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Abstract

Intimal hyperplasia is a pathological mechanism underlying arterial growth and
remodeling in numerous vascular diseases, in which key biological processes are
regulated by mechanical fields such as wall shear stress (WSS) and circumfer-
ential stress within the artery walls. In the present study, we hypothesize that
chronic exposure to hand-arm vibrations (HAV) contributes to the development
of intimal hyperplasia in the digital artery through vibration-induced reductions
in WSS. Accordingly, a mechanobiological framework coupling an agent-based
model (ABM) with a finite element model (FEM) was developed. The ABM
captures the hemodynamics-driven and mechanoregulated cellular and molecular
mechanisms involved in this pathology, including mediator secretion by endothe-
lial and smooth muscle cells (SMCs), SMCs proliferation and migration, and
extracellular matrix (ECM) synthesis and degradation. WSS values, reflecting
the presence or absence of vibration during long-term working conditions, were
used as model inputs. Circumferential stresses were computed using the FEM,



which describes the mechanical behavior of the digital artery. The model param-
eters were identified from our experimental findings and literature data. Over a
five-year period of vibration exposure (4h/day), our simulations revealed that the
constitutive law of the arterial walls had a negligible impact on the progression of
stenosis. Moreover, reductions in circumferential stress associated with arterial
wall thickening led to ECM degradation in the media layer due to an increase
in the production of matrix metalloproteinase-2. This mechanobiological frame-
work provides a computational tool for estimating vibration-induced stenosis
rates and can be extended to study intimal hyperplasia in diverse biomechanical
and pathological contexts.
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1 Introduction

Exposure to hand-arm vibrations (HAVs) can cause an imbalance in some mechanical
and hemodynamic fields at the level of the digital arteries (Noél and Settembre 2022;
Noél and Settembre 2024; Curry et al. 2002). In a homeostatic state, the balance of
these parameters around baseline values allows the artery to function according to
its physiological requirements. However, any alteration of the homeostatic state could
trigger an adaptive response aimed at restoring the balance of disrupted mechanical
parameters and re-establishing vascular homeostasis. In the case of vibration expo-
sure, a long-term exposure to high-level vibration may lead to the development of the
vibration-induced Raynaud’s syndrome which is a peripheral vascular disorder char-
acterized by arterial stenosis that is partially due to an intimal hyperplasia (Brammer
et al. 1987; Okada et al. 1987; Takeuchi et al. 1985). Studies have shown that exposure
to vibration reduces Wall Shear Stress (WSS) in digital arteries (Noél and Settembre
2022; Noél and Settembre 2024). WSS plays a key role in arterial growth and remod-
eling through the regulation of the endothelial functions (Epstein et al. 1994; Nerem
et al. 1998). Low WSS stimulates the endothelium to release mitogenic and chemotac-
tic factors, such as Platelet-Derived Growth Factor (PDGF'), which promote Smooth
Muscle Cell (SMC) proliferation, migration, and extracellular matrix (ECM) remod-
eling (Hsieh et al. 1991; Minion et al. 2000; Koyama et al. 1994). Similarly, changes in
circumferential stress due to arterial growth or remodeling can induce SMC mechan-
otransduction, further regulating these cellular processes and contributing to vascular
remodeling and intimal hyperplasia (Kona et al. 2009; Bayer et al. 1999).

Numerous studies have modeled arterial growth and remodeling in various vascu-
lar pathologies, using approaches ranging from continuum models at the macroscopic
scale, to mixture models incorporating vascular components, and microscale models
such as agent-based models (ABMs). ABMs are particularly suited to capturing indi-
vidual cell behavior and can be coupled with continuum models at the tissue scale
(Corti et al. 2021). Since mechanical stresses regulate cellular mechanisms, finite ele-
ment models (FEM) are often employed to compute stress fields (e.g., circumferential
or Hoop stress, and longitudinal stresses) that can then modulate ABM dynamics.



For instance, (Boyle et al. 2010) modeled restenosis after stent placement using an
ABM-FEM coupling, while (Zahedmanesh and Lally 2012) applied a similar frame-
work to vascular tissue engineering, linking cyclic deformations of stents to SMC
dynamics. (Corti et al. 2020) investigated atherosclerosis through shear-stress-driven
intimal hyperplasia using an ABM coupled to a fluid mechanics model. Multi-scale
ABM-FEM models have also been applied to restenosis (Boyle et al. 2010; Nolan and
Lally 2018; Tahir et al. 2011; Caiazzo et al. 2011; Li et al. 2019) and to arterial wall
growth under hypertension (Keshavarzian et al. 2018), where mechanical fields were
explicitly linked to growth factor secretion and SMC proliferation.

Intimal hyperplasia constitutes a multifactorial phenomenon, resulting from intri-
cate interactions between cellular mechanisms and mechanical forces. To investigate
these processes, we established a coupled ABM-FEM framework. While only a few
studies have addressed arterial remodeling in vibration-induced Raynaud’s syndrome
(Reda et al. 2022), our approach specifically accounts for the influence of stress fields
on cellular behaviors such as growth factor secretion and ECM remodeling. In this
framework, the ABM describes biological processes at the cellular and molecular scales,
whereas the FEM simulates the arterial mechanical response using hyperelastic con-
stitutive laws. Coupling these models enables the calculation of circumferential stress
during growth and its feedback on cellular regulation. This multi-scale, multi-physics
framework provides a novel tool to investigate and predict the long-term arterial
remodeling associated with chronic vibration exposure in the hand-arm system.

2 Material and methods

This multiscale framework expands upon a previously developed ABM (Reda et al.
2022) based in NetLogo (Wilensky et al. 1999). In this current study, our previous
ABM was coupled to an FEM developed in FEniCs, an open source code for finite
element analysis (Alnees et al. 2015). This coupling permits the simulation of updated
circumferential stress fields as the arterial geometry evolves within the ABM during
the growth process. This stress field, reintroduced into the ABM, then enables the
mechanoregulation of biological phenomena (Figure 1). 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 to its physiological value during the simulation time
(t = 3 Pa), and ii) the "Vibration’ state in which the physiological WSS value was
perturbed by regular drops (r = 1 Pa) replicating the daily working condition of
workers exposed to HAVs (Noél and Settembre 2022; Noél and Settembre 2024).

