Springer Nature 2021 B TEX template

An agent-based model of vibration-induced
intimal hyperplasia

Maha Reda!2?, Christophe Noél'", Nicla Settembre?®, Jérome
Chambert?, Arnaud Lejeune?, Gwenaél Rolin?
and Emmanuelle Jacquet?

!Electromagnetism, Vibration, Optics Laboratory, Institut
National de Recherche et de Sécurité (INRS),
Vandceuvre-les-Nancy, France.
2Department of Applied Mechanics, Univ. Bourgogne
Franche-Comté, FEMTO-ST Institute,
UFC/CNRS/ENSMM/UTBM, Besancon, France.
3Department of Vascular Surgery, Nancy University Hospital,
University of Lorraine, Vandceuvre-les-Nancy, France.
4Inserm Centre d’Investigation Clinique-1431 (Inserm CIC-1431),
Centre Hospitalier Régional Universitaire de Besancon,
Besancon, France.

SInserm UMR1098, RIGHT Interactions
Greffon-Hote-Tumeur /Ingénierie Cellulaire et Génique,
Etablissement Francais du Sang en Bourgogne Franche-Comté,
Université de Bourgogne Franche-Comté, Besangon, France.

*Corresponding author(s). E-mail(s): christophe.noel@inrs.fr;

Abstract

Acute exposure to hand-arm transmitted vibrations (HAVs) may
decrease the Wall Shear Stress (WSS) exerted by the blood flow on the
arterial endothelium. In the case of chronic exposure to HAVs, these WSS
changes can lead to arterial growth and remodeling potentially induced
by an intimal hyperplasia phenomenon. Accordingly, we implemented
an agent-based model (ABM) that captures the hemodynamics-driven
and mechanoregulated cellular mechanisms involved in vibration-induced
intimal hyperplasia. Our ABM was combined with flow loop experiments
that investigated the WSS-modulated secretion of the Platelet-Derived
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Growth Factor BB (PDGF-BB) by the endothelial cells (ECs). The ABM
rules parameters were then identified and calibrated using our experi-
mental findings and literature data. The model was able to replicate the
basal state (no vibration) as well as predict a 30% stenosis resulting from
a chronic drop of WSS values mimicking exposure to vibration during
a timeframe of 10 years. The study of the influence of different WSS-
modulated phenomena on the model showed that the magnitude of steno-
sis largely depends on the migratory effects of PDGF-BB and the mito-
genic effects of Transforming Growth Factor 8 (TGF-3) on the Smooth
Muscle Cells (SMCs). The results also proved that the fall in circumfer-
ential stress due to arterial layer thickening to a great extent accounts
for the degradation of the Extracellular Matrix (ECM) in the media.

Keywords: Hand-arm vibration, Intimal hyperplasia, Agent-based model,
Wall shear stress

1 Introduction

Vibration-induced Raynaud’s syndrome is a vascular disorder that may
affect workers regularly exposed to Hand-Arm transmitted Vibrations (HAVs)
(Brammer et al, 1987; Ashe and Williams, 1964). These high frequency vibra-
tions (40 to 500 Hz) are typically generated by hand-held rotating machines
such as drills, jackhammers and grinders (Brammer and Pitts, 2012; Welsh,
1980). In addition to vascular disorders, workers exposed to HAVs may poten-
tially 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 (Okada et al, 1987; Takeuchi et al, 1986). 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 (Welsh, 1980; Bovenzi and Griffin, 1997). Con-
sequently, 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 (Curry
et al, 2002; Noél 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 (Epstein et al, 1994; Nerem et al,
1998). Indeed, Low Shear Stress (LSS) can promote the endothelial secretion
of many mitogenic and chemotactic agents, such as Platelet-Derived Growth
Factors (PDGF) (Hsieh et al, 1991; Heydarkhan-Hagvall et al, 2006). 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
(Minion et al, 2000; Li et al, 2011; Koyama et al, 1994; Newby and Zaltsman,
2000). In addition to the effects of WSS on the endothelium, changes within
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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 (Kona et al, 2009; Bayer et al, 1999). Consequently, a multiscale
mechanobiological framework was set up to understand this multifactorial dis-
order and its manifestation on different spatial and temporal scales Noél et al
(2022).

