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SUMMARY

It is well known that biological tissues adapt their properties due to different mechanical and chemical
stimuli. The goal of this work is the study of the collagen turnover in the arterial tissue of hypertensive
patients through a coupled computational mechano-chemical model. Although it has been widely studied
experimentally, computational models dealing with the mechano-chemical approach are not. The present
approach can be extended easily to study other aspects of bone remodeling or collagen degradation in
heart diseases. The model can be divided into three different stages. First, we study the smooth muscle
cell synthesis of different biological substances due to the over-stretching during hypertension. Next, we
study the mass-transport of these substances along the arterial wall. The last step is to compute the turnover
of collagen based on the amount of these substances in the arterial wall which interact with each other to
modify the turnover rate of collagen. We simulate this process in a finite element model of a real human
carotid artery. The final results show the well known stiffening of the arterial wall due to the increase in the
collagen content. Copyright © 0000 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Hypertension is a very common medical condition in which the blood pressure increases. In the
case of essential hypertension, this is due to the increased resistance to blood flow in the peripheral
vasculature. There are several consequences for hypertensive patients, in particular, regarding the
arterial tissue. The thickening of the arterial wall has been widely documented [Owens, 1989,
Owens et al., 1981, Saez et al., 2012b]. Endothelial cells are known to react to changes in the
blood flow and to hypertensive conditions [Brunner et al., 2005, Li et al., 2005, Feihl et al.,
2008] converting mechanical stimuli into intracellular signals that, e.g., release Nitric Oxide (NO).
NO is known to have an important role in the vasodilating mechanism and the formation of
atheroma plaque Pritchard et al. [1995]. Furthermore, the arterial tissue undergoes an increase in
the density of collagen fibers, stif fening, due to unbalance of biochemical substances. Therefore,
the arterial tissue stiffens hence reducing the compliance of the vessel. Collagen is a fundamental
component of many biological tissues, arteries in particular. A large number of in-vitro and in-vivo
experiments have shown the influence of different types mechanical loads in Smooth Muscle Cells
(SMC) [Sumpio et al., 1988, Gupta and Grande-Allen, 2006, Dabagh et al., 2008] and in TGF-g3
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turnover [Bishop et al., 1998, Butt and Bishop, 1997, O’Callaghan and Williams, 2000, Strauss
and Rabinovitch, 2000]. There are also computational models of collagen remodeling [Driessen
et al., 2003, Kuhl et al., 2005, Nagel] and collagen turnover, e.g,. [Boerboom et al., 2003] in the
cardiovascular tissue.

In terms of collagen deposition fibrogenic cytokine proteins such as the transforming growth
factor TGF- are the most important regulators of collagen synthesis (see e.g. Border and Noble
[1994], Wrana et al. [1994]) by vascular fibroblasts [Burke and Ross, 1979, Roberts et al., 1986].
TGF-$ is a protein that influences cellular functions such as proliferation or differentiation and
plays a key role in numerous cardiovascular diseases [Massague et al., 2000] and cancer [Massague,
2008]. The activation pathway [Massague, 2000] of the TGF-j family, which is part of a superfamily
of proteins, is still not completely understood. It also plays a prominent role in the SMC proliferation
[Owens, 1995, Raines, 2004]. Butt et al. [1995] reported the SMC release TGF-g growth factor
associated with an increase in procollagen deposition and a decrease in collagen degradation. They
also showed that both SMC and endothelial cells are the sources of the platelet-derived growth factor
PDGEF, an other important growth factors. The molecular structure of TGF-£ has a molecular weight
of 25 [kDa] and an equivalent external radius of around 3.8 - 10~[m)]. These features are important
for the diffusion and convection phenomenon.