2.1 Agent-based model
2.1.1 ABM overview

The ABM previously described in (Reda et al. 2022) was designed to capture some of
the biological processes involved in vibration-induced intimal hyperplasia. The model
was implemented on a 2D lattice representation of a cross-sectional slice of a healthy
artery, discretized into square patches of 10 pm x 10 pm. Each patch could be occu-
pied by a single agent representing one of the three major cellular or extracellular
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Fig. 1 ABM-FEM coupling scheme. The arterial geometry generated by the ABM is transferred to
the FEM to compute circumferential stresses, which are then fed back into the ABM.

components: endothelial cells (ECs), smooth muscle cells (SMCs), or extracellular
matrix (ECM) constituents. The intima consisted of a monolayer of ECs, while the
media was composed of SMCs and ECM agents (collagen or elastin) in physiologically
relevant proportions. Patches were assigned a type (intima, media, lumen, IEL, or
boundary) and could update it dynamically to account for geometric changes during
arterial remodeling.

2.1.2 Cellular mechanisms modulated by the WSS

Biological mechanisms in the ABM were regulated primarily by WSS. A physiological
WSS value of 3 Pa was used to initialize the system, while a drop to 1 Pa was applied
to mimic vibration exposure. ECs acted as the primary sensors of WSS and modulated
the local microenvironment through the secretion of signaling molecules. In particu-
lar, they secreted platelet-derived growth factor (PDGF-BB) and transforming growth
factor-beta (TGF-3), which promoted SMC proliferation and ECM remodeling; nitric
oxide (NO), which exerted an anti-proliferative effect on SMCs; and matrix metallo-
proteinases (MMPs), which contributed to ECM degradation. These biochemical cues
were implemented as diffusing mediators in the ABM and regulated the probabilistic
rules governing SMC and ECM dynamics (i.e., proliferation, migration, apoptosis).

SMC probabilistic behaviors included proliferation, apoptosis, and migration from
the media to the intima, all of which were modulated by WSS-induced EC signaling;
i.e., the diffused factors secreted by the ECs.

Model parameters, including mediator secretion rates, degradation constants, and
SMC behavioral probabilities, were obtained from the literature and further cali-
brated against our in vitro flow experiments (Reda et al. 2022). These experiments,
performed under controlled WSS conditions, provided quantitative data to refine
the secretion dynamics of EC-derived growth factor (PDGF-BB), ensuring that the
model reproduced physiologically consistent responses to changes in WSS values. All



remaining biological parameters and behavioral rules were derived from experimental
and modeling studies reported in the literature. Further details regarding parameter
identification and calibration can be found in Appendix A.

2.1.3 Cellular mechanisms modulated by the circumferential stress

SMC secretory rules: Arterial growth and remodeling are not only regulated by
WSS but are also strongly influenced by the circumferential stresses generated within
the arterial wall. In this study, we incorporated these mechanosensitive mechanisms
and summarized below the rules governing SMC secretion of growth factors and ECM
remodeling. Studies have shown that SMCs secrete PDGF-BB and TGF-8 when
exposed to high circumferential stresses, as in the case of hypertension. In our model,
these mechanisms were incorporated by an increase in PDGF-BB and TGF-£ secretion
when circumferential stress (og) exceeds a threshold, corresponding to the homeostatic
stress level (Bayer et al. 1999; Keshavarzian et al. 2018). This threshold was defined as
the maximum circumferential stress (omax) observed in the arterial wall under basal
conditions. The corresponding secretion rules of PDGF-BB and TGF-{ were given by
equation (1) and (2) respectively.

- 0 if 09 < Omax
meMe on) = _ 1
PD(‘LBB( 0) {mPDGFBB X (09 - Umax) lf g9 > Tmax ( )
myy (og) = 0 o0 < O (2)
TGF—5 Myer, X (0-9 — O'max) if 09 > Omax

where mM¢  (0p) and m3° (og) are the masses of respectively PDGF-BB and TGF-
B both produced by a SMC under stress, as brought up earlier, o*®* denotes the
maximum stress value within the healthy artery under basal conditions (basal WSS
and blood pressure), worked out from our FEM, thereby depending on the con-
stitutive law applied to the arterial wall. The secretion coefficients were set to
Mier-m = 7.98 x 1075 [fg-kPa™' -h~'] and m,.,, = 2.76 x 10~* [fg-kPa~' -h~'].

These two growth factors modulate the proliferation rate of SMCs. Hence, the
proliferation probability of SMCs was modeled as the sum of: i) the basal prolifer-
ation rate, ii) the PDGF-BB-driven rate, and iii) TGF-S-driven proliferation rate.
This probability is determined by the total amount of PDGF-BB and TGF-, which
includes the WSS-dependent release of PDGF-BB and TGF-3 by ECs, together with
the stress-dependent terms m (0g) and m (og) associated with og. The exact
formulation of the proliferation probability was described in our previous published
work explaining in detail our ABM of intimal hyperplasia (Reda et al. 2022). The key-
stone is that SMCs’ proliferation may depend on oy, and is therefore influenced by
the accuracy of the constitutive mechanical law in reproducing the actual behavior of
arterial walls. The SMCs’ probabilities of apoptosis and migration were not affected
by og (Reda et al. 2022).

SMC
PDGF-BB



Similarly, SMCs also secrete MMP-9 in response to elevated circumferential stress.
The secretion rule, adapted from (Keshavarzian et al. 2018) and calibrated to our
model’s opax, is given by:

mSNe ( ) 0 if 09 < Omax (3)
o, =
w00 Mmmp—g(l - eXp(_((UG - Uénax)//{/nmwfg))) if (of] > Omax

SMC

where m¢ (oy) is the mass of MMP-9 produced by a SMC under mechanical stress,
Mo, = 2.118 x 107% [fg - h™!] and K, , = 26 [kPal.

We modeled MMP-2 secretion in response to unbalanced circumferential stress by
generalizing the mathematical formulation proposed by (Keshavarzian et al. 2018)
which was related only to an increase in circumferential stress (this formulation
matches the case 0p > Omax in eq. (4)). Indeed, experimental evidence from (Bayer
et al. 1999) indicates that reduced circumferential stress also stimulates MMP-2 secre-
tion by SMCs, leading to medial atrophy characterized by thinning of the media due
to collagen and elastin degradation. To capture this dual behavior, we extended the
original formulation to include stress-decrease conditions. Specifically, we assumed
that the evolution of MMP-2 secretion follows a similar functional form whether stress
increases beyond oy, or decreases below op,i,. The secretion rule implemented in our
model is therefore expressed as:

i 0 if minS S max
mMe (0_):{ o 09 Oma; (4)

MMP-—2 MMMP,Q(l _ eXp(a((O’e _ O.pé:,w)/K,MMP,Q))) OtherWise

where m3\¢  (0g) is the mass of MMP-2 secreted by SMC under stress, o« = 1 and o}" =
Opin if 09 < Opin, & = —1 and 0" = Omax if 09 > Omin, My, = 7,347 X 1072 [fg-h™1)
and K,,,_, = 56, 28 kPa.

