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Introduction

Vibration-induced Raynaud's syndrome is a vascular disorder that may affect workers regularly exposed to Hand-Arm transmitted Vibrations (HAVs) [START_REF] Brammer | Sensorineural stages of the handarm vibration syndrome[END_REF][START_REF] Ashe | Occupational Raynaud's II: Further studies of this disorder in uranium mine workers[END_REF]. These high frequency vibrations (40 to 500 Hz) are typically generated by hand-held rotating machines such as drills, jackhammers and grinders [START_REF] Brammer | Frequency weighting for vibration-induced white finger compatible with exposure-response models[END_REF][START_REF] Welsh | The effect of vibration on digital blood flow[END_REF]. In addition to vascular disorders, workers exposed to HAVs may potentially experience numbness and tingling in fingers which lead to the inability to manipulate machines. On an anatomical scale, Raynaud's syndrome may be characterized by arterial stenosis, likely induced in part by an intimal hyperplasia phenomenon [START_REF] Okada | Occurrence of intimal thickening of the peripheral arteries in response to local vibration[END_REF][START_REF] Takeuchi | Pathological changes observed in the finger biopsy of patients with vibration-induced white finger[END_REF]. Studies suggested that hyper-activation of the sympathetic nervous system, observed in workers exposed to HAVs, may decrease the blood flow in both vibrated and non-vibrated digital arteries [START_REF] Welsh | The effect of vibration on digital blood flow[END_REF][START_REF] Bovenzi | Haemodynamic changes in ipsilateral and contralateral fingers caused by acute exposures to hand transmitted vibration[END_REF]. Consequently, the drop in blood flow may also induce a decrease in Wall Shear Stress (WSS) exerted by the blood on arterial endothelium. Indeed, it has been shown that acute exposure to HAVs reduced WSS in digital arteries [START_REF] Curry | Vibration injury damages arterial endothelial cells[END_REF]Noël and Settembre, 2022). Hemodynamic forces, such as WSS specifically, play a significant role in arterial growth and remodeling through the regulation of the endothelium functions [START_REF] Epstein | The emerging concept of vascular remodeling[END_REF][START_REF] Nerem | The study of the influence of flow on vascular endothelial biology[END_REF]. Indeed, Low Shear Stress (LSS) can promote the endothelial secretion of many mitogenic and chemotactic agents, such as Platelet-Derived Growth Factors (PDGF) [START_REF] Hsieh | Shear stress increases endothelial plateletderived growth factor mRNA levels[END_REF][START_REF] Heydarkhan-Hagvall | DNA microarray study on gene expression profiles in co-cultured endothelial and smooth muscle cells in response to 4-and 24-h shear stress[END_REF]. These agents may control the proliferation and migration of Smooth Muscle Cells (SMCs) as well as the dynamics of the Extracellular Matrix (ECM), which are all relevant mechanisms involved in the intimal hyperplasia phenomenon [START_REF] Minion | The migratory response to platelet-derived growth factor of smooth muscle cells isolated from synthetic vascular grafts in a canine model[END_REF][START_REF] Li | PDGF-induced proliferation in human arterial and venous smooth muscle cells: Molecular basis for differential effects of PDGF isoforms[END_REF][START_REF] Koyama | Different functions of the plateletderived growth factor-alpha and -beta receptors for the migration and proliferation of cultured baboon smooth muscle cells[END_REF][START_REF] Newby | Nitric oxide donor SNAP induces apoptosis in smooth muscle cells through cGMP-independent mechanism[END_REF]. In addition to the effects of WSS on the endothelium, changes within the stress and strain fields in the arterial tissues due to the growth or reduction of arterial layers were also proven to induce SMCs mechanotransduction at the cellular level [START_REF] Kona | Effects of cyclic strain and growth factors on vascular smooth muscle cell responses[END_REF][START_REF] Bayer | Atrophic remodeling of the artery-cuffed artery[END_REF]. Consequently, a multiscale mechanobiological framework was set up to understand this multifactorial disorder and its manifestation on different spatial and temporal scales Noël et al (2022).

To this end, different approaches were developed previously for modeling the emergence of various pathologies in vascular systems. For example, continuum-based models and mathematical formulations based on Partial Differential Equations (PDE) allow the multiscale modelling of biological mechanisms and were used extensively to study stress-induced arterial growth [START_REF] H184 Kuhl | Computational modeling of arterial wall growth[END_REF][START_REF] Menzel | A fibre reorientation model for orthotropic multiplicative growth[END_REF][START_REF] Rodriguez | Stress-dependent finite growth in soft elastic tissues[END_REF] and hemodynamic-driven neointimal hyperplasia in vein grafts [START_REF] Donadoni | Patient-specific, multi-scale modeling of neointimal hyperplasia in vein grafts[END_REF]. Constrained Mixture Models (CMMs) in which various arterial constituents are modeled with different behaviors and turnover rates, were also developed to model arterial growth and remodeling in response to hemodynamic stimuli [START_REF] Humphrey | A constrained mixture model for growth and remodeling of soft tissues[END_REF][START_REF] Horvat | A finite element implementation of a growth and remodeling model for soft biological tissues: Verification and application to abdominal aortic aneurysms[END_REF] or hypertension [START_REF] Gleason | A mixture model of arterial growth and remodeling in hypertension: Altered muscle tone and tissue turnover[END_REF]. While these techniques offer a multiscale view of the arterial growth, they fall short of capturing the discrete nature of the biological processes occurring at the cellular level. Therefore, Agent-Based Models (ABMs) are attracting a particular interest in an attempt to overcome this drawback. With their ability to model vascular cells as individual agents that behave and interact according to a set of predefined rules, ABMs represent a suitable tool for simulating biological behaviors in vascular pathologies [START_REF] Thorne | Toward a multi-scale computational model of arterial adaptation in hypertension: verification of a multi-cell agent-based model[END_REF][START_REF] Evans | The application of multiscale modelling to the process of development and prevention of stenosis in a stented coronary artery[END_REF][START_REF] Boyle | Computational simulation methodologies for mechanobiological modelling: A cell-centred approach to neointima development in stents[END_REF]. Furthermore, ABMs can be coupled with continuum-level models such as Finite Element Models (FEMs) offering a multiscale mechanobiological approach capable of tackling the mechanoregulation and hemodynamic modulation of individual-based vascular dynamics [START_REF] Zahedmanesh | A multiscale mechanobiological modelling framework using agent-based models and finite element analysis: application to vascular tissue engineering[END_REF][START_REF] Rouillard | Coupled agent-based and finite-element models for predicting scar structure following myocardial infarction[END_REF]. For instance, [START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF] used a fully coupled ABM-FEM model to study arterial behavior at the cellular level, in response to transient increases in blood pressure. Moreover, [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF] coupled an ABM with a computational fluid dynamics model to simulate hemodynamic-driven plaque formation during atherosclerosis. This combination between continuum and discrete methods provided a deeper multiscale understanding of biological mechanisms and their driving factors.

Within this framework, the parametrization of the biological mechanisms involved is a crucial step in building an ABM that can provide realistic insights into the phenomena modeled. The ABM parameters can be determined experimentally or identified using literature data [START_REF] Thorne | Combining experiments with multicell agent-based modeling to study biological tissue patterning[END_REF][START_REF] Garbey | A multiscale computational framework to understand vascular adaptation[END_REF]. In addition, ABMs offer the possibility of modeling several mechanisms of certain components of the biological system separately. When combined together, all these mechanisms produce the complex behavior of the whole system [START_REF] Thorne | Toward a multi-scale computational model of arterial adaptation in hypertension: verification of a multi-cell agent-based model[END_REF]. By characterizing complex processes by separate individual ones, ABMs are able to capture the most influential parameters and mechanisms involved in the emergence of pathologies and patterns.