Matrix metalloproteinase (MMP) [Nagase and Woessner, 1999] and Tissue Inhibitors of
Metalloproteinase (TIMP) [WojtowiczPraga et al., 1997] could be the most important substance
for quantifying the evolution of collagen degradation [Galis and Khatri, 2002]. MMP [Galis et al.,
1994], in addition to other regulatory mechanisms such as cell differentiation and apoptosis, is
responsible for extracellular matrix (ECM) degradation in general, and for collagen degradation in
particular. TIMPs are a type of inhibitor of metalloproteinase. In hypertension, TIMP has been
reported to increase, decreasing the total MMP-1 which in turn decreases the rate of collagen
degradation. O’Callaghan and Williams [2000] have shown that the amount of collagen turnover
increases with the magnitude of the strain imposed on SMC in in-vitro experiments. They also
reported the production of MMP-2, a gelatinase-degrading enzyme and TGF-3 (see also Sarzani
et al. [1989], Hamet et al. [1991]), which could be stimulated by cyclic stretching. TIMP acts as
an important regulator of ECM production, mainly by inhibition of MMP-1 and by increasing the
activity of MMP-2. The MMP-1 activity is blunted by an increase of TIMP-1 which subsequently
leads to a net increase of collagen content [Stakos et al., 2010]. Other studies have shown different
aspects. For example, McNulty et al. [2006] have shown that increased MMPs levels and that the
subsequent digestion of collagen type-I gives space to the accumulation of collagen type-III which,
in turn, increase the stiffness of the tissue. Accumulation of collagen type I is associated with the
increase of stiffness as a response of an increasing pressure load while collagen type-III is more
related with the extensibility of the arterial wall [Bishop and Lindahl, 1999, Chamiot Clerc et al.,
1999]. This newly and thicker syntethized collagen fibers requires the native collagen to be digested
by MMPs [Tan et al., 2007, Yasmin et al., 2005, Flamant et al., 2007]. The molecular structure
of MMP-1 and TIMP-1 has a molecular weight of 52 [kDa] and 28 [ kDa] respectively and an
equivalent external radius of around 4 - 10~°[m] and 7 - 10~?[m], respectively. MMP-1 is known as
one of the most important collagenases. In short, stretching of the SMC promotes the synthesizing
of TGF-f and also the activation and secretion of TIMPs. TIMPs make the overall MMPs in the
tissue to decrease. The decreases of MMPs together with the increase of TGF-3 makes the overall
amount of collagen to increase in the tissue.

Mass transport phenomena, the movement of particles or molecules, have been studied for a long
time. The pioneering works by Fick [1855], concerning diffusion phenomena (see, e.g. Philibert
[2006] for a review), by Einstein [1905] about Brownian motion those related to atomistic and
macroscopic transport (see e.g. Maxwell [1871], Huang [1987]) initiated a considerable number
of studies relating to mass transport. Mass transport toward and within the arterial wall is a
fundamental process for understanding not only different vascular diseases but also the normal
evolution of arteries. Mass transport of different kinds of molecules in arterial tissue occurs due to
concentrations and pressure gradients across the thickness by well known diffusion and convective
phenomena [Tarbell, 2003, Dabagh et al., 2009a]. Low-density proteins (LDL) are probably the most
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Figure 1. Flowchart of the steps followed in the model.

extensively studied form of molecular transport since they are the main initiator of atheroesclerotic
plaque [Lusis, 2000, Maher, 2011]. Many experimental and numerical studies have appeared on
this subject in recent years, e.g. Curmi et al. [1990], Glagov et al. [1988], Cancel et al. [2007]
and Kim and Tarbell [1994], Huang and Tarbell [1997], Tada and Tarbell [2002], Dabagh et al.
[2009b] for experimental and numerical works respectively. There are, however, other important
molecules involved in hypertension that gain less attention but also play an important role in the
collagen turnover. As discussed above, in this work we examine three substances: TGF-3, TIMP-1
and MMP-1. In the next section we study how these three molecules move through the arterial wall
according to their specific features.

In this work, we study the mass production of different substances of interest within the context
of collagen turnover in arterial tissue. Classical closed-systems in continuum mechanics keep mass
changes constant. However, this is not usually the case with biological tissues. For this reason we
consider the thermodynamic theory of open systems in this study. This assumes a non-vanishing
term, called the source term R which fulfills mass balance equation. Then we discuss some
particular substances and processes of interest in hypertensive disease. After that we study the mass
transport phenomena through the arterial wall. Finally, we consider the production of collagen by
fibroblast, which we directly relate with the amount of TGF-$ and the collagen degradation, based
on the amount of MMP-1 in the tissue. Both deposition and degradation can occur at the intracellular
(collagen molecules) or extracellular (tropocollagen) levels.

2. METHODS

In this section, we first discuss the mechanical model for arterial tissue and for human carotid
arteries in particular. Based on this mechanical behavior and the changes of pressure we define a
model of mass production which is based on the the stretch ratio between the normotensive and
hypertensive states. The SMC secrete difference substances that are transported by convective and
diffusion phenomena throughout the artery. Finally, we define a collagen turnover model based on
the amount the previously secreted substances. This flowchart is depicted in Fig. 1.

