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INTRODUCTION: Both excessive loading and inflammation play a role in post-traumatic osteoarthritis (PTOA) [1]. Their individual and combined effects 
on cartilage degradation have been investigated in several cell–tissue-level explant culture studies [2,3] and mechanobiology-based computational models 

[4,5]. However, the balance of how strongly biomechanical and inflammatory mechanisms affect the cartilage degradation spatially and over time has only 

been speculated. In this study, we (1) analyze experimental cartilage degradation in terms of aggrecan loss, (2) develop novel cartilage degradation models 
implementing injurious loading, physiological cyclic loading, and inflammation, and (3) after calibration of model parameters, utilize the model to 

quantitatively estimate the effect of biomechanical loading and inflammation on cartilage aggrecan content. 

METHODS: Experiments: Cartilage plugs (n = 93) from knees of young calves (N = 11) were subjected to injurious loading in unconfined compression on 
day 0 (INJ; 50% axial strain, 100%/s), followed by up to 12 days of physiological cyclic loading (n = 33; INJ+CL; 15%, 1 Hz, haversine waveform, 40% duty 

cycle, four 1-h sessions per day) or cyclic loading and inflammation (n = 18; INJ+CL+IL; 1 ng/ml of interleukin-1α; Fig. 1A) [3]. Optical density of Safranin-

O-stained sections was measured with digital densitometry to estimate aggrecan content near (within 50 μm from lesion edges) and away from lesions (same-
shape region of interest as near lesions) on days 0, 3, 5, 7, 10, and 12 (Fig. 1A). Computational model: Cartilage modeled as a fibril-reinforced porohyperelastic 

material [6] with intact 2D geometry was subjected to a single injurious load cycle as in the experiments (Abaqus 2023). Lesion formation was not explicitly 

modeled but lesion geometry was obtained from histology. The INJ+CL model was subjected to cyclic loading as in the experiments (Abaqus) and the 
INJ+CL+IL model additionally to interleukin-1 diffusion (1 ng/ml; Comsol Multiphysics v5.6) [7]. The aggrecan loss due to abnormal mechanical loading 

comprised of (1) maximum shear strain-based cell damage (damage initiation threshold: 40% shear strain [8]) resulting in proteolytic enzyme release (affecting 

globally in INJ, locally near lesion in CL models) [4], and (2) fluid velocity-driven aggrecan depletion (in CL models) [6,8]. The inflammation-related aggrecan 
loss encompassed cytokine-driven proteolytic enzyme release [7]. To predict how the end of an acute inflammation phase/pharmacological anti-inflammatory 

intervention would affect the balance between mechano–inflammatory mechanisms, we reduced the culture medium cytokine concentration exponentially [4]. 

RESULTS: The simulated injurious loading resulted in through-depth decrease of aggrecan content, accelerated locally near the lesion due to cyclic loading 
and globally due to inflammation (Fig. 1B). On day 12, consistent with the experiments, the simulated aggrecan content near the lesion was 85% of that of 

away-from-lesion content in the INJ, 47% in the INJ+CL, and 45% in the INJ+CL+IL model (Fig. 1C). The aggrecan loss due to abnormal loading (per total 

aggrecan loss) decreased from 91% (day 1) to 84% (day 12) near the lesion (Fig. 1D, black dashed line) and from 77% to 61% away from the lesion (black 
solid line). Near the lesion on day 12, the abnormal loading-related aggrecan loss (84%) comprised of the effects of injury (61%) and cyclic loading (23%). 

With reduced inflammation, abnormal loading explained 93% of the total aggrecan loss near and 82% away from lesion on day 12 (Fig. 1D, magenta lines). 

DISCUSSION: In our present cartilage degradation model, we combined biomechanical (injurious and physiological cyclic loading) and inflammation 
mechanisms to explain location- and time-dependent aggrecan loss as observed in explant culture experiments. After model calibration, to the best of our 

knowledge, we utilized the model for the first time to quantitatively estimate the relative “strength” of biomechanical vs. inflammatory mechanisms behind 

the observed cartilage degradation. Based on our data (with currently a single amplitude/frequency of loading), injury explained a major part (~60%) of the 
aggrecan loss, on top of which cyclic loading dominated over inflammation but only near the lesion (near: CL ~25% vs. IL ~15%, away: ~0% vs. ~40%, Fig. 

1D). This dynamic of cyclic loading affecting locally, and inflammation globally is in line with the literature [8], but here we included the major effect of 

injury into computational cartilage degradation models. Currently, quantitative validation of the relative effectiveness of these mechanisms is challenging 
(such as, enzyme release due to INJ vs. IL). Nevertheless, this study provides hypotheses for new experimental studies where for example ADAMTS-4 

immunostaining could be measured for finetuning mechanism-specific proteolysis parameters [9]. This improved understanding and modeling framework 

could be implemented into knee joint-level PTOA models to gain insights into the balance between mechano–inflammatory damage mechanisms when 
considering possible initial joint trauma, subject-specific gait/rehabilitation exercise regime, and inflammatory profile of the synovial fluid. 

SIGNIFICANCE/CLINICAL RELEVANCE: Our computational model can be used to estimate how much injurious loading, cyclic loading, and 

inflammation drive PTOA progression in different mechano–inflammatory environments. This knowledge can be used to develop new model-guided, 
personalized therapies such as rehabilitation and disease-modifying drugs.  
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Fig. 1. (A) Experiments and computational models included injurious loading, physiological cyclic loading, and inflammation of cartilage plugs. Aggrecan 

content was lower near lesions compared to away from them. (B) Simulated aggrecan content. (C) Relative aggrecan content near (50 µm from lesion edges) 

vs. away from lesions was used for model calibration. (D) Simulated percentage of aggrecan loss caused by abnormal loading (injury affecting globally, cyclic 
loading locally) relative to total loss. On top of the major role of injury, cyclic loading dominated near lesion (dashed black line) and inflammation away from 

lesion (solid black line). Reducing inflammation resulted in an apparently increased effect of biomechanics (magenta lines). 

ORS 2024 Annual Meeting Paper No. 1599


