the evolution
of inflammatory processes, in conjunction with the aforementioned window period. Despite being ineffective in
preventing inflammation, the mixed intervention strategies that was interrupted at a later time point could still postpone
the activation of inflammation. Notably, the temporal delayed effect of mixed intervention strategies in mitigating
inflammation also depended on BMI level. The physical activity intervention, maintained until month 24 could
effectively control the inflammatory mediators to a relatively low level at month 36, when the BMI level was normal
weight (Fig. 6h). In turn, the case of OW evolved into an inflammatory state by month 36 in response to the damage
at month 12 (Fig. 7g).

3.3. Window period of physical activity intervention
A window period, where inflammation did not reach steady state, was predicted when a physical activity

intervention was simulated. Fig. 9 presents the illustrative variations of the window period, indicating that the
mechanical damage level and BMI were more responsive to the outcomes of physical activity interventions in
comparison to PAL. By incorporating the variations in damage level, BMI, and PAL, three states of the system
were identified with the implementation of physical activity, as summarised in Table 7. The window period decreased
dramatically to zero from nearly 15 months when the arbitrary value of mechanical damage increased to 1.5 or BMI
level was from normal weight to obesity (Figs. 9a and 9b). However, the elevation of PAL was not able to significantly
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Figure 6: Physical activity interventions in the inŕammatory process when BMI level is normal weight: (a)ś (c) Only before
damage; (d) ś (f) Only after damage; (g) ś (i) Mixed strategy. The durations of physical activity intervention that are
highlighted in red signify the transition from a healthy consequence to an inŕamed result due to missing a time window
after damage.

extend the span of the window period (Fig. 9c), suggesting that the window period principally depended on the levels
of damage and adiposity.

4. Discussion

The effects of adiposity-associated factors, BMI and PAL, were first qualitatively evaluated at a temporal scale in
the inflammatory process, based on an established OA inflammation model (Lai and Lacroix, 2025). In this study, BMI
and PAL concurrently govern the production of adipokines in inflammatory activities. The time scale was estimated
according to the half-life of representative mediators. A global sensitivity analysis exhibited significant correlations
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Figure 7: Physical activity interventions in the inŕammatory process when BMI level is overweight: (a)ś (c) Only before
damage; (d) ś (f) Only after damage; (g) ś (i) Mixed strategy. The durations of physical activity intervention that are
highlighted in red signify the transition from a healthy consequence to an inŕamed result due to missing a time window
after damage.

between the parameters of adipokine production and inflammatory responses, using the LHS/PRCC method. From
normal BMI level to obesity, a variety of physical activity intervention strategies were assessed during the onset and
progression of inflammation in response to an instant mechanical damage. It was found that the effects of physical
activity on OA inflammation differ. This depended on the intervention strategies and BMI levels. The timely and
continuous physical activity interventions had the potential to diminish the individual susceptibility to inflammatory
responses triggered by damage. This accordingly contributed to delaying and preventing inflammation. In addition, a
window period of physical activity interventions was predicted and depended on BMI, PAL and damage level.

Obesity has been regarded as a condition of inflammation in OA due to its role in prompting the release of
inflammatory mediators (Wang and He, 2018). The regulatory effects of adipokines are critical in OA inflammation at
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Figure 8: Physical activity interventions in the inŕammatory process when BMI level is low obesity: (a)ś (c) Only before
damage; (d) ś (f) Only after damage; (g) ś (i) Mixed strategy. The durations of physical activity intervention that are
highlighted in red signify no transition from a healthy consequence to an inŕamed result after damage.