2.1. Mechanical model of carotid artery.

In this first part we present the basic notions of the mechanical problem. Our later approaches make
use of the over-stretch of the SMC and therefore the constitutive relations have to be provided. Our
model is based on a classical quasi-incompressible anisotropic hyperelastic formulation.

We start by defining some notions of kinematics. The tangent of the motion ¢, the deformation
gradient, represents a two-point linear map over the reference configuration, defined as F = V x .
The Jacobians of the deformation gradient will be denoted as J = det(F). We can then introduce

the right Cauchy Green tensor C = F! - F.

The quasi-incompressible behavior due to the water content is based on the so called volumetric-
isochoric decomposition of the deformation gradient Flory [1961]. The deformation gradient F is
decoupled into dilatational and volume-preserving part as

F =J'/°F )
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where J = det(F) and F is the isochoric deformation gradient. The highly non-linear behavior of the
material is usually included within a finite hyperelasticity framework. It relies on the definition of a
strain energy density function (SEDF). Given a SEDF in its material description ¥(C), and based
on the dissipation inequality from classical thermodynamics (see, e.g., Truesdell and Noll [2004])
we can write, neglecting heat sources and thermal effects,

v = \I’W,l(J) + \I’ich(C). 2)

U, is related with the water content in the cardiovascular tissue. The second term Wic,(C) is
associated with the isochoric contribution of the deformation gradient.

The above decomposition of the SEDF naturally affects the decomposition of the stresses and the
elastic tensor (see e.g. Marsden and Hughes [1994], Holzapfel [2000]). The elastic Piola-Kirchhoff
stress tensor reads

S = Svol + Sich: (3)
where
Svol - 28C\Ilvo]7 (4)
and ~ ~ - s -
Sich = 20¢ Wien(C) = 205V (C) : 9cC =172/°P: § )

where S = 0g Wiy (C) is the fictitious second Piola-Kirchhoff stress and P is the fourth order
projection tensor in the material reference defined as P =1—1/3C~! ® C.

The tangent modulus, the quantity that relates momentum fluxes and strains, is essential for a

consistent finite element implementation. We can evaluate the total derivative of the S with respect
to C as a direct definition, and split it again into volumetric-isochoric terms

C =2dcS = 20cS o1 +20cSich = Cpor + Cien, (6)

The volumetric contribution to the elastic tensor becomes
Cvr =2Jp+JOyplC ' @C™! —2/pC 0 C™! %
The isochoric contribution is
Cien=P:C:P' —2/3Tr(J 23Si)P - 2/3S®@C ' +C ' ®§] (8)

whereP=C'oC1-1/3C'eoC

Experimental results in carotid artery are extensive in the literature. However, few of them offer
a complete characterization of the tissue for a specific study (same samples, species, etc). They are
usually on a specific aspect of the tissue, e.g. on the mechanical properties of the wall, others on
the pre-stretch state or micro-structural description of the material. And also they are from different
species. Therefore it is difficult to find a complete data set and one has to rely on different studies
of different samples and species.

Arterial tissue also has a characteristic structural organization. O’Connell et al. [2008] have
shown that arterial fibers follow a helicoidal distribution from the outer to the inner layer. As
they stated, collagen fibers are bundled around the SMC with some collagen fibrils linking the
main fiber in a predominant perpendicular direction. The adventitia layer is known to have a more
random distribution of collagen with almost any SMC fibroblast. In the media layer there are
several sublayers, each with a preferential direction of the SMC and therefore of the collagen
fibers, and elastin sheets separating these sublayers. In the case of the media layer of carotid
arteries previous studies report that SMC follows an almost circumferential direction for tube-like
cut samples[Garcia, 2012, O’Connell et al., 2008].

The isochocoric contribution can again be split up into different parts to model the behavior of the
different components Wiep (11, 14) = Wiso(11) + Wani(14). Where I; and 14 are the first and fourth
invariants, respectively, of the isochoric part of the deformation. It is common to relate the behavior
of the elastin with an isotropic behavior, described with a Neo-Hookean model as
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Specimen Cho [kPa] ki kPa ko [-] « €
CCA media 4.31 2.19 415 0.13 0.05

CCA adv 0.04 7.32 66.81 041 0.05
ICA media 11.01 2.14 20.72 0.13 0.01

ICA adv 0.04 1597 51.01 041 0.04

Table 1. Material parameters for human carotid specimens in Sommer and Holzapfel [2012] fitted in Saez
et al. [2014].