Up to now, few studies have attempted to model the secretion of factors by ECs which regulates SMC dynamics and possibly leads to the onset of intimal hyperplasia [START_REF] Donadoni | Patient-specific, multi-scale modeling of neointimal hyperplasia in vein grafts[END_REF]. Modeling WSS-modulated and mechanoregulated factor secretion could give new insights on pertinent contributors to intimal hyperplasia. Therefore, we present herein an on-lattice ABM that includes hemodynamic-driven and mechanoregulated biological mechanisms involved in the vibration-induced intimal hyperplasia phenomenon. We added the mitogenic effects of the WSS-modulated Transforming Growth Factor β (TGF-β), the migratory effects of PDGF-BB on SMCs, and the effects of Nitric Oxide (NO) on SMCs apoptosis, to existing ABMs. The model was coupled with in-vivo experiments that helped in identifying the equation parameters of the PDGF-BB secretion rate by ECs. Finally, we studied the effects of each WSS-modulated factor on the model's behavior to determine pertinent contributors to the onset of vibration-induced intimal hyperplasia.

In our model, starting from a healthy artery, a uniform profile of WSS was applied on the endothelium. The WSS values were chosen to mimic the absence or presence of vibration. The ABM then simulated the cells' response according to these prescribed WSS values, and also generated the change induced in arterial geometry. A regularization method was applied to minimize the inherent geometrical anisotropy of the on-lattice ABM and thus ensure isotropic growth in the case of uniform spatial distribution of WSS [START_REF] Dardik | Shear stress-stimulated endothelial cells induce smooth muscle cell chemotaxis via platelet-derived growth factor-BB and interleukin-1α[END_REF]. The model parameters were partially identified experimentally using our flow loop experiments or derived from literature data. Our model was also coupled with a PDE diffusion module that simulated inside the arterial layers the physical diffusion of certain secreted growth factors involved in intimal hyperplasia. The model was tested under two states: i) the 'No Vibration' state in which no exposure to vibration was simulated and the WSS value was kept physiological during the simulation time, and ii) the 'Vibration' state in which the physiological WSS value was perturbed by regular drops replicating the daily working condition of workers exposed to HAVs (Noël and Settembre, 2022). The influence of WSS-modulated biological mechanisms involved in our ABM was assessed and a sensitivity analysis of the PDGF-BB diffusion coefficient performed. Our ABM, which is a part of a more complex ABM-FEM framework, will be used to predict long-term arterial growth during chronic exposure to vibration.

Materials and Methods

Agent-based model

The ABM was implemented in NetLogo 6.0.4 [START_REF] Wilensky | Netlogo. Center for Connected Learning and Computer-Based Modeling[END_REF] and simulated the cellular mechanisms involved in the onset of vibration-induced intimal hyperplasia. Starting from a healthy artery with an initial circular geometry, a spatially uniform physiological WSS profile was applied on the endothelium.

Intimal hyperplasia was induced by a decrease in these WSS values mimicking exposure to vibration. The ABM was implemented in an iterative process (k = 0, 1, ..., K) as follows: i) a constant duration T was chosen for one iteration k where the WSS value was kept constant at a value matching the exposure condition we wanted to simulate, ii) all the biological mechanisms of the ABM were computed for T , iii) the artery geometry and behavior were updated at each iteration k. This process was iterated K times such that K × T = T end where T end is the total time of the simulation (Figure 1). This total simulation time matched the average duration of the careers of workers exposed to HAVs [START_REF] Donati | Workplace exposure to vibration in Europe: an expert review[END_REF]. Therefore, at each ABM iteration k = 0, 1..., K of duration T , the cell dynamics were simulated based on a set of behavioral rules modulated by the WSS value (matching the absence or presence of vibration exposure) as well as the circumferential stress field values resulting from applying physiological pressure on the inner wall of the artery. Finally, after each iteration, a geometrical regularization was applied to limit the numericallyinduced anisotropy (the stage of boundary smoothing in Figure 1). Due to the stochastic nature of certain mathematical equations describing the biological mechanisms used in our ABM (e.g. SMCs proliferation and migration probabilities), all the output values presented hereafter were calculated as the average of N simulations, where N was chosen as a trade-off between the minimization of errors (margins between the final SMCs and Collagen counts of simulations in the 'No Vibration' state and their basal values) and computational cost. The ABM was controlled by Python scripts using the PyNetLogo package which offers flexibility and advanced analysis capabilities (Jaxa-Rozen and Kwakkel, 2018).

ABM building and initialization

A 2D arterial geometry was drawn in a < 110 × 110 > square lattice, with internal (r i ) and external (r e ) radii of 400 µm and 500 µm respectively (Noël and Settembre, 2022). Each lattice site of dimension 10 µm × 10 µm can be occupied by only one of the three agent types used in our model: Endothelial Cells (ECs), SMCs and ECMs. The model consisted of a monolayer of ECs composing the intima and multiple layers of SMCs and ECMs making up the media. The number of ECs corresponded to the number of patches making up a single layer at a radius r i = 400 µm (N EC = 228 cells). SMCs made up 68% of the media while 32% were occupied by ECMs [START_REF] Todd | The dimensional characteristics of smooth muscle in rat blood vessels. A computer-assisted analysis[END_REF]. This resulted in 1770 SMCs and 834 ECMs. The intima and the media layers were separated by the internal elastic lamellae (IEL) (Figure 2). SMC and EC diameters were assumed to be identical and fixed at 10 µm [START_REF] Todd | The dimensional characteristics of smooth muscle in rat blood vessels. A computer-assisted analysis[END_REF], corresponding to our mesh dimension of 10 µm. ECM agents were labeled by either collagen (C) or elastin (E) with a C/E ratio of 3.12 [START_REF] Fischer | Collagen and elastin content in canine arteries selected from functionally different vascular beds[END_REF]. Thus, each ECM patch could be occupied exclusively by either collagen or elastin. Consequently, the ECM was made up of 625 patches containing collagen and 209 patches containing elastin. Moreover, the total initial mass of collagen was calculated by multiplying the initial collagen mass per SMC (3.1 × 10 -4 Fig. 1 Simulation flowchart showing the iteration process inside the ABM µg•cell -1 (Zahedmanesh and Lally, 2012)) with the number of SMCs at k = 0. The total elastin mass was retrieved from the C/E ratio. Consequently, at k=0 each ECM agent was assigned an individual mass (m c for collagen and m e for elastin) derived from uniformly distributing the total initial masses of collagen and elastin among total collagen or elastin patches, respectively (m c = 0.86 ng and m e = 0.86 ng). Each lattice site, or patch, was also assigned a characteristic (i.e., type) corresponding to its position inside the artery: intima, media, elastic lamellae, lumen and boundary. Each patch has the ability to update its type according to the new emerging geometry. For example, a lumen patch can become an intima patch after intimal thickening. Agents and patches were assigned a set of predefined behaviors based on their type. The agents' dynamics inside the ABM were based on empirical rules (probabilistic or not) derived from literature and our own experimental tests. The agents' mechanisms and their corresponding mathematical equations are detailed in Appendix A. The model was initialized in the physiological state (WSS = 3 Pa) and then perturbed by a drop in the WSS values from 3 Pa to 1 Pa, matching exposure to vibration (Noël and Settembre, 2022).

Development of ABM rules

ECs secretory rules Fig. 2 ABM view of the constructed 2D section of a muscular artery showing the intima (yellow) and media (red) layers separated by the internal elastic lamellae (IEL) (blue) and their Cell/ECM contents WSS modulates the secretion of endothelium-derived Growth Factors (GFs), such as PDGF-BB and TGF-β, and relaxing factors such as Nitric Oxide (NO) [START_REF] Hsieh | Shear stress increases endothelial plateletderived growth factor mRNA levels[END_REF][START_REF] Ohno | Fluid shear stress induces endothelial transforming growth factor beta-1 transcription and production. Modulation by potassium channel blockade[END_REF][START_REF] Andrews | Direct, real-time measurement of shear stress-induced nitric oxide produced from endothelial cells in vitro[END_REF]. These factors then diffuse in the arterial tissue and modulate SMC dynamics. In our model, a uniform value of WSS (τ ) was applied on the endothelium composed of ECs. The EC-secretion of the different factors as a function of WSS was modelled using mathematical formulations derived from the literature and our experimental data.