a molecular level (Zhang et al., 2022; Collins et al., 2021; Chang et al., 2018). The PRCC analysis of the adipokine-
mediated inflammation model showed a significant correlation between adipokine production and inflammation. The
BMI level and nutrient term positively correlated to the level of inflammatory mediators whilst the correlation between
PAL and inflammatory mediators was negative. These correlations suggest the possibility of downregulating OA
inflammation through reducing adiposity. In fact, weight management (Miller et al., 2008), dietary control (Griffin
et al., 2020; Messier et al., 2013) and physical activity (Sakamoto et al., 2023; Griffin et al., 2012) were reported
as effective methods to alleviate inflammation levels in OA, by reducing adiposity. Despite the complexity and
multifaceted nature of the regulatory mechanisms associated with adipokines and exercise (Zhang et al., 2022; Kong
et al., 2022), their effects ultimately converge on the upregulation and downregulation of inflammatory mediators. This
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Table 7

The system states resulting from physical activity intervention when varying the mechanical damage level, BMI and PAL.

System state Description

I
The state where the system remains in a healthy state without the activation of
inŕammation

II

The state where the system transits to an inŕamed state from a healthy state when
inŕammation is activated, where a window period exists for the intervention of physical
activity

III

The state where the system remains in an inŕamed state after the activation of
inŕammation, where there is no effective window period for the intervention of physical
activity
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Figure 9: The variations of the window period for effective physical activity interventions in the evolution of the inŕammatory
process: (a) Sensitivity to the mechanical damage level when BMI = 25 and PAL = 1.5; (b) Sensitivity to the level of BMI
when the mechanical damage level = 1.2 and PAL = 1.5; (c) Sensitivity to PAL when the mechanical damage level = 1.2
and BMI = 25.

model provided minimally essential simulations to analyse the effects of BMI and PAL regulating the level of adiposity
during inflammatory processes.

In this model, the level of BMI describes the baseline of inflammatory mediators, thereby the increase of BMI
results in the higher susceptibility of inflammation in response to mechanical damage. A threshold of BMI was found
to maintain the system in chronic inflammation, which is consistent with a previous non-dimensional study (Lai and
Lacroix, 2025). This threshold was nearly 33 in this estimated model when PAL was sedentary (𝑃𝐴𝐿 = 1), and it
depended on the variations of parameters. Chronic OA inflammation could be the systemic and local consequence of
excessive adipose tissue (Chang et al., 2018). Collins et al. (2021) suggested that the signalling pathways of adipokines
might induce systemic inflammation and eventually activate the inflammatory responses within local joints. This
regulatory effect of adipokines may also contribute to a state that is more susceptible to inflammation driven by
mechanical damage, which could explain the illustrative sensitivity of the damage threshold triggering inflammation
when varying BMI and PAL. Similarly, Hahn et al. (2021) suggested that the threshold effect of adiposity might be the
cause of the increase of OA incidence in the cohort of high-fat diet induced obesity. Despite the prevailing awareness
regarding the importance of mechanical damage in inducing OA inflammation (Sokolove and Lepus, 2013; Robinson
et al., 2016; Shumnalieva et al., 2023), it is not yet possible to examine how adiposity affects the susceptibility of
damaged cartilaginous tissue to inflammation, due to the complex molecular interplays between joint compartments.
In the present paradigm of inflammation, tissue damage signals to the innate immune system to activate a repairing
metabolism through PRRs and DAMPs (Orlowsky and Kraus, 2015). This metabolic balance may be disrupted by
either excessive tissue damage or adiposity, leading to chronic inflammation. The variations in the BMI threshold and
the minimum damage level that induce inflammation could be attributed to changes in metabolic balance driven by
alterations in adiposity.
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Comparing the effects of physical activity intervention across different levels of BMI (NW, OW, LO, HO), the
identical moderate PAL was more effective in managing OA inflammation for cases NW and OW. Furthermore,
sustained and long-term intervention strategies demonstrated the capability to inhibit inflammation. Several animal
experiments (Hsieh and Yang, 2018; Castrogiovanni et al., 2019; Griffin et al., 2012, 2020; Sakamoto et al., 2023; Huesa
et al., 2022) indicated the protective role of physical activity in OA inflammation from the perspective in the outcome
of early intervention. Particularly, Huesa et al. (2022) examined the positive effect of exercise on reducing adipose
tissue in OA pathology. However, obesity might diminish the benefits of physical activity in the OA pathology. In the
study by Griffin et al. (2020), obesity induced by a high-fat diet reduced both systemic and local impacts of exercise
on OA. This is consistent with the dependence of intervention outcomes on BMI levels observed in this computational
study. Moderate PAL might not be sufficiently effective to reduce the baseline level of inflammation through the loss
of adipose tissue in obese cases. Previous studies (Messier et al., 2004, 2013) have also shown the limited effect of
physical activity intervention alone and suggested that the combination of dietary and exercise intervention exhibited
improvements on OA pathology. Thus, a proper integration of diverse strategies, aiming for the decrease in adiposity
level, might be more adaptive to manage OA inflammation for obese cases. It is notable that Runhaar et al. (2019)
stressed the anti-inflammatory effects of diet and exercise intervention independent of BMI. This independence might
result from the minimal variations in body weight but significant changes in fat mass when BMI remained relatively
constant (Thompson et al., 2012; Duclos, 2016).