To this end, different approaches were developed previously for model-
ing the emergence of various pathologies in vascular systems. For example,
continuum-based models and mathematical formulations based on Partial Dif-
ferential Equations (PDE) allow the multiscale modelling of biological mecha-
nisms and were used extensively to study stress-induced arterial growth (Kuhl
et al, 2007; Menzel, 2007; Rodriguez et al, 1994) and hemodynamic-driven
neointimal hyperplasia in vein grafts (Donadoni et al, 2017). Constrained Mix-
ture 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 (Humphrey and
Rajagopal, 2002; Horvat et al, 2019) or hypertension (Gleason and Humphrey,
2004). 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 inter-
act according to a set of predefined rules, ABMs represent a suitable tool for
simulating biological behaviors in vascular pathologies (Thorne et al, 2011;
Evans et al, 2008; Boyle et al, 2010). Furthermore, ABMs can be coupled
with continuum-level models such as Finite Element Models (FEMs) offering
a multiscale mechanobiological approach capable of tackling the mechanoreg-
ulation and hemodynamic modulation of individual-based vascular dynamics
(Zahedmanesh and Lally, 2012; Rouillard and Holmes, 2014). For instance,
Keshavarzian et al (2018) used a fully coupled ABM-FEM model to study arte-
rial behavior at the cellular level, in response to transient increases in blood
pressure. Moreover, Corti et al (2020) coupled an ABM with a computational
fluid dynamics model to simulate hemodynamic-driven plaque formation dur-
ing 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 exper-
imentally or identified using literature data (Thorne et al, 2007; Garbey et al,
2015). 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 (Thorne et al, 2011). By characterizing complex processes by separate
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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 (Donadoni et al, 2017). Modeling WSS-modulated and
mechanoregulated factor secretion could give new insights on pertinent contrib-
utors to intimal hyperplasia. Therefore, we present herein an on-lattice ABM
that includes hemodynamic-driven and mechanoregulated biological mecha-
nisms involved in the vibration-induced intimal hyperplasia phenomenon. We
added the mitogenic effects of the WSS-modulated Transforming Growth Fac-
tor 8 (TGF-3), 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 accord-
ing to these prescribed WSS values, and also generated the change induced in
arterial geometry. A regularization method was applied to minimize the inher-
ent geometrical anisotropy of the on-lattice ABM and thus ensure isotropic
growth in the case of uniform spatial distribution of WSS (Dardik et al, 2005).
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 phys-
ical 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 physio-
logical 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 (Noél 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 frame-
work, will be used to predict long-term arterial growth during chronic exposure
to vibration.

2 Materials and Methods

2.1 Agent-based model

The ABM was implemented in NetLogo 6.0.4 (Wilensky, 1999) 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.
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Intimal hyperplasia was induced by a decrease in these WSS values mimick-
ing 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 x T = T,
where T, 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
(Donati et al, 2008). Therefore, at each ABM iteration k = 0, 1..., K of dura-
tion 7', 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 apply-
ing physiological pressure on the inner wall of the artery. Finally, after each
iteration, a geometrical regularization was applied to limit the numerically-
induced anisotropy (the stage of boundary smoothing in Figure 1). Due to
the stochastic nature of certain mathematical equations describing the bio-
logical 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 min-
imization of errors (margins between the final SMCs and Collagen counts of
simulations in the 'No Vibration’ state and their basal values) and computa-
tional cost. The ABM was controlled by Python scripts using the PyNetLogo
package which offers flexibility and advanced analysis capabilities (Jaxa-Rozen
and Kwakkel, 2018).

2.1.1 ABM building and initialization

A 2D arterial geometry was drawn in a < 110 x 110 > square lattice, with
internal (r;) and external (r.) radii of 400 pm and 500 pm respectively (Noél
and Settembre, 2022). Each lattice site of dimension 10 pm X 10 pm 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; = 400 pm (Ngc = 228 cells). SMCs made up 68% of
the media while 32% were occupied by ECMs (Todd et al, 1983). 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 pm (Todd et al, 1983), corresponding
to our mesh dimension of 10 pm. ECM agents were labeled by either collagen
(C) or elastin (E) with a C/E ratio of 3.12 (Fischer and Llaurado, 1966). 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 x 10~4
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Fig. 1 Simulation flowchart showing the iteration process inside the ABM

ng-cell™! (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. for collagen and
m, for elastin) derived from uniformly distributing the total initial masses
of collagen and elastin among total collagen or elastin patches, respectively
(m¢ = 0.86 ng and m, = 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 (Noél and Settembre, 2022).