In addition, the natural degradation of MMP-2 was included and set to 1% per
hour, consistent with (Zahedmanesh and Lally 2012). The lower stress threshold,
Omin, corresponds to the minimum value of the circumferential stress field within
the healthy arterial wall for basal conditions and, like o,ax, Was computed from our
mechanical model based on the chosen constitutive law. These mechanoregulation
thresholds (omin and omax) were interpreted as lower and upper homeostatic circum-
ferential stress limits governing SMC mechanotransduction. Within this physiological
stress range, the arterial wall was assumed to remain in a homeostatic state with
balanced ECM turnover and limited secretion of remodeling mediators. In contrast,
circumferential stress values outside this range were assumed to trigger phenotypic
changes in SMCs, leading to altered secretion of growth factors and MMPs involved
in arterial remodeling and intimal hyperplasia progression.

Secretion/Degradation of the ECM: The degradation and secretion of the
ECM play a crucial role in vascular remodeling and the migration of SMCs (Sakamoto
et al. 2006). Indeed, during the process of intimal hyperplasia, the ECM is degraded
by the MMPs to facilitate the migration of SMCs from the media to the intima. As



a result, a reorganization of the ECM structure may occur in the media, potentially
leading to changes in the mechanical behavior of the artery. The ECM dynamics
modulated by the circumferential stress are modeled as probabilities and listed below.

Firstly, the probability of collagen secretion by one SMC modulated by TGF-£ is
given as follows:

S (00) = Ve, X MIE (09) (5)
with m®¢ (gg) in [fg-h™1] is expressed by equation (2) and yrgr_s = 2,27 x 1075 fg= 1.

TGF—f

Secondly, we modeled the probability of collagen degradation by one SMC
modulated by MMP-2:

mDE]\,|P71(T’ 0.0) - 7\‘\‘}’72 >< mm\n’—z (7—’ 0-0) (6)
with Yy, = 3,5 x 1074 fg=1 and my,,. (T, 09) = m™C (1) +m™C (0p) in [fg-h™1].

mC (1) is the WSS-driven mass of MMP-2 released by the SMCs (7Reda et al. 2022)
and m®° (oy) is defined by equation (4).
And lastly, the probability of elastin degradation by one SMC modulated by MMP-

2 and MMP-9 is described as follows:

SMC

De (T7 0-9) = D]»emP—z (T’ 00) + DﬁMP—9<U‘9) (7)
DS, (T,00) = Yaww > X M (T, 09) (8)
Dxemp 51(0—9) = Yar-s X m::;[x(r: (;(09) (9)

where My, ,(7,09) = MM _(7)+m° (0g) in [fg-h~!] as previously defined in equation

(6) and m®¢ (0p) in [fg-h™1] is expressed by equation (3), Yy, = 3,14 x107° fg=1,
Vs = 1,036 x 1076 fg=1.

Similarly to the SMCs’ probability of proliferation, the organization of the extra-
cellular matrix is governed by mechanical constraints, and is thus intrinsically linked

to the choice of the mechanical constitutive law.

2.2 Finite Element Model

As shown in the previous section, the circumferential stress field generated by blood
pressure within the arterial wall plays a central role in modulating cellular mecha-
nisms involved in intimal hyperplasia. Actually, the proliferation of SMCs as well as
matrix metalloproteinase (MMP) secretion by SMCs, responsible for collagen and
elastin degradation, is stimulated when circumferential stresses exceed their home-
ostatic values. Likewise, reduced circumferential stress can further promote MMP
secretion, leading to medial atrophy. For this reason, a finite element model was
developed to compute the stress distribution across the arterial wall and provide
inputs to the ABM.

Finite Element implementation: The circumferential stress field oy was com-
puted with FEniCS in the arterial media layer. FEniCs is an open-source framework
for solving partial differential equations with the finite element method (Alnaes et al.
2015). An intraluminal pressure of 13.3 kPa was applied, generating an initial stress



field that progressively evolves with wall thickening during long-term intimal hyper-
plasia. Based on the principle of virtual work, the mixed variational formulation for
static incompressible hyperelasticity (introducing a Lagrange multiplier p) seeks the
displacement—pressure pair (u,p) € V x @, with V and @ the respective functional
spaces for displacement and pressure, such that for all virtual displacement field
du € V and virtual pressure field dp € @, the following equations have to be satisfied
on the entire artery domain  (Wriggers 2008):

DU (F)
0 OF

:vaudﬂ—/pF—T:vaudQ:/b-aud9+/t.5udr (10)
Q Q r

/ 5p (det(F) — 1)dQ = 0 (11)
Q

where U(F) denotes the strain energy density as a function of the deformation gra-
dient F = Vu, p is the Lagrange multiplier (pressure), b the body force vector, and
t the traction vector prescribed on the boundary I' of Q2. The operator ” -7 stands
for the scalar product between two vectors, ” : 7 designates the double contraction
product of two tensors, and V is the spatial gradient operator.

Constitutive laws: To assess the effect of arterial mechanical behavior on stress-
mediated remodeling, three constitutive laws were tested: linear elastic, hyperelastic
isotropic and hyperelastic anisotropic behaviours.

For the linear elastic isotrope constitutive law, a Young’s modulus equal to 454.7 kPa
was taken as for coronary arteries (Noble et al. 2020).