For instance, ECs secrete high levels of PDGF-BB when exposed to low values of WSS [START_REF] Hsieh | Shear stress increases endothelial plateletderived growth factor mRNA levels[END_REF]. In order to identify the parameters of the mass production rate of the EC-secreted PDGF-BB i.e., ṁEC PDGF-BB (τ ) (Table A1), we conducted flow loop experiments to determine the mass of PDGF-BB secreted per each EC when exposed to two values of WSS: 1 Pa and 3 Pa (see section 2.3). The PDGF-BB masses for 1 Pa and 3 Pa obtained from our experiments were then combined with experimental data from [START_REF] Hsieh | Shear stress increases endothelial plateletderived growth factor mRNA levels[END_REF] of PDGF-BB mRNA levels for WSS values ranging from 0 to 5 Pa. The PDGF-BB masses corresponding to each WSS value, other than 1 and 3 Pa, were then obtained by rules of proportionality. The values were previously recalibrated by a vertical translation at 3 Pa, assuming no PDGF-BB secretion for the basal state of 3 Pa [START_REF] Sjölund | Arterial smooth muscle cells express platelet-derived growth factor (PDGF) A chain mRNA, secrete a PDGF-like mitogen, and bind exogenous PDGF in a phenotype-and growth state-dependent manner[END_REF]. Finally, these data were fitted to the mathematical formulation expressed as follows:

ṁEC PDGF-BB (τ ) =αQ 1 PDGF-BB (1 -exp(-(τ -τ phys )/κ 1 PDGF-BB )) +Q 2 PDGF-BB (1 -exp((τ -τ phys )/κ 2 PDGF-BB )) +q PDGF-BB (τ -τ phys ) (1) 
where 0.6 ≤ τ ≤ 3 Pa,

τ phys = 3 Pa, α = -1, Q 1 PDGF-BB = 5.44 × 10 -5 fg•s -1 , κ 1 PDGF-BB = 1 Pa, Q 2 PDGF-BB = 5.15 × 10 -4 fg•s -1 , κ 2 PDGF-BB = 1 Pa and q PDGF-BB = 2.94 × 10 -4 fg•s -1 •Pa -1 .
Likewise, the secretion of TGF-β is also modulated by the WSS values. The rule of the EC-secreted TGF-β mass production rate was fitted using literature data [START_REF] Cucina | Shear stress induces transforming growth factor-beta1 release by arterial endothelial cells[END_REF][START_REF] Ohno | Fluid shear stress induces endothelial transforming growth factor beta-1 transcription and production. Modulation by potassium channel blockade[END_REF]:

ṁEC TGF-β (τ ) = Q TGF-β + q TGF-β × τ (2) 
where

Q TGF-β = 4.26 × 10 -4 fg•s -1 , q TGF-β = 4.26 × 10 -4 fg•s -1 •Pa -1 and τ is the WSS value in Pa.
In addition, the secretion of the endothelium-derived relaxing factor NO was also implemented in our ABM as a function of the WSS values. Due to its high diffusion coefficient (D NO = 3.33 × 10 -5 cm 2 •s -1 [START_REF] Kanai | Shear stress induces ATPindependent transient nitric oxide release from vascular endothelial cells, measured directly with a porphyrinic microsensor[END_REF]), the NO steady-state molar concentration was rapidly reached (150 s [START_REF] Andrews | Direct, real-time measurement of shear stress-induced nitric oxide produced from endothelial cells in vitro[END_REF]). Consequently, in our ABM we modeled the global steady-state molar concentration of NO using experimental data retrieved from [START_REF] Andrews | Direct, real-time measurement of shear stress-induced nitric oxide produced from endothelial cells in vitro[END_REF]:

C EC NO (τ ) = C 1 (1 -exp(-τ /κ NO )) + C 2 (3) where C 1 = 51.7 × ∆h in nM, κ = 0.95 Pa, C 2 = 20.22 × T in nM
and T in hours. nM stands for 10 -9 mol.l -1 .

GFs diffusion

In order to model the diffusion of the growth factors through the artery layers, our ABM was coupled with a finite difference model developed with Python scripts that solves the diffusion equation:

∂m EC GF (x, t) ∂t = D GF ∇ 2 m EC GF (x, t) + f (x, t) (4) 
where m EC GF (x, t) is the mass of the GFs (PDGF-BB and TGF-β) at location x = (x,y) inside the artery and time t ∈ [0, T ], ∇ 2 denotes the Laplacian with respect to x, D GF the constant diffusion coefficient inside the artery, and f (x, t) the source term describing the continuous factors secretion by the ECs [START_REF] Watson | A multiphase model of growth factor-regulated atherosclerotic cap formation[END_REF]. Each EC was considered as a point source of PDGF-BB and TGF-β with a constant mass production rate ṁEC GF (τ ) (Table A1). Consequently, the source term f (x, t) corresponded to the summation of all the N EC point sources at EC location ξ i,i=1,...,NEC :

f (x, t) = ṁEC GF NEC i=1 δ(x -ξ i ) (5)
where δ(x-ξ i ) is the Dirac distribution in two-dimensional space. The diffusion equations for PDGF-BB and TGF-β were solved at each ABM iteration k for 0 ≤ t ≤ T . At t = T , the final mass map of GFs was communicated to the ABM. Subsequently, at each iteration k = 1, ..., K initial conditions introduced in the diffusion model at t = 0 ( k m EC GF (x, 0)) correspond to the final mass map (t = T ) retrieved from the diffusion model at the previous iteration ( k-1 m EC GF (x, h)):

k m EC GF (x, 0) = k-1 m EC GF (x, h) k = 1, ..., K ∀ x (6) 0 m EC GF (x, 0) = 0 if GF = PDGF-BB phys m EC TGF-β (x) if GF = TGF-β (7)
where 0 m EC GF (x, 0) is the mass distribution of the GF at k = 0 and phys m EC TGF-β (x) is the physiological mass distribution of TGF-β diffused by ECs and obtained from a preliminary computation. The EC coordinates(ξ i ), the artery dimensions and boundaries were updated in the ABM and communicated to the diffusion model at each iteration. GFs diffusing inside the lumen (∥x∥ ≤ r i , ∥x∥ is the Euclidean norm of x) were considered to be immediately flushed by the blood flow [START_REF] Thorne | Toward a multi-scale computational model of arterial adaptation in hypertension: verification of a multi-cell agent-based model[END_REF]. Therefore, the condition m EC GF (x, t) = 0 for ∥x∥ ≤ r i was applied to model this behavior. For the external boundary condition two cases were considered: i) a full closed medium condition simulating a no flux boundary condition applied on the external boundary at radius r e of the media layer ∇m(x, t) = 0 for ∥x∥ = r e where ∇ denotes the gradient; ii) an infinite medium by taking into account the surrounding tissue around the artery in the diffusion model. The diffusion coefficients of the different factors used in the model are given in Table B5.

SMCs dynamics

The biological behavior of the SMCs (SMCs dynamics) implemented in our ABM includes the SMC-secretion of soluble factors, the proliferation/apoptosis of the SMCs and their migration from the media to the intima. First, the vibration-induced decrease in WSS values upregulates the activated MMP-2 (Matrix Metalloproteinase-2) levels secreted by the SMCs [START_REF] Garanich | Shear stress inhibits smooth muscle cell migration via nitric oxide-mediated downregulation of matrix metalloproteinase-2 activity[END_REF][START_REF] Sakamoto | Effect of fluid shear stress on migration of vascular smooth muscle cells in cocultured model[END_REF]. MMP-2 are involved in ECM degradation that can facilitate the migration of SMCs from the media to the intima during intimal hyperplasia. The SMC-secretion rule of activated MMP-2 as a function of WSS was derived from literature data [START_REF] Sakamoto | Effect of fluid shear stress on migration of vascular smooth muscle cells in cocultured model[END_REF][START_REF] Garanich | Shear stress inhibits smooth muscle cell migration via nitric oxide-mediated downregulation of matrix metalloproteinase-2 activity[END_REF] and expressed as follows:

m SMC MMP-2 (τ ) = M 1 MMP-2 (exp(-(τ -τ phys )/κ 1 MMP-2 ) -1) (8) 
where τ phys = 3 Pa, M MMP -2 1 = 2.66×10 -5 ×T in fg, κMMP-2 1 = 1 Pa and T in hours.