2.1.2 Development of ABM rules

ECs secretory rules
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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-3, and relaxing factors such as Nitric Oxide (NO)
(Hsieh et al, 1991; Ohno et al, 1995; Andrews et al, 2010). These factors then
diffuse in the arterial tissue and modulate SMC dynamics. In our model, a uni-
form value of WSS (7) 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 (Hsieh et al, 1991). In order to identify the parameters of the
mass production rate of the EC-secreted PDGF-BB i.e., m _ (7) (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 Hsieh et al
(1991) 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 (Sjolund et al, 1988). Finally, these data were fitted
to the mathematical formulation expressed as follows:

ml:l():GF—RR(T) :aQil)GF‘—BR(l - eXp(—(T - Tnhv*)/li:mcpfnn))
+QiDCF BB(]' - eXp((T - TP"N)/K'/?’DGF BB))
+qP|)G|r4;|x(T - Tphvs) (1)



Springer Nature 2021 BTEX template

8 An agent-based model of vibration-induced intimal hyperplasia

where 0.6 < 7 < 3 Pa, 7,
Ko = 1 Pa, Q2
2.94 x 1074 fg.s~1.Pa~!.
Likewise, the secretion of TGF-3 is also modulated by the WSS values.
The rule of the EC-secreted TGF-8 mass production rate was fitted using

literature data (Cucina et al, 1998; Ohno et al, 1995):

=3 Pa, a= -1, Q!

PDGF-BB

= 5.15 x 107% fgs7 !, &2

PDGF-BB

— 5.44 x 1077 fg-s~ 1,
=1 Pa and e =

e (T) = Quas + Qo X T (2)

where Q,,, , = 4.26 x 107% fg-s7!, ¢, , = 4.26 x 107 fg-s~1.Pa~! and 7 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 (Dy, = 3.33 x 107° cm?-s~! (Kanai et al, 1995)),
the NO steady-state molar concentration was rapidly reached (150 s (Andrews
et al, 2010)). Consequently, in our ABM we modeled the global steady-state
molar concentration of NO using experimental data retrieved from Andrews
et al (2010):

Cro(r) = C1(1 — exp(—7/kxo)) + C2 3)
where C; = 51.7 x Ah in nM, k = 0.95 Pa, C5 = 20.22 x T in nM and T in
hours. nM stands for 107 mol.l7!.

GF's 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:

ome(x,t)

5t = DGFVQmﬁi(X, t)+ f(x,1) (4)

where mf(x,t) is the mass of the GFs (PDGF-BB and TGF-g) at location
x = (x,y) inside the artery and time t € [0,T], V2 denotes the Laplacian
with respect to x, D, the constant diffusion coefficient inside the artery, and
f(x,t) the source term describing the continuous factors secretion by the ECs
(Watson et al, 2020). Each EC was considered as a point source of PDGF-
BB and TGF-3 with a constant mass production rate m:(7) (Table Al).
Consequently, the source term f(x,t) corresponded to the summation of all
the Ny point sources at EC location &; i=1,...,N

EC °

NEC

fx,t) = Z 5(x — &) (5)

where 0(x—&;) is the Dirac distribution in two-dimensional space. The diffusion
equations for PDGF-BB and TGF-g were solved at each ABM iteration k for 0
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<t <T.Att =T, the final mass map of GF's was communicated to the ABM.
Subsequently, at each iteration k = 1, ..., K initial conditions introduced in the
diffusion model at t = 0 (*m=(x,0)) correspond to the final mass map (t = T')
retrieved from the diffusion model at the previous iteration (*~!m!(x, h)):

Fm (%, 0) =" Ttm 06 ) k=1, K ¥ x (6)