Although the adiposity-associated factors (BMI and PAL) were evaluated during OA inflammation in this
computational study, there are still a number of limitations. As a standard measure of obesity, BMI is the ratio of
body weight to height and lacks the accuracy to identify abdominal adiposity compared to the waist circumference
(González-Muniesa et al., 2017). This may result in a weaker correlation between BMI and inflammation level (Runhaar
et al., 2019). Despite the strong association between both BMI and waist circumference with OA risk (Duclos, 2016;
Vasilic-Brasnjevic et al., 2016), BMI has been widely used in the present evidence of adipokine production in OA
(Dumond et al., 2003; Poonpet, 2014; Wang and He, 2018). This limited the calibration of this model, and BMI was
accordingly considered as a parameter that directly regulates the production of adipokines to alter the inflammatory
process. In the model calibration, the variability in PAL-dependent adipokine production was not included due to the
lack of data. In addition, the mechanism of early OA pathology has yet to be elaborated due to unmeasurable parameters.
As the main intervention strategy of OA inflammation, the regulatory pathway of physical activity was based only on
the alteration of adipokine levels. However, exercise can regulate the inflammatory process by the simultaneous actions
of mechanical transduction and endocrine effects in vivo studies (Segarra-Queralt et al., 2024). The mechanical effect
(Segarra-Queralt et al., 2024) and acute regulation (Runhaar et al., 2019) of physical activity were not assessed by this
minimally essential model. Due to the unclear and complex interplay of molecules, this study focused on the ultimate
outcomes of tuning the damage level, BMI and PAL rather than exclusively examining different signalling pathways.
This model can be further extended by specifying the phenotypes of inflammatory mediators and signal transduction
pathways resulting from exercise.

To date, the diagnosis of early OA still lacks a validated standard (Mahmoudian et al., 2021). In this computational
study, inflammatory processes were simulated at a continuous time frame from a steady state without mechanical
damage. The structural changes at a late stage of OA were not considered. The inflammatory responses in relation to
the damage reflected the fluctuation of molecular levels, exhibiting a window period for the effectiveness of physical
activity intervention. This window period was tightly associated with the attributes of the inflammation, such as the
mechanical damage level and BMI. Namely, the existence of a window period for exercise intervention may vary
depending on more complex regulations in the inflammatory process. The duration of the window period was found
to range from one month to over 15 months. This stresses the significance of stratifying the risk of OA inflammation
in different susceptible groups. For the simplicity of this model, the level of adipokines negatively correlates to PAL
on a short-term scale. Nevertheless, the reduction of adiposity requires a long-term implementation of exercise (Saeidi
et al., 2021). This could lead to a smaller window period for effective physical activity interventions. The assessment
of the baseline factors contributes to the development of diagnostic criteria for early OA (Runhaar et al., 2021; Wang
et al., 2022). Interestingly, acquired interventions of physical activity were effective within the window period but
might not be sensitive to the span of the window period. This could be explained by the regulatory mechanism of
physical activity in this model. Since the effect of physical activity depends on the level of adiposity (Drenowatz et al.,
2015), PAL is a parameter that regulates the production of adipokines in the evolution of inflammation. This is different
from BMI in this model. From the view point of OA prevention strategies, minimising the risk factors of OA, such as
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mechanical damage and obesity, is critical to the primary prevention (Roos and Arden, 2016). Regarding obese cases,
proper exercise intervention can be effective in the secondary prevention strategies (Barrow et al., 2019).