In addition, the SMC-secretion of GFs and MMP is also modulated by mechanical stress. For instance, high circumferential stress values enhance TGF-β , PDGF-BB, MMP-9 and MMP-2 secretion by SMCs [START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF]. MMP-2 levels are also upregulated by low circumferential stress values. The mechanoregulated SMC-secretion rules are detailed in Table A2.

The proliferation rule of SMCs was expressed in terms of a probability and applied on each SMC agent at each ABM iteration k. The SMCs possess a basal proliferation probability to which were added the proliferative effects of the total PDGF-BB mass secreted by the ECs and SMCs, and the EC-secreted TGF-β mass. The final proliferation probability of one SMC per one timestep is expressed by the equation below:

P = P basal + P PDGF-BB + P TGF-β (9) 
where P basal = 1.46 × 10 -4 [START_REF] Chapman | Physiological cyclic stretch causes cell cycle arrest in cultured vascular smooth muscle cells[END_REF].

Studies have shown that PDGF-BB is a mitogen for SMCs that can increase their proliferation probability when secreted in the artery due to low WSS values, resulting in arterial growth [START_REF] Wolf | Influence of growth factors on the proliferation of vascular smooth muscle cells isolated from subtotally nephrectomized rats after endothelin or angiotensin II antagonism[END_REF][START_REF] Li | PDGF-induced proliferation in human arterial and venous smooth muscle cells: Molecular basis for differential effects of PDGF isoforms[END_REF]. However, in the case of decreased wall tension, the atrophic remodeling of the arterial wall is observed [START_REF] Bayer | Atrophic remodeling of the artery-cuffed artery[END_REF]. In order to model this phenomenon, we added a correcting factor modulated by circumferential stress that acts on each SMC site to reduce the effects of EC-secreted PDGF-BB on SMC proliferation probability (Table A2). Consequently, the proliferation probability of one SMC as a function of PDGF-BB is expressed in our ABM as:

P PDGF-BB = A 1 PDGF-BB (1 -exp(-m PDGF-BB /ω 1 PDGF-BB )) + αA 2 PDGF-BB × m PDGF-BB (10) 
where A2) in fg, ω 1 PDGF-BB = 4.33 fg, α = -1, A 2 PDGF-BB = 3.35 × 10 -6 and m unit = 1 fg.

A 1 PDGF-BB = 2.32 × 10 -2 , m PDGF-BB = m SMC PDGF-BB (Table A2) + m EC PDGF-BB (from diffusion) + C f × m unit (Table
In contrast, TGF-β can act as a mitogen to SMCs only when present in low levels. This is due to the fact that a physiological level of TGF-β is essential in maintaining a contractile phenotype of SMCs and ensuring a physiological state [START_REF] Cucina | Shear stress induces transforming growth factor-beta1 release by arterial endothelial cells[END_REF]. In our model, when the WSS values decrease with exposure to vibration, the EC-secretion of TGF-β decreases. Thus, the mass of TGF-β (m TGF-β ) present around the SMC and obtained from diffusion through the artery would decrease. Therefore, the SMCs proliferation probability would increase according to the following rule:

P TGF-β = A TGF-β exp(-m TGF-β /ω TGF-β ) ( 11 
)
where A TGF-β = 2.94 × 10 -4 , m TGF-β = m SMC TGF-β (Table A2) + m EC TGF-β (from diffusion) in fg and ω TGF-β = 10 -3 fg.

In addition, we modeled the effects of NO molar concentration on SMC apoptosis probability (A). When the NO molar concentrations decrease with the drop of WSS values, SMCs apoptosis probability also decrease [START_REF] Krick | Nitric oxide induces apoptosis by activating K+ channels in pulmonary vascular smooth muscle cells[END_REF][START_REF] Newby | Nitric oxide donor SNAP induces apoptosis in smooth muscle cells through cGMP-independent mechanism[END_REF]. The rule parameters were derived from literature data and readjusted to our model's basal apoptosis probability (A basal ) [START_REF] Chapman | Physiological cyclic stretch causes cell cycle arrest in cultured vascular smooth muscle cells[END_REF][START_REF] Krick | Nitric oxide induces apoptosis by activating K+ channels in pulmonary vascular smooth muscle cells[END_REF]:

A = A basal + A NO (12) A NO = γ NO × (C EC NO -phys C EC NO )
(13) where A basal = 1.46 × 10 -4 , γ NO = 7.31 × 10 -7 nM -1 and phys C EC NO = 69.7 nM. In the basal conditions, SMCs apoptosis and proliferation probabilities were set as equal to ensure the physiological state (no vibration):

A basal = P basal (14)
Given that the proliferation and apoptosis of SMCs were built on probabilities, at each iteration an event assessment must be carried out to determine which event an SMC has to undergo. Consequently, at each iteration k, a random number p between 0 and 1 is generated. If p ≤ P, the SMC undergoes proliferation, which means that the SMC divides into two daughter cells. In our numerical model, when an SMC underwent proliferation, a new daughter cell was created randomly on one of the empty adjacent patches (neighbors) of the proliferating SMC. If no empty neighbor was found, the daughter cell would push one of the surrounding cells along the shortest path to an empty patch and the new daughter cell would be positioned inside the newly created empty neighbor. In contrast, if p ≤ (1 -A), the SMC undergoes apoptosis, which means that the SMC dies and is removed from the model. Finally, the remaining SMCs would be rearranged following paths of minimal energy to fill the empty patch left by the apoptotic cell [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF].

During intimal hyperplasia, SMC migration from the media to the intima is modulated by EC-secreted PDGF-BB mass [START_REF] Palumbo | Different effects of high and low shear stress on platelet-derived growth factor isoform release by endothelial cells: Consequences for smooth muscle cell migration[END_REF]. In our model, we assumed that only PDGF-BB secreted by the ECs can act in a paracrine manner to stimulate chemotaxis [START_REF] Dardik | Shear stress-stimulated endothelial cells induce smooth muscle cell chemotaxis via platelet-derived growth factor-BB and interleukin-1α[END_REF]. When the migration is activated, the SMCs then undergo chemotactic migration from the media to the intima along an increasing gradient of PDGF-BB concentrations. The migration rule was expressed as a probability (M) and derived from literature data [START_REF] Dardik | Shear stress-stimulated endothelial cells induce smooth muscle cell chemotaxis via platelet-derived growth factor-BB and interleukin-1α[END_REF][START_REF] Bornfeldt | Insulin-like growth factor-I and platelet-derived growth factor-BB induce directed migration of human arterial smooth muscle cells via signaling pathways that are distinct from those of proliferation[END_REF] as follows:

M = A PDGF-BB (1 -exp(-m EC PDGF-BB /ω PDGF-BB )) (15) A PDGF-BB = 7.91 × 10 -4 , m EC
PDGF-BB (from diffusion) in fg and ω PDGF-BB = 4.9 × 10 -2 fg. Numerically, once the migration is activated, the SMCs started moving towards the intima by discrete steps, to mimic chemotaxis acitvated by the PDGF-BB mass gradient. Since the length of one patch is 10 µm in our model, the resulting migration speed was 10 µm•h -1 which is consistent with the SMC migration speed calculated by [START_REF] Dimilla | Maximal migration of human smooth muscle cells on fibronectin and type IV collagen occurs at an intermediate attachment strength[END_REF]. Once they reached the intima, the SMCs stopped migrating and their movement could only be due to pressure from other SMCs [START_REF] Gerthoffer | Mechanisms of vascular smooth muscle cell migration[END_REF]. In addition to chemotaxis, SMCs migration may also be induced by durotaxis, where SMCs movement is modulated by the ECM rigidity gradient inside the arterial wall [START_REF] Isenberg | Vascular smooth muscle cell durotaxis depends on substrate stiffness gradient strength[END_REF]. However, durotaxis was not considered in our current model. 