Omf;’(x,O) _ 0 ?f GF = PDGF-BB )
wmi (x)  if GF = TGF-8

where %m™(x,0) is the mass distribution of the GF at k = 0 and ,, m™ _(x)
is the physiological mass distribution of TGF-£ diffused by ECs and obtained
from a preliminary computation. The EC coordinates(&;), the artery dimen-
sions and boundaries were updated in the ABM and communicated to the
diffusion model at each iteration. GFs diffusing inside the lumen (||x|| < ri,
Ix|| is the Euclidean norm of x) were considered to be immediately flushed by
the blood flow (Thorne et al, 2011). Therefore, the condition mZ(x,t) = 0 for
Ix|l < r; 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. of the media layer Vm(x,t) = 0 for ||x| = .
where V 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 (Garanich et al,
2005; Sakamoto et al, 2006). 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 (Sakamoto et al, 2006; Garanich et al,
2005) and expressed as follows:
mi (1) = M, (exp(=(7 = 7,..) /Kl ) — 1) (8)
where 7, = 3 Pa, Muw ' = 2.66 % 107°x T in fg, faw-.' = 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-5 , PDGF-BB, MMP-9 and MMP-2 secretion by SMCs (Keshavarzian
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et al, 2018). 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-5 mass. The final proliferation probability of one SMC per one timestep
is expressed by the equation below:

= Pl)asal + PFDCF BB + PT(,r—ﬂ (9)

where P,.., = 1.46 x 10~* (Chapman et al, 2000).

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 (Wolf et al, 2005; Li et al, 2011). However,
in the case of decreased wall tension, the atrophic remodeling of the arterial
wall is observed (Bayer et al, 1999). 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:

7DPDG!LBB = AiDGF—BB(l - exp(_mFDGF*BB/w;DGF—BB)) + aAiDGF—BB X mPDGF*BB (10)

where A} = 232X 1072, Mg = m2C - (Table A2) + m™_
diffusion) + Cf X mynit (Table A2) in fg, w) . =433 fg, o =-1, A2 =
3.35 x 1076 and myn; = 1 fe.

In contrast, TGF-£ 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-3 is essential
in maintaining a contractile phenotype of SMCs and ensuring a physiological
state (Cucina et al, 1998). In our model, when the WSS values decrease with
exposure to vibration, the EC-secretion of TGF-8 decreases. Thus, the mass of
TGF-5 (m,,.,) 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:

(from

Pl\‘,}'—,i = A'u‘,yf,a eXp(7m|(;r>3/w'mr>ﬁ) (11)

where A, , =2.94 x 1074, m,,, , = m°,
in fg and w,.._, = 1073 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 (Krick et al,
2002; Nishio et al, 1996). The rule parameters were derived from literature data
and readjusted to our model’s basal apoptosis probability (Apasal) (Chapman

(Table A2) + m®®

TGF-8

(from diffusion)
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et al, 2000; Krick et al, 2002):
A= ‘Abdsal + ANO (12)

-ANO = Tno X (OEC - “C]:S) (13)

NO

where A,., = 1.46 x 107%, 7, = 7.31 x 1077 nM~! and " C* = 69.7 nM.

In the basal conditions, SMCs apoptosis and proliferation probabilities were
set as equal to ensure the physiological state (no vibration):

Aba;al = Pbasal (14)

Given that the proliferation and apoptosis of SMCs were built on probabili-
ties, 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 ran-
dom 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 (Corti et al, 2020).

During intimal hyperplasia, SMC migration from the media to the intima
is modulated by EC-secreted PDGF-BB mass (Palumbo et al, 2002). In our
model, we assumed that only PDGF-BB secreted by the ECs can act in a
paracrine manner to stimulate chemotaxis (Dardik et al, 2005). When the
migration is activated, the SMCs then undergo chemotactic migration from
the media to the intima along an increasing gradient of PDGF-BB concen-
trations. The migration rule was expressed as a probability (M) and derived
from literature data (Dardik et al, 2005; Bornfeldt et al, 1994) as follows:

M = APDspru(l - eXp(_mfsupm/anupm)) (15)
Apperon = 7.91 x 1074, m=_ (from diffusion) in fg and wyepm = 4.9 X 1072
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 pm in our model,
the resulting migration speed was 10 pm-h~! which is consistent with the SMC
migration speed calculated by DiMilla et al (1993). Once they reached the
intima, the SMCs stopped migrating and their movement could only be due
to pressure from other SMCs (Gerthoffer, 2007). 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 (Isenberg
et al, 2009). However, durotaxis was not considered in our current model.
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ECMs dynamics

SMCs are responsible for ECM production. Indeed, collagen production can
be modeled as a given mass secreted by one SMC per hour (m. = 8.99 fg
‘h~L.cell™! (Zahedmanesh and Lally, 2012)). By assigning an initial mass of
one collagen patch present in the ABM (m = 0.84 ng), we calculated the
synthesis probability of collagen as the inverse of time taken by one SMC
to create one collagen patch. During the physiological state, basal collagen
degradation (D¢ ) and synthesis (S ) probabilities in the media layer were
set to be equal:

S =D =1.07x107° (16)

basal basal
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In contrast, due to its long half-life (Humphrey and Rajagopal, 2002), 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 (Zahedmanesh and Lally, 2012)). 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:

C _ 1
DMMP 2 T /YMMP 2 X Myp-— (17)

where v}, = 3.5 x 107 fg=!, my,, = m™C (1) + mNC (0p) in fg.