(a) Complete mesh of the CA. (b) Detail of the front side of the
CA.

Figure 2. Finite element mesh of the human carotid artery.

Weas(11) = Cio[I1 — 3] )

where Cy is a stress-like parameter.

Following the observations of Garcia [2012] and O’Connell et al. [2008], we can consider that the
preferential direction of the fibers is almost circumferential. The collagen fibers are linked to each
other by other collagen fibers, cross-linking fibrils, which we consider isotropic and perpendicular
to the main fiber. We measure this density of cross-links by a factor « [Saez et al., 2014]. We can
write this as

N

o . k _ ,

Vai(T1,T2) = > _[1 — o] ¥} +a [2/;2 lexp(ka[Ty — 3]*) — 1] — ¥
=1

(10)

N
A k _
=Y [1-20)0% + ai[exp(kg[ll —3%) —1]
i=1 2
where k; is a stress-like parameter and k5 an adimensional material parameter. « represents the
amount of cross-links, o being < 0.5. a = 0 represents no cross-links and « = 0.5 indicates that
the degree of cross-links are high enough so we can consider an isotropic distribution of the fibers.
Finally,

Ue(l,) = %[exp(kg[ﬂ —1]%) —1] (11)
2

We consider N= 1 as we assume a unique family of fibers. The direction of the fibers are in the
direction of maximum stress as described in Saez et al. [2014] when applying a small pressure inside
the artery. For the tube-like parts, this is close to circumferential orientation. Based on experimental
data of Sommer and Holzapfel [2012], Saez et al. [2014] obtained the mechanical parameters in the
human carotid artery for different places, the common carotid artery (CCA) and the internal carotid
artery (ICA). The results are shown in Table 1.

Moreover, we use a real human geometry obtained in Alastrue et al. [2010]. We use this model
to define a finite element mesh with 128,008 linear hexahedral elements (Fig. 2) which we use
throughout this work. The material parameters are included linearly over the arterial length. Note
that with a nonlinear constitutive equations the stresses can not be linear along the length.
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Figure 3. Maximum principal stretches at homeostatic and hypertensive pressure and ratio between stretches
at hypertensive and normotensive states.

Finally, in Fig. 3 we show the maximum principal stretch at normotensive and hypertensive
pressure, and the ratio between hypertensive to normotensive stretches, which we use as the trigger
stimulus for the subsequent sections.

2.2. Mass production

In this section a synthesis and degradation of TGF-/3, MMP-1 and TIMP-1 model is presented based
on the description of Saez et al. [2012a]. We allow the material density to evolve in time according
to the mass balance for open system thermodynamics, and adopt a source term, R, similar to that
described by Harrigan and Hamilton [1992], Kuhl and Steinmann [2003] and Saez et al. [2012a], as

p=R  with R:fy[pp*] A= AT, (12)
where the exponent m is used for the stability of the algorithm, A* is the stretch of the homeostatic
equilibrium state, which vary from point to point in the carotid model, and A = [r - C - r]'/2 is the
stretch of a fiber with orientation r. p is the density of the substance at hand, p* is the initial density
and p the material time derivative of p.

Depending on the stretch of the SMC, which we understand to be the main driving force for
these processes, the substance density will increase or decrease. In particular, we hypothesize that
an increase in the stretch of the SMC will increase growth factors such as TGF-/3, responsible for
collagen deposition.

—MTGF—-pB
. 'TGF— *
R1GF-5 = PTGF—8 = YIGF—3 p* B Agme = X | (13)
PTGF-8

Both deposition and degradation can occur at the intracellular (collagen molecules) or extracellular
(tropocollagen) levels. There have been several in-vitro and in-vivo experiments studying these
processes in detail, as we discussed in the introduction. There is strong agreement that the
TGF — 3 plays a fundamental role in the turnover of collagen. This implies that TGF-3
will be upregulated, Rtgr—g > 0, for blood pressures above a characteristic threshold level,

—MTGF—3 A

[/JTGF—B/ /J?GF_,g] sme > A*, downregulated, Rrgr—p < 0, for blood pressures below

[p16F—5/ Pigr— ﬁ] sme < A%, and otherwise remain constant, Rycr_s = 0. We further
hypothesize that an increase in blood pressure will increase tissue inhibitors of metalloproteinase,
TIMP, causing a decrease in metalloproteinase, responsible for collagen degradation. The mass