For the hyperelastic isotropic behaviour, the Neo-Hookean law was implemented as
follows:

\I/(Il) = 610(11 - 3) (12)

with I; = tr (C) is the first invariant of the right Cauchy-Green deformation tensor
C, tr (C) is the trace of C, and ¢19 = 21.62 kPa (Noble et al. 2020).
Arteries exhibit a strongly anisotropic hyperelastic response, primarily due to the
arrangement of collagen fibers. To capture this effect, we implemented in FEniCS
the Holzapfel-Gasser-Ogden (HGO) model, which explicitly accounts for helically ori-
ented fiber families within the arterial wall. In the present work, the formulation was
restricted to the media layer, but it naturally generalizes to multiple families, such
as those in the adventitia. For a single fiber family in the media, the strain energy
density takes the form (Gasser et al. 2006):

k

(I, 1) = con(l = 3) + 5. [exp (ks [KI + (1 = 3) I, — 12} — 1} (13)
2

Iy =ag-C-ag = )\fc is the anisotropic invariant representing the squared stretch

of the fibers ()\%) in the direction ag = [0, cos(8),sin(3)]", B is the direction of the
fibers (Gasser et al. 2006). The remaining constants are material parameters of the
constitutive law given in Table 1 (Schiavone and Zhao 2015).



Table 1 Material parameters used for the anisotropic law (Gasser et al. 2006) implemented in FEniCS.

c10 [kPa] k1 [kPa) k2 [-] K [-] B Reference

Anisotropic model 1,4 180 100 0,314  49,98° (Schiavone and Zhao 2015)

Material parameters were taken from experimental data on coronary arteries,
which share similar mechanical properties with digital arteries. The stress distribu-
tions obtained with these constitutive laws differed markedly, with isotropic models
predicting narrower stress ranges compared to the highly nonuniform distribution pro-
duced by the anisotropic model. Consequently, the values of op,i, and oy ax used in the
ABM rules for stress-regulated secretion were updated according to the constitutive
law selected in the FE model.

2.3 ABM-FEM framework

The coupling between the ABM and the FEM involved iterative data exchange. The
ABM generated the arterial geometry in NetLogo, which was then imported into FEn-
iCS to construct the FEM and simulate circumferential stresses. These stress values
were subsequently reintroduced into the ABM as cell-specific variables, updating the
mechanoregulation of biological processes (Figure 2). A new stress field was computed
at each coupling step based on the updated geometry resulting from ABM-driven
growth.

Communication between NetLogo and FEniCS was implemented in Python using
the PyNetLogo package (Jaxa-Rozen and Kwakkel 2018), which allows controlling
NetLogo from Python. The coupling was automated and occurred at defined intervals,
controlled by a coupling index k and a time duration T per iteration. The simulation
framework looped over iterations in Python, keeping the WSS constant during each
T to represent physiological or vibration-induced conditions.

At each iteration, the ABM governed cellular behaviors including SMC prolifera-
tion, migration, and ECM secretion/degradation through probabilistic rules, derived
from experimental observations and literature. Circumferential stresses computed by
the FEM were fed back into the ABM, regulating biological phenomena such as the
secretion of growth factors and MMPs by SMCs. In uncoupled simulations, stress val-
ues remained identical to those of the previous iteration. WSS varied dynamically
with each iteration to capture cycles of vibration exposure and their effects on arterial
remodeling.

Discrete cell movements inside the artery can create geometric spikes (breaking the
continuous endothelium) at the boundaries, particularly at the lumen interface, which
can compromise the axisymmetric geometry of the model and produce non-biological
shapes (Corti et al. 2020). These irregularities can distort local mechanical interactions
and affect the accuracy of predicted cellular behaviors if not corrected. To maintain a
compact and biologically realistic structure, the model applied a smoothing algorithm
to the arterial interfaces after each iteration. This regularization process rearranged
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cells to increase their contact surface, while preserving the movement of internal elastic
lamellae (IEL), which can be displaced by medial growth without being crossed by
migrating SMCs (Reda et al. 2020).

The model was initialized in a physiological state (7 = 3 Pa), and vibration-induced
intimal hyperplasia was triggered by lowering WSS to 1 Pa, simulating prolonged
hand-arm vibration exposure (4h/day). Due to the stochastic nature of certain bio-
logical processes, multiple simulations were performed for each condition, and results
were averaged for robustness. All governing equations, model parameters, and agent
behavior rules are provided in Appendix A of (Reda et al. 2022).

3 Results

3.1 Basal versus vibration exposure states for linear elastic
artery

Bootstrap analysis of our ABM showed that relative errors in SMC and collagen counts
stabilized after approximately 10 simulations, with average errors of 0.8% for SMCs
and 2.5% for collagen over 10 years (Reda et al. 2022). Consequently, all results are
reported as the mean of 10 simulations with 95% confidence intervals, normalized to
initial values.

In this section, the artery was supposed to behave like a linear elastic material
with a Young’s modulus taken equal to 454.7 kPa as for coronary artery (Noble et al.
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2020). A coupling time of one week was selected, as it provided similar results to
shorter intervals while greatly reducing computational cost.
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together with normalized lumen (bottom left), media (bottom middle), and intima (bottom right)
areas, as a function of time in the vibration and basal states. The shaded areas match the 95%
confidence interval.

Figure 3 shows the effects of vibration-induced WSS and circumferential stresses on
cellular mechanisms and layers thicknesses. Under baseline conditions (No Vibration),
the artery preserved its geometry, layer thicknesses, and constant counts of SMCs,
collagen and elastin. In contrast, chronic exposure to vibration over 10 years led to
the formation of symmetrical intimal hyperplasia, characterized by a 30% reduction in
lumen area and an increase in intimal thickness. Mechanoregulated cellular responses
produced an initial decrease followed by an increase in total collagen, accompanied by
a reduction in the media area. SMC counts approximately doubled, while elastin degra-
dation became noticeable after 5 years. These results highlighted the model’s ability
to reproduce both physiological stability and vibration-induced vascular remodeling.
SMC count increased due to the increase in growth factors secretion leading to SMC
proliferation. The initial decrease in collagen counts was due to the decrease of the
circumferential stress values in the arterial layers as the intimal hyperplasia started
forming and thus increasing the thickness of the arterial wall.
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3.2 Influence of the degradation rate of MMP-2 for linear
elastic artery

In our ABM, circumferential stress acts as a key regulator of ECM remodeling. From
equation (4), the secretion of MMP-2, which is an agent that degrades collagen and
elastin, increased when the circumferential stress and WSS decreased. To capture the
natural elimination of MMP-2, the model incorporates a degradation rate of 1% per
hour, consistent with the arterial growth model proposed by (Zahedmanesh and Lally
2012). However, other studies have implemented much faster degradation rates, up to
50% per hour (Keshavarzian et al. 2018). To investigate the sensitivity of our model
to this parameter, we compared simulations with both values. A decrease in circum-
ferential stress stimulates SMCs to secrete MMP-2. Consequently, as circumferential
stress diminishes during arterial growth, the cumulative secretion of MMP-2 by SMCs
increases (Figure 4). This results in progressive degradation of both collagen and