In addition, MMP-2 and MMP-9 induce the degradation of elastin following
the same model but with different slopes, 42, , = 3.14x 1076 fg=! and ,,,., =
1.04 x 1076 fg=! 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 (Okada et al, 1987; Sjélund
et al, 1986). 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, =224x107° (18)
All the biological phenomena implemented and their interactions are detailed

in Figure 3.

2.1.3 Geometrical regularization

Discrete cell movements inside the artery can create geometrical spikes (break-
ing 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 (Corti et al, 2020). 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 cen-
ter 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
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push the IEL patches towards the lumen center without crossing to the intima
(the migrating SMCs are able to pass through the IEL).

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

The ABM was tested under the 'No Vibration’ state (7 = 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 vibration-
induced intimal hyperplasia on the long term (Donati et al, 2008; Bovenzi
et al, 1985). 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 (Ashe and Williams, 1964; EN
NF ISO 5349-1:2001, 2002). A sensitivity analysis of the PDGF-BB diffusion
parameter (Dppgr_pp) was conducted by increasing or decreasing Dppgr_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 follow-
ing mechanisms: i) EC-secretion of TGF-g, 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 (g)) 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:

Pr? rir? P
o = g lile ( ) 19
o r2 —r? r2 \r2 —r? (19)
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where r; and 7, 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
(Holzapfel et al, 2000).

2.3 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 (HUVECSs). 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 2x10° cells-cm ™2 and
placed in a humidified incubator at 37°C-5% COs, 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 ul suspension of ECs at 0.5 x 10¢ cells-ml~! were placed on collagen coated
canals of Luer u-Slide plates and incubated for three days at 37°C-5% COg
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%
COs. 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 pl 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 A = 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 Sig-
nificant 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.
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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

3 Results

3.1 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 4 5.13 pg-ml~!) 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~!) (Fig. 4). Furthermore, ECs in control medium secreted
a significant amount of PDGF-BB (54.93 + 15.87 pg-ml~!) compared with the
shear stress-stimulated ECs.

3.2 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
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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

collagen average counts as a function of the number of simulations. 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.

3.3 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).
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Fig. 6 Qualitative representation of the ABM output of artery geometry dur-
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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 time-
frame of Teng = 10 years (4 hours of vibration exposure / day). The results
are plotted against that of 'No Vibration’ state
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Table 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
4+ SD of N = 10 simulations.

No Vibration Vibration

SMCs counts 1.01 + 0.05 1.93 + 0.25
Collagen counts  0.94 4+ 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

3.4 Model sensitivity analysis

3.4.1 Influence of WSS-modulated factor secretion by ECs
and SMCs

In the absence of TGF-3, 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-5 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).

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

When Dppgr—_pp 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 thick-
ened with time. Collagen and elastin contents remained unchanged. However,
a decrease of Dppgr—_pB 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 Dppgr_BB-
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Fig. 8 The influence of: a) EC-secretion of TGF-beta, b) EC-secretion of NO,
and ¢) WSS-modulated SMC-secretion of MMP-2 on the model’s behavior.
TGF-beta had the most influence on intimal hyperplasia formation while WSS-
modulated MMP-2 had no effects on any of the plotted outputs
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Fig. 9 Sensitivity analysis on Dppgr_Bg. A decrease of Dppgr_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

Moreover, in the case of infinite boundary conditions, a slight increase of
final SMCs counts was observed compared with a closed boundary. Conse-
quently, 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).