In the future, different biochemical entities can be specified to extend and predefine the regulatory network of
this inflammation model based on available in vitro and in vivo data (Chow and Chin, 2020; Zhang et al., 2022).
Due to challenges in acquiring high-quality longitudinal data, calibration of reaction kinetics is required for specified
biomarkers based on their corresponding levels profiled in subject-specific samples, such as synovial fluid, serum
or plasma, together with general information including BMI, body weight, diet and physical activity. Samples can
be stratified by imaging-based OA assessment to score the tissue damage (Li et al., 2023). The levels of specified
biomarkers correspond to the primary variables in this mathematical model, which can be characterised by integrated
analysis of untargeted multiomics profiles from subject-specific samples to facilitate model calibration at high
resolution (Collins et al., 2025). In addition, the temporal variations in BMI and body weight can be collected through
longitudinal anthropometric measures. Lifestyle parameters (PAL and calorie consumptions) can be monitored daily
by wearable trackers such as triaxial accelerometer and heart rate sensors (Brooke et al., 2017). Dietary intake can be
estimated through food frequency questionnaires (FFQs) (Bailey, 2021; Zheng et al., 2021). Predictive mediator levels
from the calibrated model can be compared with independent datasets containing above measurable data to provide
more accurate estimations on the window period and the temporal effects of physical activity on the inflammatory
process. This may contribute to the personalised development of physical activity strategies of managing OA.

5. Conclusion

This computational study provides novel insights into the interplay between adiposity-associated factors and OA
inflammation, using a mechanistic adipokine-mediated inflammation model. For the first time, the critical role of
managing adiposity in mitigating the risk of OA inflammation was evaluated using a computational model. It was found
that a high BMI increased the baseline level of inflammation, which, in turn, diminished the efficacy of physical activity
interventions. This attenuation was particularly pronounced when mechanical joint damage was present. The sensitivity
of inflammatory responses to physical activity was modulated by this adiposity-driven inflammation baseline, which
underscores the importance of obesity management in OA prevention. Furthermore, the window of physical activity
interventions was found to range broadly from 0 to 15 months, and it was more responsive to BMI and mechanical
damage than to PAL alone. While long-term physical activity can effectively prevent inflammation in response to
the mechanical damage for non-obese cases, its protective benefits are limited for those obese cases without other
countermeasures such as dietary control or protection against injury. These results provide insights for designing
multi-modal intervention strategies, tailored to subject-specific adiposity and joint health profiles, to better optimise
the management of OA inflammation.
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A. Appendices

Fig. (A.1) The bifurcation of the adipokine production parameter (𝐶19) governed by BMI.

Fig. (A.2) Physical activity interventions in the inflammatory process when BMI level is high obesity: (a)– (c) Only
before damage; (d) – (f) Only after damage; (g) – (i) Mixed strategy. The durations of physical activity intervention
that are highlighted in red signify no transition from a healthy consequence to an inflamed result after damage.

Fig. (A.3) The sensitivity of the window period to the mechanical damage level when (a) BMI = 20 and PAL = 1.5,
(b) BMI = 30 and PAL = 1.5, (c) BMI = 25 and PAL = 2, (d) BMI = 30 and PAL = 2.
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