MMP-2 total mass [fg]

o 2 8 10

i G
Time [years]

—— 1% eliminated every hour ~—— 50% eliminated every hour

Fig. 4 MMP-2 mass secreted over 10 years of simulation for two different degradation rates.

elastin, with collagen being more rapidly affected due to its higher susceptibility to
MMP-2 (Figure 5, left and middle). In both MMP-2 degradation rates, collagen elimi-
nation in the media was significant. Nevertheless, when the degradation rate was slower
(1% per hour), MMP-2 accumulated in greater amounts over time (Figure 4), leading
not only to faster and more complete collagen degradation (Figure 5, left) but also
to a stronger effect on elastin breakdown (Figure 5, middle) and a more pronounced
thinning of the media layer (Figure 5, right). By contrast, the faster degradation rate
(50% per hour) limited enzyme accumulation; however, even at these reduced lev-
els, MMP-2 was sufficient to induce observable collagen degradation (Figure 5, left),
though with a lesser impact on elastin (Figure 5, middle).

Overall, these findings demonstrate that the dynamics of MMP-2 clearance strongly
influence the balance between collagen and elastin degradation. A slower degradation
rate promotes enzyme accumulation and thereby accelerates ECM remodeling, while a
faster degradation rate reduces accumulation but does not prevent significant collagen
loss. This highlights the critical role of MMP-2 kinetics in the long-term remodeling
of the arterial wall under reduced circumferential stress.

12
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interval.

3.3 Influence of the Mechanical Constitutive Law of the Artery

The influence of the mechanical behavior of the artery on the evolution of the sys-
tem over 5 years was studied. We tested two mechanical hyperelastic constitutive
laws, isotropic Neo-Hookean and anisotropic HGO, often used for the modeling of the
mechanical behavior of the artery (Keshavarzian et al. 2018, 2019) and detailed ear-
lier. First, the distribution of the stress field across the arterial wall thickness at k = 0
varies depending on the constitutive law employed (Figure 6). Moreover, we observe
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Fig. 6 Distribution of circumferential stresses across the arterial wall thickness for a linear elastic
law and a Neo-Hookean law at the first computation step k = 0. r is the artery radius and r; is the
internal artery radius.

that the minimum (oyin) and maximum (opax) values of the circumferential stresses
within the arterial wall also vary according to the mechanical constitutive law and
the associated parameters. For a linear elastic law, we obtain o, = 45.5 kPa and
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Omax = 55.5 kPa, whereas for a Neo-Hookean law the values are o, = 47.5 kPa
and omax = 62.5 kPa.

In contrast, Figure 7 shows the distribution of circumferential stresses across the
arterial wall thickness for the anisotropic law. Unlike isotropic laws, the stress dis-
tribution across the thickness of an anisotropic artery is not uniform with respect
to the angle #. The minimum and maximum stress values in the case of anisotropic
mechanical behavior are given by: oy = 38 kPa and o2 = 190 kPa.

0.00 0.02 0.04 0.06 0.08 0.10
r—ri[mm]

Fig. 7 Distribution of the circumferential stress field across the arterial wall thickness for the
anisotropic hyperelastic law at k = 0. Left: o9 in the media thickness at different angular positions. r
is the artery radius and r; is the internal artery radius. Right: mapping of the circumferential stress
field.

Depending on the chosen constitutive law, the values of onin and opmax were
updated in the ABM rules and the circumferential stress field was computed according
to the selected law.

The variations in the number of agents over time are comparable for the three laws
considered (top views shown in Figure 8). Furthermore, the predicted rate of arterial
stenosis (Figure 8 bottom left) is nearly identical for all three laws.

Table 2 summarizes model outputs predicted by the WSS-only ABM developed
previously (Reda et al. 2022) and by the present mechanobiological framework includ-
ing circumferential stress mechanoregulation. The comparison highlights the influence
of the FEM coupling on ECM remodeling and media atrophy.

3.4 Influence of the Minimum Limit Value of Circumferential
Stresses

In our model, the rules for mechanoregulated biological phenomena are implemented
based on the two minimum (o) and maximum (opayx) limit values of the circum-
ferential stress field. These values are derived from the stress field obtained within
the healthy arterial wall (computed at k& = 0) and depend on the applied mechani-
cal constitutive law. For example, for a linear elastic law, we used o, = 45.5 kPa
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Table 2 Comparison of the main normalized model outputs
predicted by the WSS-driven ABM (Reda et al. 2022) and the
present ABM-FEM framework after 5 years of simulation.

Model output WSS-only ABM ABM-FEM
Predicted stenosis rate 14% =+ 0.034 11% =+ 0.003
Normalized SMC counts 1.44 £ 0.14 1.42 £ 0.08
Normalized Collagen counts  1.22 £+ 0.1 0.16 4+ 0.066
Normalized Media area 1.08 £ 0.13 0.86 £ 0.08

and opax = 55.5 kPa. Since our model application involves a decrease in circumfer-
ential stresses during growth, we chose to study the influence of op,;, on the system’s
evolution. The model was then simulated considering an alternative value for the min-
imum stress limit of o, = 35 kPa. This value is used by (Boyle et al. 2010) in their
restenosis model.

The choice of oy has a significant effect on collagen degradation over time (Figure
9 top middle). For a o, value of 35 kPa, which is lower than the minimum value
calculated at k = 0, the decrease in stresses during growth does not immediately reach
the threshold for triggering mechanoregulated biological phenomena, and the system
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remains at basal stress values for a longer period, during which collagen degradation
does not occur. No significant difference occurs for the other quantities.

3.5 Influence of the surrounding tissues

In true condition, the digital artery is surrounded by soft tissues. This may alter the
stress field generated within the artery. Therefore, the presence of soft tissues around
the artery was considered in order to study their influence on the development of
intimal hyperplasia.

The FEM of the artery was then integrated into a tissue model that simulates the
presence of soft tissues. The presence of the bone at a distance L = 2 x D from the
center of the artery, where D is the diameter of the artery, was modeled by applying
a zero-displacement condition on one of the boundaries of the model (T'pone on Figure
10 top view). The artery and the flesh were assumed to behave like an elastic isotropic
material with Young moduli of respectively 454.7 kPa (Noble et al. 2020) and 13 kPa
(Noél 2018).