In contrast, due to its long half-life [START_REF] Humphrey | A constrained mixture model for growth and remodeling of soft tissues[END_REF], the basal production and basal elimination of elastin were not modeled. Furthermore, SMC-secreted MMP-2 and MMP-9 can modulate the SMCs probability of collagen degradation and also induce elastin degradation. The degradation of collagen by SMCs as a function of MMP-2 was derived from the value of the collagen mass degraded by a given mass of MMP-2 (410 pg collagen/pg MMP-2/h [START_REF] Zahedmanesh | A multiscale mechanobiological modelling framework using agent-based models and finite element analysis: application to vascular tissue engineering[END_REF]). Similar to basal collagen synthesis probability, the collagen degradation modulated by MMP-2 was calculated as the inverse of time taken by a given mass of MMP-2 to degrade one patch of collagen. The collagen degradation probability as a function of MMP-2 was expressed as follows:

D c MMP-2 = γ 1 MMP-2 × m MMP-2 (17) 
where

γ 1 MMP-2 = 3.5 × 10 -4 fg -1 , m MMP-2 = m SMC MMP-2 (τ ) + m SMC MMP-2 (σ θ ) in fg.
In addition, MMP-2 and MMP-9 induce the degradation of elastin following the same model but with different slopes, γ 2 MMP-2 = 3.14×10 -6 fg -1 and γ MMP-9 = 1.04 × 10 -6 fg -1 for MMP-2 and MMP-9 respectively (Table A4).

Moreover, the phenotypic modulation of SMCs from a contractile to a synthetic phenotype results in an increased secretion of collagen. In order to take this mechanism into account, we assumed that the SMCs changed into a synthetic phenotype when they reached the intima [START_REF] Okada | Occurrence of intimal thickening of the peripheral arteries in response to local vibration[END_REF][START_REF] Sjölund | Phenotype modulation in primary cultures of smooth-muscle cells from rat aorta: Synthesis of collagen and elastin[END_REF]. Consequently, the basal production probability of collagen in the intima is higher than that in the media, while the basal degradation probability remained unchanged:

S i basal = 2.24 × 10 -5 (18)

All the biological phenomena implemented and their interactions are detailed in Figure 3.

Geometrical regularization

Discrete cell movements inside the artery can create geometrical spikes (breaking the continuous endothelium) at the boundaries, especially at the lumen interface, which can compromise the axisymmetric geometry of the model and produce non-biological shapes [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF]. Consequently, in order to ensure the compact structure of the model, a smoothing algorithm was applied on the interfaces after each iteration. It consists in: i) calculating an average radius of the interface, ii) searching for cells that have a distance to the center less than (for internal boundaries) or greater than (for external boundary) the average radius of the interface, and iii) rearranging the cells by moving them to the closest empty patch at the interface in a way that increases the contact surface between them. In addition, the model takes into account the movement of the internal elastic lamellae (IEL) between the media and the intima. In the case of medial growth, proliferating SMCs or ECM agents can push the IEL patches towards the lumen center without crossing to the intima (the migrating SMCs are able to pass through the IEL).

Model assessment under 'No Vibration' state and during a chronic exposure to vibration

The ABM was tested under the 'No Vibration' state (τ = 3 Pa) in order to ensure its stability, i.e., no significant change in SMC or ECM number should be observed. In addition, due to the stochastic nature of the ABM, a sensitivity analysis was performed to quantify the influence of the number of simulations (N) on the equilibrium. More precisely, assuming that the values maintain their basal levels in time in the absence of vibration, we evaluated the errors on the final SMCs and collagen counts relative to their basal counts. N was chosen as the number of simulations after which the relative errors on SMCs and collagen counts remained stable.

During exposure to vibration, the WSS values fell to 1 Pa. In our case study, the model was tested for a duration of 4 hours of vibration exposure per day, corresponding to the condition of workers having an exposure time of more than 20 hours per week and are more likely to develop vibrationinduced intimal hyperplasia on the long term [START_REF] Donati | Workplace exposure to vibration in Europe: an expert review[END_REF][START_REF] Bovenzi | Relation of haemostatic function, neurovascular impairment, and vibration exposure in workers with different stages of vibration induced white finger[END_REF]. In addition, in our model, the WSS value of 1 Pa which mimics vibration expore, remained constant throughout the 4 hours, assuming no change in WSS occurs during vibration exposure time. A simulation time of 10 years was chosen, as it represents the number of years' exposure before the onset of vibration-induced intimal hyperplasia [START_REF] Ashe | Occupational Raynaud's II: Further studies of this disorder in uranium mine workers[END_REF]EN NF ISO 5349-1:2001, 2002). A sensitivity analysis of the PDGF-BB diffusion parameter (D PDGF-BB ) was conducted by increasing or decreasing D PDGF-BB by one order of magnitude (a factor of 10). Moreover, the choice of boundary conditions (BCs) in the GF diffusion models was studied by comparing two theoretical cases: i) an infinite 2D plane assuming that the GFs diffused outside the arterial wall, and ii) a no flux boundary on the external boundary of the media.

The influence of taking into account certain WSS-modulated factors secreted by the ECs and SMCs was also studied. To do this, we compared the full model's behavior to that in the absence of each of the following mechanisms: i) EC-secretion of TGF-β, ii) EC-secretion of NO, and iii) SMC-secretion of MMP-2 (WSS-regulated (Table A1)).

Finally, we assessed the model's behavior by taking into account the effects of the circumferential stress field (hoop stress (σ θ )) on the cellular mechanisms. Hoop stress values were obtained by assuming a homogeneous thick-walled cylinder and using Lamé's theory with the following analytical model:

σ θ = P r 2 i r 2 e -r 2 i + r 2 i r 2 e r 2 P r 2 e -r 2 i ( 19 
)
where r i and r e are the internal and external radii respectively and P represents the pressure applied on the inner wall of the artery. A physiological inner pressure P = 13 kPa was applied on the endothelium at each ABM iteration [START_REF] Holzapfel | A new constitutive framework for arterial wall mechanics and a comparative study of material models[END_REF].

Flow loop experiments

In order to assess the model parameters of the PDGF-BB secretion by the endothelial cells, flow loop experiments were conducted on Human Umbilical Vein Endothelial Cells (HUVECs). The aim was to measure the concentrations of the EC-secreted PDGF-BB as a function of two values of Shear Stress (SS):

1 Pa mimicking the presence of vibration, and 3 Pa corresponding to the physiological state.

Cell culture

HUVECs were obtained from PELOBiotech and harvested from 10 human umbilical veins. The ECs were cultured at a density of 2×10 5 cells•cm -2 and placed in a humidified incubator at 37°C-5% CO 2 , with 2% fetal bovine serum (FBS). The culture medium was changed twice a week and the cells were trypsinized and amplified when confluence was reached.

Shear Stress application (Ibidi pump system) 100 µl suspension of ECs at 0.5×10 6 cells•ml -1 were placed on collagen coated canals of Luer µ-Slide plates and incubated for three days at 37°C-5% CO 2 with the culture medium changed every day. The plates were then connected to the fluidic unit of an Ibidi pump and placed inside an incubator at 37°C-5% CO 2 . Finally, the HUVECs were exposed to two values of steady shear stress, 1 Pa or 3 Pa, for 2 hours followed by 2 hours of rest without shear stress. In order to preserve the attachment of the cells to the plates, the shear stress was gradually increased to its target value which was then kept constant until the end of the shear stress application time.

PDGF-BB measurement

100 µl of Conditioned Medium (CM) was collected after 4 hours (2 hours of shear stress and 2 hours rest) from the shear stress-exposed cells and from the control cells exposed to static conditions. PDGF-BB in the CM was assayed using an enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions. The optical density at a wavelength of λ = 450 nm was measured using a microplate photometer (Thermo Multiskan FC). Moreover, the total number of ECs was assayed at the end of each experiment in order to determine the mass of PDGF-BB secreted by one EC. Finally, statistical analysis was conducted using one-way ANOVA. Fisher's Least Significant Difference (LSD) post-hoc test was then used to find means that are significantly different from each other. A value of p < 0.05 was deemed statistically significant. 

Low shear stress stimulates the secretion of PDGF-BB by HUVECs

An ELISA assay was used to determine the PDGF-BB concentrations secreted by the HUVECs exposed to 1 Pa or 3 Pa of shear stress and by the control HUVECs exposed to static conditions. ECs exposed to a WSS of 1 Pa secreted more PDGF-BB (27.93 ± 5.13 pg•ml -1 ) after 4 hours (2 hours of shear stress followed by 2 hours of rest) compared with ECs exposed to a WSS of 3 Pa (18.50 ± 7.97 pg•ml -1 ) (Fig. 4). Furthermore, ECs in control medium secreted a significant amount of PDGF-BB (54.93 ± 15.87 pg•ml -1 ) compared with the shear stress-stimulated ECs.