—MTGF- B A
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production of TIMP is also expressed as

PTIMP e
Rrivp = pTIMP = YTIMP [ . :|)\smc - A" (14)
PTIvP

This implies that TIMP will be upregulated, Rtnvp > 0, for blood pressures above a characteristic
threshold, [prive/Pivp] ™ Asme > A*, downregulated Rrpvp < 0, for blood pressures below
[orve/ i)™ Asme > A*, and otherwise remain constant, Rrpvp = 0. Basically, we consider
the changes of TGF-3 and TIMP as the primary variables, assuming that the up- and downregulation
of TGF-3 and TIMP is driven by the local SMC state. The material parameters mrgr—g, mtmvp €
R* govern the evolution of TGF-3 and TIMP respectively, while yrcr—g, yrime € RT set the
sensibility of these substances to changes of the SMC stretch.

Finally, we define the source term of the MMP-1 [Saez et al., 2012a], which directly change the
rate of absorption of collagen. For the sake of simplicity, we hypothesize that it directly correlates
to the source term of TIMP as

Rvmp-1 = YMMP-1 RTIMP-1, (15)

where yvmp.1 € R™ defines the sensitivity of MMP-1 to changes in TIMP-1.

To solve the non-linear differential equations of collagen deposition and absorption ( Egs. 13 and
14) we adopt a standard Euler backward scheme to solve the equations implicitly in terms of the
unknown p}**,

po= (o™ = py/ At (16)
for given initial conditions pg|,—0 = pf;- The temporal discretization is given by dividing the time
interval 7 into s discrete subintervals, 7 = U‘;;é [t7,t711], with a time increment At = t/F1 — 7 >
0. We linearize the evolution equations, Eq. 13 and 14, for TGF-3 and TIMP to obtain their residual

forms to be embedded in a Newton-Raphson iterative scheme. We refer to Saez et al. [2013] for the
complete development of these equations.

2.2.1. Material fitting in hypertension-induced collagen deposition and absorption Collagen
turnover in disease conditions can be attributed to changes in the deposition and absorption of
MMP-1 and TGF-f. We use the data given in Laviades et al. [1998], who investigated alterations
in collagen type I, matrix metalloproteinase, and inhibitors of matrix metalloproteinase to fit
our material parameters. These authors reported an increase of 178.9%, from 641+31 ng/mL to
1147455, in total TIMP-1 and a decrease in total MMP-1 density of 18.07%, from 56+2 ng/mL to
47+1 ng/mL. TGF-g and collagen has also been reported to be upregulated in hypertensive patients.
We take as baseline values of TGF-g a concentration of 35ng/mL [Schaan et al., 2007], and the 4.2-
fold increase in hypertensive patients reported by [Porreca et al., 1997]. The material parameters
obtained are presented in Table II.

Table II. Collagen turnover model. Material parameters for hypertensive case study.

material parameter  value units
PrGE_p 0.035 [pg/mL]
J. 0.459 [pg/mL]
PXMP2 0.0353  [pg/mL]
MTGF—3 0.007 [-]
TMTIMP-1 0.016 (-]
YTGF—3 40 [ ms/mm? ]
YTIMP-1 80 [ns/mm? ]
YMMP-1 -80  [ms/mm?]

Fig. 4 shows the evolution of the TGF-5, TIMP-1 and MMP-1 content, respectively, in response
to hypertension conditions.
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Figure 4. Evolution of TGF-3, TIMP-1, and MMP-1 concentrations involved in progressive collagen
turnover.

2.3. Diffusion through the vessel wall

In this section we deal with the mass transport problem of the substances described above. The
substances secreted in the media layer are transport trough out the adventitia. The mass transport is
governed by diffusion and convection phenomena.

Considering changes in mass (see e.g. the monographs by Welty et al. [2008], Deen [2011]), the
mass balance have to fulfill that the flux of mass and the mass source be in equilibrium with the
change of material density. Although the geometry of the elastin sheet could modify the transport
results we will neglect it in this work. Also the diffusion and permeability parameters could be
anisotropic but for simplicity and given the steady-state considered we have opted for an isotropic
definition. The partial differential equation is managed numerically to be solved within a Finite
Element scheme in the commercial software ABAQUS with standard elements and formulation. By
evaluating in the domain 2y and applying Divergence Theorem we obtain

/DtpdV:/ J~ndV+/RdV, (17)
Q 60 Q

where p is the material density, J the mass flux and R the source of mass. The domain of interest,
as previously stated will be denoted by (2.