The stress values differ between the two boundary condition cases, being lower
when the surrounding flesh is taken into account (Figure 10, bottom left). Additionally,
the stress distribution is not uniform with respect to the rotational angle 6, indicating
anisotropy caused by the presence of the surrounding tissue.

We then simulated intimal hyperplasia for both the artery alone and the artery
surrounded by flesh. The minimum and maximum stress values were also adjusted
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view: Distribution of the circumferential stress field across the arterial wall thickness surrounded by
soft tissue at k = 0. Left: 0 in the media thickness at different angular positions. r is the artery
radius, and r; the internal artery radius. Right: mapping of the circumferential stress field.

based on the specific case being tested. The simulations indicate that the system’s
behavior is similar in both scenarios, for SMCs counts, collagen and elastin amount, as
well as lumen, media, and intima growth, suggesting that the presence of soft tissues
does not influence the system’s evolution over the 5-year simulation period (Figure 11).

4 Discussion

Our finite element mechanical model offers the advantage of incorporating constitutive
laws tailored to the hyperelastic and anisotropic nature of arterial tissue, rather than
relying on oversimplified linear elastic assumptions. Integrating this model with the
ABM allows for the estimation of circumferential stress fields that more realistically
capture arterial behavior as governed by the selected material formulation. Although
quantitative clinical measurements of stenosis progression in HAV-exposed digital
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Fig. 11 Variation of agent counts and normalized arterial layer areas over time for the cases of an
isolated artery and an artery surrounded by soft tissue. The shaded areas match the 95% confidence
interval.

arteries remain scarce, the predicted lumen narrowing and media remodeling are con-
sistent with experimental and histological observations reported in vibration-induced
vascular disease (Okada et al. 1987; Takeuchi et al. 1985).

However, our simulations highlighted that the selected material law for modeling
arterial mechanical behavior does not influence development of arterial stenosis dur-
ing the five-year calculation period. Moreover, in this study, for all the tested laws,
the pressure applied to the endothelium to simulate the stress field was kept constant
at its homeostatic baseline value of P = 13.3 kPa. This is a strong assumption that
implies that blood pressure remains constant over time and does not change even as
the artery’s geometry varies. In the short term, blood pressure fluctuates during the
cardiac cycle, between systole (P = 16 kPa) and diastole (P = 10.6 kPa), and these
variations could potentially affect the stress field values during the cycle. Furthermore,
blood pressure changes with age and geometric modifications, which was not consid-
ered in our model. Thus, applying constant blood pressure during growth led to a
decrease in circumferential stress as arterial thickness increased. The mechanobiologi-
cal model results showed that this reduction had the most significant effect on collagen
degradation in the artery, a result also highlighted by (Bayer et al. 1999) in their study
on the atrophic effect of reduced circumferential stress on the media. These results
might change if a time-varying pressure value were taken into account. Also, our sim-
ulations predicted elastin degradation, in agreement with the observations reported
by (Takeuchi et al. 1985) in patients with vibration-induced Raynaud’s syndrome. In
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addition, vibration exposure was not modeled as a direct mechanical loading applied
to the arterial wall, but rather indirectly through a step reduction in WSS. Conse-
quently, the FEM was formulated under quasi-static conditions in order to focus on
long-term arterial remodeling processes. Hence, averaged mechanical quantities were
considered sufficient within the scope of the present framework.

We also demonstrated that considering the surrounding environment of the artery,
composed of soft tissue, had no significant impact on the development of intimal
hyperplasia. However, the presence of soft tissue, along with the boundary condition
simulating the presence of bone, induced anisotropy to the stress field distribu-
tion within the artery. Consequently, these results indicate that the surrounding
environment should be accounted for in future studies on non-uniform arterial growth.

Finally, we hypothesize that the model’s insensitivity to mechanical material laws
and boundary conditions arises from the rules implemented in the ABM, which depend
on the minimum and maximum circumferential stress values for triggering phenomena
related to atrophy. Due to a lack of experimental data on these limits, we assumed
that they correspond to the minimum and maximum stress values generated in the
artery for each material law. Therefore, these limits were adjusted based on the stress
field obtained for each law. To study the influence of the minimum threshold value
Omin ON system evolution, we simulated the intimal hyperplasia model using a value
from the growth model of (Boyle et al. 2010), set at oy, = 35 kPa. The numerical
results show reduced collagen degradation over time when a lower ¢,,;, threshold is
used. This study highlights the importance of this threshold on arterial remodeling
in response to decreased circumferential stress. Estimating this value requires experi-
mental studies to determine the minimum stress value to which SMCs can be exposed
before they switch to a secretory phenotype. These results also suggest that, within
the present framework, biochemical regulation plays a more dominant role in remod-
eling progression than the specific constitutive behavior of the arterial wall. Although
the different material laws generated distinct circumferential stress distributions, the
associated biological response remained relatively similar because the mechanoregu-
lation rules were driven primarily by deviations from physiological stress thresholds
rather than by the exact local stress magnitudes. A more robust experimental iden-
tification and calibration of the mechanoregulation thresholds would constitute an
important next step for the present framework. Such calibration would also allow a
more systematic investigation of the influence of material parameters and constitutive
laws on arterial remodeling through dedicated sensitivity analyses.

Moreover, it should be noted that the material laws do not account for residual
stresses within the artery or the active behavior of SMCs, which may also affect the
minimum or maximum values considered in modeling intimal hyperplasia.

One of the advantages of our model is its potential to integrate other biological
mechanisms at different scales which take into account patient-specific characteristics,
such as age, smoking habits, or cholesterol levels-factors likely to influence arterial
growth (Wang et al. 2021; Hao and Friedman 2014).
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5 Limitations

Although our model is capable of simulating the development of intimal hyperplasia
induced by vibrations transmitted to the hand-arm system, it was built on strong
assumptions and ignored certain aspects that could have affected the model’s final
outcome.