Model convergence

We applied bootstrap sampling to the N = 60 simulations and computed the relative errors (margins between final counts and basal values) on SMCs and Figure 5 shows that the errors on both averages increased with time. For a timeframe of 10 years, the errors stabilized after N = 10 (oscillations < 1% for Collagen counts) simulations with an average of 0.8% for SMCs and 2.5% for collagen. Therefore, all the results were expressed as the mean (solid lines) of N=10 simulations with their 95% confidence interval (shaded region) and normalized to their initial values unless stated otherwise.

Basal versus vibration exposure states

Figure 6 shows a qualitative representation of both the 'No Vibration' state and the vibration-induced intimal hyperplasia process for different times. The model successfully preserved the baseline geometry of the artery as well as the areas and thicknesses of the layers in the basal state ('No Vibration').

Conversely, during chronic exposure to vibration for 10 years, we observed the formation of a symmetrical intimal hyperplasia characterized by a 42% reduction in the lumen area and an increase of the intimal layer thickness (Fig 7).

In addition, during the 'No Vibration' state, SMCs and collagen normalized counts remained relatively constant. However, they both increased significantly and roughly doubled over 10 years during the vibration exposure state. As for Elastin counts, no significant change was observed between the two simulated conditions (Table 1). 

Model sensitivity analysis

Influence of WSS-modulated factor secretion by ECs and SMCs

In the absence of TGF-β, SMCs proliferated less compared to the full model and therefore led to less severe formation of stenosis (22% after 10 years instead of 42%) (Fig. 8.A). Moreover, the absence of TGF-β led to a decrease in the media area and less collagen synthesis compared with the full model. On the other hand, the suppression of NO effects on apoptosis did not affect the magnitude of stenosis after 10 years. However, the final SMCs count was lower in the case of NO suppression and thus did not lead to the same increase in media thickness observed in the full model (Fig 8.B). Finally, eliminating the secretion of WSS-regulated MMP-2 had no effects on any of the output values of the model (Fig 8 .C)). None of the factors affected the evolution of elastin counts (Fig. 8).

Model sensitivity to the PDGF-BB diffusion coefficient and the diffusion model boundary conditions

When D PDGF-BB was increased by one order of magnitude, an outward arterial growth was observed characterized by an increase of the media area (Fig. 9). The lumen area decreased slightly after 10 years while the intima slightly thickened with time. Collagen and elastin contents remained unchanged. However, a decrease of D PDGF-BB triggered an excessive proliferation and migration of SMCs, which in some cases led to the complete occlusion of the artery after 4 years. The media area decreased at first and then started to increase again with time while the intima layer thickened considerably after 4 years. Elastin content was insensitive to the variation of D PDGF-BB . Moreover, in the case of infinite boundary conditions, a slight increase of final SMCs counts was observed compared with a closed boundary. Consequently, a thickening of the media area was observed after 5 years. In contrast, the choice of boundary conditions did not affect any of the other agent counts or areas after 5 years (Fig. 10).

Mechanoregulation of cellular mechanisms

Our model was able to simulate the effects of the vibration-induced WSS values as well as the hoop stress field values on the cellular mechanisms implemented. A decrease in the hoop stress field values inside the arterial wall was observed during arterial growth simulation (Fig. 11). Figure 12 shows the evolution of the output values when the model was stimulated by hemodynamics (τ ) and mechanical stresses (σ θ ) simultaneously. The evolution of the total collagen content showed two phases: an initial decrease and then an increase over time. The decrease in collagen was accompanied by a decrease in the media area and a reduction of the lumen reaching 30% after 10 years. Moreover, the mechanoregulation of the cellular mechanisms led to a noticeable degradation of elastin which started to become evident after 5 years. The normalized averages of data are detailed in Table 2. 

Discussion

In previous studies, ABMs were used to model vascular adaptation to a mechanical stimulus [START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF][START_REF] Thorne | Toward a multi-scale computational model of arterial adaptation in hypertension: verification of a multi-cell agent-based model[END_REF][START_REF] Boyle | Computational simulation methodologies for mechanobiological modelling: A cell-centred approach to neointima development in stents[END_REF][START_REF] Garbey | A multiscale computational framework to understand vascular adaptation[END_REF][START_REF] Zahedmanesh | A multiscale mechanobiological modelling framework using agent-based models and finite element analysis: application to vascular tissue engineering[END_REF][START_REF] Keshavarzian | In silico tissue engineering: a coupled agent-based finite element approach[END_REF] or a hemodynamics stimulus [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF]. In many cases, ABMs were coupled with continuum models that provided spatial distributions of circumferential stress or wall shear stress [START_REF] Corti | Multiscale computational modeling of vascular adaptation: a systems biology approach using agentbased models[END_REF]. These spatial distributions of mechanical stresses were communicated to the ABMs and regulated the modeled cellular mechanisms, such as SMC proliferation/apoptosis and ECM synthesis/degradation [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF][START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF][START_REF] Zahedmanesh | A multiscale mechanobiological modelling framework using agent-based models and finite element analysis: application to vascular tissue engineering[END_REF]. In these studies, cellular mechanisms such as proliferation or migration were modeled as being regulated directly by the mechanical stimulus values without taking into account the secretion of mitogenic and chemotactic factors [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF][START_REF] Garbey | A multiscale computational framework to understand vascular adaptation[END_REF][START_REF] Boyle | Computational simulation methodologies for mechanobiological modelling: A cell-centred approach to neointima development in stents[END_REF]. Consequently, few ABMs captured the hemodynamics-driven and mechanical stress-driven secretion of factors which, after their diffusion inside the artery layers, would modulate cell dynamics [START_REF] Bhui | An agent-based model of leukocyte transendothelial migration during atherogenesis[END_REF][START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF]. In addition, to the best of our knowledge, none of the existing ABMs modeled the effects of the decrease in circumferential stress during hemodynamics-driven arterial growth. We presented herein an ABM of hemodynamics-driven vibration-induced intimal hyperplasia where we added to the existing frameworks [START_REF] Garbey | Vascular adaptation: pattern formation and cross validation between an agent based model and a dynamical system[END_REF][START_REF] Boyle | Computational simulation methodologies for mechanobiological modelling: A cell-centred approach to neointima development in stents[END_REF] by: i) including more relevant soluble factors and studying their effects on cell dynamics, such as the mitogenic effects of TGFβ and the migratory effects of PDGF-BB on SMCs, ii) combining the ABM with experimental results in order to identify the behavioral rules parameters, iii) allowing the mechanoregulation of the cellular mechanisms resulting from the variation of the hoop stress field values during inward arterial growth (increase in the intima layer thickness), and iv) studying the effects of each WSS-modulated biological phenomenon on the model's behavior.

Combining ABM with experimental tests

First, we considered the secretion of three main factors that regulated SMC proliferation/apoptosis (PDGF-BB, TGF-β and NO) and migration (PDGF-BB) dynamics. PDGF-BB was the crucial factor in our ABM. In addition to its proliferative effects, PDGF-BB is also a chemotactic agent that activates Collagen and Elastin contents of the artery were massively affected by the decrease of σ θ values due to the intimal hyperplasia formation the migration of SMCs from the media to the intima, which is a key phenomenon in the intimal hyperplasia process. Therefore, the parametrization of the PDGF-BB EC-secretion rule was a key step in our modeling scheme. Most ABMs are dependent on empirical behavior rules that require parametrization to fit biological data. In some studies, a heuristic approach was used to identify the equations parameters by conducting a cycle of calibration and verification by comparing the outputs with histological features [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF]. Other authors obtained their parameters from experimental data found in the literature [START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF][START_REF] Thorne | Toward a multi-scale computational model of arterial adaptation in hypertension: verification of a multi-cell agent-based model[END_REF][START_REF] Martin | Agent-based computational model investigates muscle-specific responses to disuse-induced atrophy[END_REF]. Our approach consisted in combining experimental tests with our ABM in order to calibrate the ABM parameters according to the experimental invitro findings [START_REF] Thorne | Combining experiments with multicell agent-based modeling to study biological tissue patterning[END_REF]. We conducted flow loop experiments on HUVECs to identify the parameters of the law that yields the mass of PDGF-BB secreted by the ECs as a function of WSS (Table A1). Our experimental results showed a similar ratio of PDGF-BB levels between 1 and 3 Pa when compared with literature data [START_REF] Hsieh | Shear stress increases endothelial plateletderived growth factor mRNA levels[END_REF]. This approach increased confidence in our ABM and helped in calibrating the other parameters derived from the literature for our experimental findings [START_REF] Thorne | Combining experiments with multicell agent-based modeling to study biological tissue patterning[END_REF].