3.5 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 imple-
mented. A decrease in the hoop stress field values inside the arterial wall was
observed during arterial growth simulation (Fig. 11). Figure 12 shows the evo-
lution of the output values when the model was stimulated by hemodynamics
(1) and mechanical stresses (og) simultaneously. The evolution of the total col-
lagen 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 degrada-
tion of elastin which started to become evident after 5 years. The normalized
averages of data are detailed in Table 2.
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Fig. 11 Evolution of hoop stress values in the arterial wall during time. Values
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4 Discussion

In previous studies, ABMs were used to model vascular adaptation to a
mechanical stimulus (Keshavarzian et al, 2018; Thorne et al, 2011; Boyle et al,
2010; Garbey et al, 2015; Zahedmanesh and Lally, 2012; Keshavarzian et al,
2019) or a hemodynamics stimulus (Corti et al, 2020). In many cases, ABMs
were coupled with continuum models that provided spatial distributions of
circumferential stress or wall shear stress (Corti et al, 2021). These spatial
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Table 2 Final outputs of the ABM at T.,q = 10 years in the case of:
i) WSS-only stimulated cellular mechanisms (7), and ii) WSS-driven and
mechanoregulated cellular mechanisms (7 + og).

T T + 09

SMCs counts 193 +£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

distributions of mechanical stresses were communicated to the ABMs and reg-
ulated the modeled cellular mechanisms, such as SMC proliferation/apoptosis
and ECM synthesis/degradation (Corti et al, 2020; Keshavarzian et al, 2018;
Zahedmanesh and Lally, 2012). 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 mito-
genic and chemotactic factors (Corti et al, 2020; Garbey et al, 2015; Boyle
et al, 2010). 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 (Bhui and Hayenga, 2017;
Keshavarzian et al, 2018). 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 (Garbey et al,
2017; Boyle et al, 2010) by: i) including more relevant soluble factors and
studying their effects on cell dynamics, such as the mitogenic effects of TGF-
B 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.

4.1 Combining ABM with experimental tests

First, we considered the secretion of three main factors that regulated SMC
proliferation/apoptosis (PDGF-BB, TGF-S 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
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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 includ-
ing mechanoregulated cellular mechanisms for a timeframe of T,,q = 10 years.
Collagen and Elastin contents of the artery were massively affected by the
decrease of oy values due to the intimal hyperplasia formation

the migration of SMCs from the media to the intima, which is a key phe-
nomenon 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 parametriza-
tion 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 (Corti et al,
2020). Other authors obtained their parameters from experimental data found
in the literature (Keshavarzian et al, 2018; Thorne et al, 2011; Martin et al,
2015). Our approach consisted in combining experimental tests with our ABM
in order to calibrate the ABM parameters according to the experimental in-
vitro findings (Thorne et al, 2007). We conducted flow loop experiments on
HUVEC:S to identify the parameters of the law that yields the mass of PDGF-
BB secreted by the ECs as a function of WSS (Table Al). Our experimental
results showed a similar ratio of PDGF-BB levels between 1 and 3 Pa when
compared with literature data (Hsieh et al, 1991). This approach increased
confidence in our ABM and helped in calibrating the other parameters derived
from the literature for our experimental findings (Thorne et al, 2007).
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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 (Garbey et al,
2015) 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.

4.2 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-3, NO and MMP-2, TGF-3 had the most
statistically significant effects on SMCs proliferation, media thickness and
intimal hyperplasia formation (Online Resources Figure S2 and Table S1). Fur-
thermore, 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 hyper-
plasia depends on the PDGF-BB-induced SMC migration as well as on the
proliferative effects TGF-3 and PDGF-BB on the SMCs inside the intima.

Our results showed that WSS-modulated MMP-2 had no statistically sig-
nificant 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 col-
lagen and elastin degradation (Sakamoto et al, 2006; Garanich et al, 2005).
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 cor-
responding 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.
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4.3 Model’s sensitivity to PDGF-BB diffusion coefficient

The sensitivity analysis on the Dppgr_pp coefficient showed that a decrease
by one order of magnitude would lead to complete stenosis after 4 years. How-
ever, by increasing the Dppar_pp 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 pro-
liferation owing to other factors (TGF-8 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 chemotac-
tic migration of SMCs were crucial to the intimal hyperplasia process. These
results are consistent with the study of Jawien et al (1992) which found that
migration accounts for most PDGF-BB effects on SMCs and that intimal thick-
ening depends mostly on SMCs migration from the media to the intima. In
addition, the resulting PDGF-BB concentration had an effect on the prolif-
eration/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.

4.4 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 Bayer et al (1999) 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 experi-
mental 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 Bayer et al (1999). In our model, the atrophic response
to the fall in circumferential stress was manifested as less severe intima growth
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in the case of mechanoregulated versus WSS-only regulated cellular mecha-
nisms. In addition, our model predicted that the ECM content in the media
was mainly regulated by the circumferential stress field (Keshavarzian et al,
2018).