First, the WSS values used to describe the presence or absence of vibrations (with
7 =1 Pa and 7 = 3 Pa) were imposed as two constant and uniform values on the
endothelium. This assumed that the arterial growth simulated by our model is uniform.
In fact, arterial histologies after growth show anisotropy in intimal thickening, where
the growth rate is greater in some areas than others (Corti et al. 2020). A section of
a real artery’s geometry exhibits geometric nonuniformities that can affect blood flow
and potentially alter the contour of WSS values on the endothelium. To overcome
these limitations, future developments of the framework will include coupling with a
computational fluid dynamics model capable of providing geometry-dependent WSS
distributions. Such coupling would allow the WSS profile to evolve continuously with
arterial geometry during remodeling. Furthermore, this approach could help identify
arterial regions most susceptible to the onset of intimal hyperplasia.

Additionally, the assumption of a 2D geometry presents a major limitation of the
model. Indeed, developing the model with a 3D geometry would provide more infor-
mation on the system’s evolution. For example, mediator diffusion through the arterial
layers in a 3D geometry more closely aligns with biological reality and allows for
the study of cell behavior along the longitudinal direction. Furthermore, a geometri-
cal smoothing procedure was applied during simulations in order to limit numerically
induced anisotropies resulting from the lattice discretization. While this regular-
ization step improves numerical stability and maintains a physiologically realistic
arterial shape during growth, it may also reduce the development of local geometric
irregularities and stress concentrations that could occur in real arteries.

Moreover, in our current model, the adventitia layer was ignored. In a real artery,
biochemical exchanges may occur between the adventitia and media. Furthermore,
adding the adventitia layer could influence the circumferential stress field in the arte-
rial wall. Therefore, considering the adventitia layer and identifying the biological
processes involved in intimal hyperplasia at this level could form the basis of future
work to enhance the model’s predictive capabilities. Furthermore, due to the lack of
experimentally identified constitutive parameters for human digital arteries, the mate-
rial parameters used in the present study were derived from coronary artery data. This
choice was motivated by the fact that both coronary and digital arteries are muscu-
lar arteries and share similar structural and mechanical characteristics (Noble et al.
2020). Nevertheless, experimental characterization of the mechanical behavior of dig-
ital arteries would improve the physiological specificity of the model and refine the
predicted stress distributions. Future developments will also include sensitivity and
uncertainty analyses in order to identify the most influential mechanobiological drivers
governing arterial remodeling and stenosis progression.

In addition, our model assumes that the arterial stenosis observed in patients with
vibratory Raynaud’s syndrome is caused by intimal hyperplasia only. However, biopsies
from patients with this syndrome sometimes reveal the infiltration and accumulation
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of leukocytes in the intima (Gayraud 2007; Stoyneva et al. 2003). These processes
were not incorporated into our model, although they may have affected the ultimate
arterial stenosis outcome.

Besides, our study ignored biological mechanisms related to the natural aging of
the artery, such as the increase in basal collagen degradation over time (Panwar et al.
2018). We kept our parameters constant throughout the simulation period, as we
assumed that changes due to aging between five and ten years were negligible. However,
for longer simulation durations, accounting for these aging mechanisms would lead to
more precise and realistic predictions.

Finally, the coupling time between both models was optimized and the code was
parallelized when possible in order to reduce the computational load (> 12h for one
simulation). However, our speed analysis showed that this load relies mainly in the
communication routines between NetLogo and Python (Reda et al. 2022). Therefore,
future improvements should aim at reducing this cost by limiting both models to one
computational environment only.

6 Conclusion

The developed mechanobiological model was able to maintain a steady state in the
non-vibratory condition and predict the development of intimal hyperplasia under
vibratory conditions, describing a daily cycle of exposure to vibrations. Incorporating
circumferential stresses (o), often overlooked in existing models of hemodynamically
induced intimal hyperplasia, highlighted the mechano-regulation (influence of oy) of
the biological phenomena involved in intimal hyperplasia. Our model predicted an
arterial stenosis rate of 30% after ten years of simulation with four hours of daily vibra-
tion exposure. The degradation of the extracellular matrix (ECM) in the media was
evidenced by the decreasing values of 0y during arterial growth. This study also demon-
strated the effect of the natural degradation rate of the MMP-2 enzyme, responsible
for ECM degradation, on the accumulation of its total mass over time.

Furthermore, we studied the model’s sensitivity to the mechanical constitutive
law of the artery. To do this, coupling between the mechanobiological finite element
(FE) models was performed weekly during the five-year simulation period. Our study
showed that while the distribution of circumferential stress fields changes depend-
ing on the constitutive law considered, this change does not affect the prediction
of the mechanobiological model over the five-year simulation period. This is due to
the calibration of the parameters (omin and opmayx) of the mechanoregulated biologi-
cal phenomena based on the stress field obtained for each behavior law. In the case
of decreasing circumferential stresses during growth, a more accurate knowledge of
the minimum limit value (omin) could yield different results, as demonstrated in our
findings, thereby increasing confidence in the model’s predictions.

Finally, the creation of a database for predicting arterial stenosis rates (i.e., the
Vibration White Finger stages) based on daily exposure duration and WSS values is
currently being developed. The ultimate goal would be to redefine a daily vibration
dose aimed at better protecting workers against vascular pathologies caused by using
hand-held or hand-guided vibrating machines.
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Appendix A ABM rules

Appendix A summarizes the parameters used in the mechanobiological framework. For
each parameter, the corresponding value, unit and associated references are provided.
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Table A1 WSS-dependent factors secretion.

Parameter

Equation Graphs and References

Mass production rate
of PDGF-BB
by one EC
(EC-secreted)

mfI():GF—BB(T) [fg.571]

mf]fGFfﬁB(T) = aQ:’DCF—BB(l - exp(_ (T

- th.w)/ﬁrl’onn}gs))
+ Q?'DGLBB(]' - eXp((T - 7:"“‘»‘)//{/!2“[)(15‘—3!3))
+ Grocr-ee (T - 7—;»11\~)

T = 3 Pa

if 0.6 <7 < 3 Pa:
a=—1,
Q.. =544 x 1075 fgs™1,

KL =1 Pa Qz =515 x 10,4 fg'Sil Hsieh et al. (1991),

Experimental measurements (Reda ¢

PDGF-BB PDGF-BB

K =1 Pa,

PDGF-BB

Grocrpe — 2.94 x 1074 fg‘sil-Pafl

if 7 > 3 Pa:
a=1,
Qlor s = 2:54 x 107 fgs™1,
Khror o = 0.6746 Pa, Q2 ,, = 0 fgs~,
K2 =1 Pa,

PDGF-BB

qPDCFfBB = 0 fg.sil.Pail

Mass production rate
of TGF-g
by one EC
(EC-secreted)
e (r) [fgs ]

TGF—,

mng—ﬁ(T) = Qmp,y T+ Qrors X T
Qrcrﬂz =4.26 x 10_4 fg.s_l
Gors = 4.26 x 1074 fg.s~1.Pa~!