In our ABM, SMC and ECM dynamics are based on stochastic rules which means that each model run will produce different output values. Therefore, we applied bootstrap sampling to N = 60 simulations in basal state to evaluate the evolution of SMC and collagen counts as a function of the number of simulations. We found that after N = 10 simulations, the counts stabilized around an average value. This method, similar to that used in [START_REF] Garbey | A multiscale computational framework to understand vascular adaptation[END_REF] helped in identifying the minimum number of simulations needed to obtain an accurate estimation of the output value and to ensure a reasonable computational cost. In addition, we observed that the margin between the final SMCs or collagen counts and their basal counts increased with the increase of the simulation timeframe which means that more simulations are needed when simulating longer timeframes.

Model's sensitivity to WSS-modulated factors

We studied the impact of all WSS-modulated factors, except the PDGF-BB (the necessary key factor), on the formation of intimal hyperplasia. Among the three factors tested i.e., TGF-β, NO and MMP-2, TGF-β had the most statistically significant effects on SMCs proliferation, media thickness and intimal hyperplasia formation (Online Resources Figure S2 and Table S1). Furthermore, NO effects were clearly visible on SMC proliferation in the media whereas the lumen and the intima surfaces were not statistically different (p > 0.05) from those of the full model (Online Resources Figure S2 and Table S1). This demonstrates that the magnitude of stenosis during intimal hyperplasia depends on the PDGF-BB-induced SMC migration as well as on the proliferative effects TGF-β and PDGF-BB on the SMCs inside the intima.

Our results showed that WSS-modulated MMP-2 had no statistically significant effects on any of the model outputs (Online Resources Table S1). MMP-2 is an enzyme that, when present in the media, is responsible for collagen and elastin degradation [START_REF] Sakamoto | Effect of fluid shear stress on migration of vascular smooth muscle cells in cocultured model[END_REF][START_REF] Garanich | Shear stress inhibits smooth muscle cell migration via nitric oxide-mediated downregulation of matrix metalloproteinase-2 activity[END_REF]. Consequently, in the case of MMP-2 suppression we should expect a final count of collagen in the media higher than that of the full model. However, the collagen and elastin degradation rates between the full model and the model without MMP-2 were not significantly different (Online Resources Table S1 and Figure S2). This demonstrates that the levels of WSS-modulated MMP-2 did not induce a degradation rate that would lead to a loss of ECM agents. Indeed, ECM agents were assigned collagen or elastin masses equal to 0.84 ng. When a degradation event was performed (Table A4), one ECM agent corresponding to either collagen or elastin was removed from the ABM. Thus, the elastin and collagen degradation in our model would only be visible if the MMP-2 quantities degraded a collagen or elastin mass equivalent to 0.84 ng. Hence, any variation of ECM mass less than the mass of one agent would not be visible in our model.

Model's sensitivity to PDGF-BB diffusion coefficient

The sensitivity analysis on the D PDGF-BB coefficient showed that a decrease by one order of magnitude would lead to complete stenosis after 4 years. However, by increasing the D PDGF-BB value, the model would tend to an outward growth characterized by an increase of the media area with a slightly decreased lumen area. Indeed, a higher diffusion coefficient yielded a lower local mass of PDGF-BB around SMCs, bringing about a decrease of PDGF-BB-induced migration and SMC proliferation rates. Our results show that this decrease in diffused PDGF-BB mass had a minor effect on SMC counts while an increase of media thickness was observed. Indeed, with a lower PDGF-BB mass, fewer SMCs would migrate from the media to the intima while still undergoing proliferation owing to other factors (TGF-β and NO), which would lead to an increase in media thickness. Additionally, only a slight decrease of the lumen area was observed. This indicates that a few SMCs migrated from the media to the intima, thus highlighting that the effects of PDGF-BB on the chemotactic migration of SMCs were crucial to the intimal hyperplasia process. These results are consistent with the study of [START_REF] Jawien | Platelet-derived growth factor promotes smooth muscle migration and intimal thickening in a rat model of balloon angioplasty[END_REF] which found that migration accounts for most PDGF-BB effects on SMCs and that intimal thickening depends mostly on SMCs migration from the media to the intima. In addition, the resulting PDGF-BB concentration had an effect on the proliferation/migration ratio. In addition, our model is capable of differentiating between outward and inward growth depending on the ratio between SMC migration and the proliferation rates dictated by the PDGF-BB concentration resulting from the diffusion model.

Atrophic response to the fall in hoop stress

When the hoop stress effects were added to the model, the collagen and elastin contents of the media were significantly affected by the mechanoregulated MMP-2. As can be seen in Online Resources Fig.S.4, the collagen in the media was fully degraded after 5 years and the elastin content fell by 25% after 10 years. Our model was able to capture the upregulation of MMP-2 and the degradation of ECM in the case of a fall in circumferential stress in the arterial wall. The mechanoregulated degradation of collagen in the media was greater than the SMC proliferation resulting from the vibration-induced LSS, leading to a subsequent decrease of media thickness until all the collagen was degraded (Fig. 12). These results are consistent with the findings of [START_REF] Bayer | Atrophic remodeling of the artery-cuffed artery[END_REF] on the atrophic response of a cuffed artery. These authors observed a decrease in collagen content and a reduction of the media thickness due to the decrease in circumferential stress stemming from lowering arterial wall tension. However, we did not observe a decay of SMCs in the media, as suggested by the experimental findings. This was due to the application of a chronic vibration-induced LSS that induced SMC proliferation; these mechanisms were not taken into account in the study of [START_REF] Bayer | Atrophic remodeling of the artery-cuffed artery[END_REF]. In our model, the atrophic response to the fall in circumferential stress was manifested as less severe intima growth in the case of mechanoregulated versus WSS-only regulated cellular mechanisms. In addition, our model predicted that the ECM content in the media was mainly regulated by the circumferential stress field [START_REF] Keshavarzian | Mechanobiological model of arterial growth and remodeling[END_REF].

Limitations

Although our model was able to capture the vibration-induced intimal hyperplasia process, it was built on important assumptions and ignored many aspects that could have affected the final output of the model. First, the WSS values applied to the endothelium to match the presence or absence of vibrations were imposed as two constant values and were not retrieved from a computational fluid dynamics model (CFD). Secondly, model was built using a 2D symmetrical circular geometry of the artery. The agents movements inside the ABMs and the regularization algorithms were limited to a 2D representation. However, in reality, the SMCs would have more possibilities for movement which would likely affect arterial growth over time. In future work, our ABM will be coupled with a CFD model of a reconstructed 3D geometry of a digital artery to provide a more accurate profile of WSS values [START_REF] Corti | A fully coupled computational fluid dynamics -agent-based model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis[END_REF]. Our ABM equations were built using experimental data obtained from vascular cells in-vitro. However, most of the experimental data were derived from short term tests and applied in long term simulations in our model. Thus, long term behaviors of the artery were ignored during the 10-year timeframe of the simulation in which the parameters of the cellular mechanisms modeled remained unchanged. Additionally, we modeled the effects of five factors that affected the SMC (PDGF-BB, TGF-β and NO) and ECM (MMP-2 and MMP-9) dynamics. The choice of these factors was based on an extensive literature review on hemodynamics effects on vascular cells. Our goal was to identify the most relevant factors involved in intimal hyperplasia. However, during this process, other hemodynamics-driven cellular mechanisms were ignored such as the effects of PDGF-AA and PDGF-AB on SMC proliferation and migration [START_REF] Li | PDGF-induced proliferation in human arterial and venous smooth muscle cells: Molecular basis for differential effects of PDGF isoforms[END_REF]. Including natural ageing mechanisms in the artery behavior and incorporating other hemodynamic-driven factors could be considered to improve the model.