4.5 Limitations

Although our model was able to capture the vibration-induced intimal hyper-
plasia 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, the 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 rep-
resentation. 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 (Corti et al,
2020). 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-$ 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
(Li et al, 2011). 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 his-
tological 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
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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 (Noél 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-5 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-5 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 estima-
tion 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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Appendix A ABM rules

The biological mechanisms modeled inside the ABM are expressed using math-
ematical 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.

Appendix B ABM parameters
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Table A1 WSS-dependent factors secretion.

Parameter Equation Graphs and References

Mpper- BB(T) - aQPDGF BB(l - exp( (7— — Tony »)/K’;DGF—BB))
+ me F— BB( GXp((T Tonys )/an F— BB))
+ QPDGF—BB(T Tph\,»‘)

Tawe = 3 Pa
if 0.6 <7 < 3 Pa:
Mass production rate a=-—1,
of PDGF-BB L erny = D.44 x 1075 fg.s~
by one EC Kl oars = 1 Pa, Qi  erpn = 5.15 x 1074 fg-s~1
(EC-secreted) Ko ms = 1 Pa, o
mES (1) [fgs™1] Gevor_ss = 2.94 x 1074 fg.s~1.Pa~! wss [P
if +> 3 Pa: Hsieh et al (1991),
- Cellular tests
a=1,
ll>DGF BB =254 % 1074 fg'5717
K;énmtnn = 0.6746 Pa Qpn(r BB =0 fg'S_l,
H?’DCF BB =1 Pa‘
dpper-Bs — 0 fg'sil'Pail
Mass production rate 2
of TGF-8 MMoer_ B(T) = Qurers + Qrars X T s
by one EC Qm , =4.26 x 10~4 fg.s—1
(EC secreted) Grer_y = 4.26 X 10~* fg-s—1.Pa~?! R
TGF 5(7-) [fg s ] WSS [Pal
Ohno et al (1995),
Cucina et al (1998)
NO CES(1) = C1(1 — exp(—7/kno)) + Co
molar concentration C1 =51.7 x T [nM], kno = 0.95 Pa
(EC-secreted) Co =20.22 x T [nM]
CES(1) [nM] T [hours]
Andrews et al (2010)
Mo (T) = My o (exp(— (7 — 7o) /Kie) — 1) <l
Mass of MMP-2 Towe = 3 Pa Z,
by one SMC M}, , = 2656 x 1075 x T [fg] .
f/:]\nj:[g 2(7‘) [fg] K’LMP 2 — 1 Pa % 05 T 2 25 s

T [hours] wss

Sakamoto et al (2006),
Garanich et al (2005)
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Table A2 Stress-dependent factors secretion.

Parameter

Equation Graphs and References

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

M e (00) [fg]

Correcting factor for

10

if o9 > 68 kPa: :
mf:]\)/gs_gs(ae) = Meper-ss X 09 — Mrper_ss ' 2
Mppar_ps = .98 X 1075 x T [fg.kpa’*l]7 :

Mepcr_ss = 5.4264 X 1073 x T [fg} . : :
T [hours] o 20

Keshavarzian et al (2018),
Bayer et al (1999)
if PDGF-BB (EC-secreted) > 0
and og < 50 kPa:

Cf(UG) = ﬁiu(;luss X og + B}%DGF—BB

gD(iF;BE] L e = 7-98 X 1075 x T' [kPa~1],
f o ﬂgl’)(‘.F‘—nR =—3.99 x 10_3 xT [_]
T [hours]
Mass of TGF-8 if o9 > 68 kPa: ;JL‘Z
secreted by M35, (06) = Muor s X 09 — Mugr s o
one SMC Maar_y = 2.76 X 1074 x T [fg-kPa™1], vor
(SMC-secreted) My, = 1.8768 x 1072 x T [fg] 0005
mSNC (09) [fe] T [hours] W e e e
Keshavarzian et al (2018)
mfaﬁf 2(0-9) - MMP 1(1 exp(oc((ae - Ufgm )/’%fmp—z)))
if o9 > 68 kPa:
a=-1
oy = 68 kPa
2 -2
Mass of MMP-2 M., = 7.347 x 1072 x T [fg] ,
Ky, = 06.28 kPa
secreted by e 72 [hours]
one SMC
SMC 0 50 100 150 200
LLLovave ;(‘79) [fg] if og S 50 kPa: ov [kPa]
=1
v Oi 50 kP Keshavarzian et al (2018)
% & Bayer et al (1999)
M\mm_867>< 1072 x T [fg] , Y
Kip, = 56.28 kPa
T [hours]
if og > 68 kPa: ] ’
Mass of MMP-9 moe (06) = Muw—o(1 — exp(—((00 — 05™)/Kanr—0))) ="
secreted by oy = 68 kPa o
one SMC Muw_ = 2.118 x 1074 x T [fg] , 0s
M. (00) [fe] Fue—s = 26 kPa W h e e e
T [hours] o [Po