Ohno et al. (1995),
Cucina et al. (1998)

NO
molar concentration
(EC-secreted)
Ci(r) [nM]

C::zg(f) = Ol(l - exp(_T/KNO)) + C2
Cy =51.7x T [nM], ky, = 0.95 Pa
Cy =20.22 x T [nM]

T [hours]

Andrews et al. (2010)

Mass of MMP-2
by one SMC
mis. (1) [fg]

MMP—2

mixl(iz(’r) = Mlmpfz(exp(_(,r - Tvlwa)/KJimruZ) - 1)

T = 3 Pa
e v Sakamoto et al. (2006)
1 — 5 )
M, . = 2.656 x 107° x T [fg] Garanich et al. (2005)
I{/ii)lP72 = 1 Pa
T [hours]
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Table A2 Stress-dependent factors secretion.

Parameter

Equation

References

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

ms . (o0) [fg]

Correcting factor for

PDGF-BB
Cy(oe) [-]

if 09 > Omax :
mMC  (09) = Muverns X 00 — Mopee o
Muperws = 798 x 1075 x T [fg-kPa~1],
M = 5.4264 x 1073 x T [fg]
T [hours]
if PDGF-BB (EC-secreted) > 0
and 0'9 < Omin :
C1(00) = Blocesn X 00 + Broors
Brverns = 1- 98 X105 X T [kPa~1],
B = —3.99 x 1073 x T [-]
T [hours]

Keshavarzian et al. (2018),
Bayer et al. (1999)

Mass of TGF-$
secreted by
one SMC
(SMC-secreted)

m;.c.(oe) [fg]

if 09 Z Omax
m3n° (o) = My, X 09 — M, ,
My, = 2.76 x 1074 x T [fg-kPa~!],
M, = 1.8768 x 10~2 x T [fg]

T [hours]

Keshavarzian et al. (2018)

Mass of MMP-2
secreted by
one SMC

mi . (0e) [fg]

fxf 2(09) \l\iP 2( eXp(a((o-e - 0’5““)/’{?‘.\{?*2)))
if 09 > Omaz :
a=—1

09 Y = Omazx :
M:,  =7347Tx 1072 x T [fg] ,
K2 = 56.28 kPa

MMP—2

T Thours]

if o9 < omin ¢
a=1

09'—0mm:
M, =867x1072xT [fg],

MMP-2

K .., = 06.28 kPa

MMP—2

T Thours]

Keshavarzian et al. (2018)
Bayer et al. (1999)

Mass of MMP-9
secreted by
one SMC

mi . (oe) [fg]

if 09 > Omazx :

mNC (09) = M,,(1 — exp(—((09 — 057) /Eusrs)))
09 = Omax
My, =2.118 x 107% x T [fg] ,
Ry = 26 kPa
T [hours]
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Table A3 SMC dynamics implemented in the ABM.

Event

Equation Graphs and References

SMCs proliferation

probability
for one SMC
in one T

P[]

P - Phnsal + PP[)(;I‘fliH + Pl(;}'—,i
P... =146 x 10~

’PPDGF*BB = A:‘DGI“—HI{(l - eXp(_mPDG"'*HB/wr{nulrflm))

FaAl, . o X Maner o
A =2393% 102
Mpper_os = Mene +mr° (from diffusion)
+ Cyx m,, [fg], Wolf et al. (2005),
Wiper o = 433 g Cucina et al. (1998)
a=-—1
A =3.35x107°
M = 1 fg

’PTGFfﬁ == A'x GF-p exp(_mx (:yu,t/w x'(‘.i->.9)7

A, =2936 x 1074,
Mg, = M +m?  (from diffusion) [fg]

Wyer, = 1073 fg

SMCs apoptosis
probability
for one SMC
in one T

A [-]

A= Abasal + ANO

A, = 146 x 1074
Krick et al. (2002)
Ao = Mo X (CFg — ™ C7)
Yo = 7.317 x 10~7 nM~!
e = 69.7 nM

SMCs migration
probability
for one SMC
in one T

M [

M == APDGF—BB<1 - eXp(_mEEGF,BB/wPDGF—BB)>

Dardik et al. (2005),

— —4
Arvcr-on = 7-918 X 1077, Bornfeldt et al. (1994)

5o (from diffusion) [fg]

PDGF-BB

Wrnor 3 = 4.9 X 1072 fg

m
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Table A4 ECM dynamics implemented in the ABM.

Event Equation Graphs and References

StM=8" +S8™

basal TGF-§

Collagen synthesis

s . . m __ )
pro‘t;ablhty 1Sr11v[n(1]edla Shuw = 10710 Keshavarzian et al. (2018),
Ognorgrele T ST — oy xomee Zahedmanesh and Lally (2012)
s™ [ s = 2.27 % 1075 fg!
my., [fg]
Collagen synthesis S§=85_.+S..
probability in intima
for one SMC S =224x107° Okada et al. (1987)
in one T’
Si [-] S’;GFfd = S’:‘:;]Ffd

D =Dy, + D

MMP—2

Collagen degradation DS —1.07 x 1075

probability basal
for one SMC c 1 Zahedmanesh and Lally (2012)
i D - = ’y — >< mMMF*‘Z
1n one T MMP-2 MMP—2
D° [

Vi, = 3.0 X 104 fg_l
My, = M (1) + MmN (09)[fg]

MMP—2

D° =D° 4+ De

MMP—2 MMP—9

Elastin degradation D = Vi s X Moo
probability A
for one SMC Dre-s = Vs X M Zahedmanesh and Lally (2012)
in one T' , e
De [—] ’Y\!\nuz - 31429 X 10 fg

Yonrs = 1.036 x 1076 fg=1
M. = Mo (7) + M (06) [fg]

mMMP*Q = ms}dc (09) [fg]

MMP—9

MMP-2 removal

in time T 1% MMP-2 Zahedmanesh and Lally (2012)

MMP-9 removal

in time T MMP-9 / 2.11 a1 Keshavarzian et al. (2018)
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