In order to identify the mathematical formulations and the associated parameters of each behavior rule, we applied an empirical approach to fit experimental data to numerical models and we chose the model with the best fit. However, in some cases, experimental data was scarce and the numerical models were built with few fitting points (Appendix A). In our framework, we combined experimental tests with our ABM to identify the parameters of the PDGF-BB secretion rule. However, we tested only two WSS values and still needed literature data to build the equations. Moreover, the lack of histological data demonstrating the time course of the stenosis formation with workers exposed to HAVs In future work, more experimental investigations will be conducted for each cellular mechanism implemented associated with a validation process at each step between numerical and experimental outcomes to ensure more accurate calibration of the parameters. Unfortunately, due to a lack of data demonstrating the time course of vibration-induced stenosis in workers exposed to HAVs, the validation step of our model's outputs was not conducted in this study. Nonetheless, ex-vivo experiments that investigate the effects of WSS on digital arteries will be considered in future works and will allow the validation of our model (Noël et al, 2022).

Finally, one of the main drawbacks of our ABM was the long computational time of one simulation (≥ 24 hours). In order to minimize the computational cost, our code was optimized using parallelization when possible and a speed analysis was conducted on each part of the code. Our analysis showed that the computational load relied mainly in the communication routines between Python and NetLogo. Therefore, one of the solutions considered would be to transition to a Python only code which would decrease the computational cost and limit the need to one computational environment only.

We presented herein an ABM of vibration-induced intimal hyperplasia. The main finding of the study was the model's ability to predict 30% stenosis after 10 years of vibration exposure for 4 hours a day. Our sensitivity analysis showed that TGF-β was the most relevant WSS-modulated factor alongside PDGF-BB that contributed the most to intimal hyperplasia formation. Further experimental investigations on the EC-secretion of TGF-β and the diffusion coefficient of factors could be planned to recalibrate the related parameters. We also showed that the decrease of circumferential stress plays a major role in ECM regulation inside the media and cannot be ignored when modelling the intimal hyperplasia process. To this end, our ABM will be coupled with an anisotropic hyperelastic mechanical model that will provide a better estimation of circumferential stress. In addition, by using a mechanical model that takes into account the change in mechanical stiffness as a response to arterial remodeling, which may affect the factors secretion by the vascular cells, will allow our model to make more accurate predictions. In terms of safety and the prevention of occupational accidents, the model's predictions will be compared to the progression of stenosis in workers exposed to HAVs in order to prevent the onset of the vibration-induced Raynaud's syndrome.

Supplementary information. The online version of this article contains supplementary material.
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Fig. 3

 3 Fig. 3 Biological mechanisms and their interactions occurring inside the ABM. Green lines indicate an enhanced manifestation of the biological mechanism at the end of the arrow while red lines indicate a diminished one

Fig. 4

 4 Fig. 4 PDGF-BB concentrations (pg/ml) after 4 hours in static conditions (0 Pa), conditioned medium exposed to low shear stress (1 Pa) and conditioned medium exposed to physiological shear stress (3 Pa). ( * p < 0.05, by one-way ANOVA followed by Fisher's LSD test). The results are expressed as means ± Standard Deviation (SD) for n = 10 experiments

Fig. 5

 5 Fig. 5 Relative error of SMCs and Collagen counts as a function of number of simulations and for three different timeframes: 5 years, 7.5 years and 10 years

Fig. 6

 6 Fig. 6 Qualitative representation of the ABM output of artery geometry during 'No Vibration' and 'Vibration' states

Fig. 7

 7 Fig. 7 Evolution of SMCs, Collagen and Elastin counts as well as the lumen, media and intima surfaces during a chronic vibration-induced LSS for a timeframe of T end = 10 years (4 hours of vibration exposure / day). The results are plotted against that of 'No Vibration' state

Fig. 8

 8 Fig. 8 The influence of: a) EC-secretion of TGF-beta, b) EC-secretion of NO, and c) WSS-modulated SMC-secretion of MMP-2 on the model's behavior. TGF-beta had the most influence on intimal hyperplasia formation while WSSmodulated MMP-2 had no effects on any of the plotted outputs

Fig. 9

 9 Fig.9Sensitivity analysis on D PDGF-BB . A decrease of D PDGF-BB by one order of magnitude led to the complete occlusion of the artery in some cases after 4 years of vibration exposure for 4 hours per day while its increase induced the thickening of the media and 10% stenosis after 10 years

Fig. 10

 10 Fig. 10 Effects of the choice of BCs in the GFs diffusion model. The model was run for T end = 5 years. BC choice did not have any effect on the reduction of the lumen area after 5 years

Fig. 11

 11 Fig. 11 Evolution of hoop stress values in the arterial wall during time. Values are plotted at t = 0 (initial), t = 5 years, and t = 10 years

Fig. 12

 12 Fig. 12 Evolution of SMCs, Collagen and Elastin counts as well as the lumen, media and intima surfaces during a chronic vibration-induced LSS and including mechanoregulated cellular mechanisms for a timeframe of T end = 10 years. Collagen and Elastin contents of the artery were massively affected by the decrease of σ θ values due to the intimal hyperplasia formation

  

  

Table 1

 1 Final outputs of agent counts and layer areas at t = 10 years in the 'No Vibration' state and during vibration exposure for 4 hours per day. All the values are normalized to their initial value and are represented as means ± SD of N = 10 simulations.

		No Vibration	Vibration
	SMCs counts	1.01 ± 0.05	1.93 ± 0.25
	Collagen counts	0.94 ± 0.08	2.05 ± 0.14
	Elastin counts	1.00 ± 0.00	0.99 ± 0.002
	Lumen area	0.99 ± 0.01	0.58 ± 0.05
	Media area	0.99 ± 0.05	1.07 ± 0.15
	Intima area	1.00 ± 0.00	10.2 ± 2.14

Table 2

 2 Final outputs of the ABM at T end = 10 years in the case of: i) WSS-only stimulated cellular mechanisms (τ ), and ii) WSS-driven and mechanoregulated cellular mechanisms (τ + σ θ ).

		τ	τ + σ θ
	SMCs counts	1.93 ± 0.25	1.87 ± 0.15
	Collagen counts	2.05 ± 0.14	0.80 ± 0.09
	Elastin counts	0.99 ± 0.002 0.75 ± 0.04
	Lumen area	0.58 ± 0.05	0.70 ± 0.02
	Media area	1.07 ± 0.15	0.95 ± 0.10
	Intima area	10.2 ± 2.14	7.41 ± 1.48
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Appendix A ABM rules

The biological mechanisms modeled inside the ABM are expressed using mathematical formulations derived from experimental data obtained from our flow loop experiments and from literature data. In all the graphs, the red dots correspond to the experimental data and the solid lines are the fitted models. Mass production rate of PDGF-BB by one EC (EC-secreted) 

Appendix B ABM parameters

Sakamoto et al ( 2006), [START_REF] Garanich | Shear stress inhibits smooth muscle cell migration via nitric oxide-mediated downregulation of matrix metalloproteinase-2 activity[END_REF] Table A2 Stress-dependent factors secretion.

Parameter Equation Graphs and References

Mass of PDGF-BB secreted by one SMC (SMC-secreted)

Keshavarzian et al ( 2018), [START_REF] Bayer | Atrophic remodeling of the artery-cuffed artery[END_REF] Correcting factor for PDGF-BB

if PDGF-BB (EC-secreted) > 0 and σ θ ≤ 50 kPa:

Keshavarzian et al ( 2018) Table A4 ECM dynamics implemented in the ABM. [START_REF] Wakefield | Recombinant latent transforming growth factor beta 1 has a longer plasma half-life in rats than active transforming growth factor beta 1, and a different tissue distribution[END_REF]