Keshavarzian et al (2018)
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Table A3 SMC dynamics implemented in the ABM.

Event

SMCs proliferation

probability
for one SMC
in one T’

P[]

PPDGF—BB - Aipgp,w(l - exp(_mPDGWBB/w}lvDGF—BB))

Equation Graphs and References
P = Pba:.al + ,PPDGF—BB + ,PTUF 8
P = 1.46 x 1074

+aA?

PDGF—BB X Mepper_ps

At =2.323 x 1072

PDGF-BB
_ sMC EC : X
Mpperon = MM+ mP°  (from diffusion)
+ Crx m,, [fg],

W = 4.33 fg
a=-—1
A =3.35x107°
M = 1 fg

Prces = A, €XP(—Mir [ Wier ),
A, =2936 x 1074,
My, = MM +mPS  (from diffusion) [fg]

Wrer, = 1073 fg

Wolf et al (2005),
Cucina et al (1998)

SMCs apoptosis
probability
for one SMC
in one T

A [-]

A= Abasal + ANO
A,... = 1.46 x 10~*
Ao = Yo X (CF5 =™ C)

Yo = T-317 x 107 oM~
O = 69.7 nM

SMCs migration
probability
for one SMC
in one T

M []

M = APDGLBB(]- - exp(img[()‘cp,gg/wPD(}F—BB)) :06
Arie o = 7.913 x 1074,
mEe - (from diffusion) [fg] R

Wrpep-ps — 49 X 1072 fg
Dardik et al (2005),
Bornfeldt et al (1994)
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Table A4 ECM dynamics implemented in the ABM.

Event Equation Graphs and References

st =8" +8™

basal TGF—§

Collagen synthesis

probability in media 8™ =1.07x107°
for one SMC
in one T' S = Yeor s X M
S™ [ Yoo, = 2.27 x 1077 fg~1
me [fg] Keshavarzian et al (2018),
Zahedmanesh and Lally (2012)
Collagen synthesis S=8§_.+S.,
probability in intima
for one SMC S....=224x107° Okada et al (1987)
in one T
S [ S =S
DC = D\?ﬂsal + DS\H’fZ 25 e
Collagen deg.;r.adatlon D¢ — 107 x 10-5 =
probability basal g,
for one SMC De o < m
in one T MMP-2 VMMILZ MMP-2 00 : . . . !
P Yo =35 1074 g '
M » = M (7) + MmN (0g)[fg] Zahedmanesh and Lally (2012)
De = Dﬁmpfz + Dﬁwug }U%
Elastin degradation Disr-s = Y-z X Ml T
probability e
for one SMC DMMP,Q - r)/MM}LQ X mmmpw 6 210°
%Sn‘ﬁ v =3.1429 x 1076 fg~1 »
Vs = 1.036 x 1076 fg~1
Mie-s = M (T) +mis (00) [fg] /
My = mmig(aw [fg] % ! f’t‘.\(” ) Hf 4 s
Zahedmanesh and Lally (2012)
MMP-2 removal
in time T 1% MMP-2 Zahedmanesh and Lally (2012)

MMP-9 removal
in time T MMP-9 / 2.11 Keshavarzian et al (2018)
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Table B5 Half-life and diffusion coeflicients.

Parameter

Value

References

PDGF-BB diffusion
coefficient

DppGgF-BB

TGF-g diffusion
coefficient
Drcr-p

PDGF-BB half life

TGF-f half-life

1.26 x 10~7 cm?2-s 1

213 x 107 cm?.s~1

25h

1.6 h

Céndor et al (2018)

Albro et al (2013)

Gay and Winkles (1991)

Wakefield et al (1990)
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