The boundary of the problem (Eq. 18) 4(2 is conditioned by Neumann boundary conditions over
6€). In particular, we consider the following set of boundary conditions:

J-n=0 on 6Qcndo
Jlayer-‘r . nlayer-i— — Jlayer— . nlayer— on 5Qlayer (18)

Jert . pet = (0 on §Qeyt

where endo, layer and ext represent the endothelium, the media-adventitia interface layer and the
external face of the adventitia, respectively.

As demonstrated in the previous section, the mass transport in arterial tissue is a diffusion-
convection problem that we solve here for the steady state.

To recover these phenomena the flux term is given by

J = —DcsrVpo + poDru (19)

where the first term represents the diffusive contribution and is driven by density gradients. The
second term represents the convective contribution and it is assumed to be controlled by pressure
gradients with u being the displacement vector of the fluid. Note that this displacement is only due
to the pressure gradient and is not a function of the movement of the solid.

Diffusion coefficients are related to the molecular size and the size of the porous media which the
molecule passes through. For the three substances considered in this work, is given by the Stokes-
Einstein Equation [Einstein, 1905] as

kgT
6mpa’

Doo[m?/s] = (20)
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where kp = 1.38 - 10723[J/K] is the Boltzmann constant, T = 293[K] is the absolute temperature
which remains constant, © = 4 - 1073[N.s/m2] is the viscosity of the fluid and a is the particle
radius obtained by superposing a sphere that contains the particle.

Diffusivity in a fiber-matrix media was derived by Ogston et al. [1973] and subsequently used by
Kim and Tarbell [1994] among others. The effective diffusion coefficient can be expressed as

Dy, [m?/s] = Dacexp [—[(1 — )% (1 + a/rf)H , 21

where r is the collagen fiber radius which has an average value of 1pm (Huang and Tarbell [1997],
Yang [2008]), e = 1 — V is the void fraction and V; is the fiber volume fraction which, based on
data given by Huang and Tarbell [1997] and O’ Connell et al. [2008], is approximately equal to 45%.
Moreover, the contribution of the presence of SMC can be recovered [Huang and Tarbell, 1997] by

1 1
D 2/s] = D 22
er /sl 1—esme flesme) ™ 22

where f(espc) = 2.3899 given a SMC volume fraction of esprc = 25% [Huang and Tarbell,
19971].

Table III. Collagen turnover model. Material parameters for hypertensive case study.

TGF-3 TIMP-I MMP-1
Doo[m?/s]-10-12  1.9227 3.8455 2.1974
Dy [m?/s]-10713 8081  16.13  9.229
Depslm?/s]- 10713 4444 8887  5.075

In order to discern if the diffusion and convective phenomena are important in mass transport
within the arterial wall it is usual to calculate the Peclet number (Pe) (Eq. 23). For Pe >> 1
convection has to be studied while for Pe << 1 diffusion dominates the problem. The Péclet number
for the present problem is

vl

Pe =
Deyy

~ 10° (23)

where the fluid velocity v takes a mean value of 0.05 [um/s] [Levick, 1987, Wang and Tarbell,
1995], the thickness [ =1-0.6 [mm] and the effective diffusive parameters given in Eq. 22, gives a
Peclet number in the order of hundreds. A Peclet number higher than 1 shows necessity of taking
into account the convective phenomena.

Therefore, we include the convective term into the model. We can obtain the velocity through the
solid by means of Darcy’s law (Eq. 24). Note therefore, that Navier-Stokes equations are not used
and velocity is not obtained independently but based on pressure gradients.

Vp = —u/K,Diu (24)

where p is the pressure and p the viscosity of the fluid. Note, therefore, that the fluid movement
is only due to the pressure gradient. Also due to the quasi-static treatment of the solid part this
is a reasonable assumption. Some authors [Tada and Tarbell, 2002] have also used the Brinkman
equation [Brinkman, 1947] to model the transmural flow.

The parameter required in order to study the convection related term in blood vessels, according to
the fiber-matrix theory, is the hydraulic permeability K, which can be calculated with the Kozeny-
Carman equation as discussed by Curry [1984].

T’]2062
Kpm| = ————5 =1.389% — 13 25
I)[ } 4ck(1 _ 6)2 ’ ( )
Copyright © 0000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (0000)

Prepared using cnmauth.cls DOL: 10.1002/cnm



10

where ¢ is the Kozeny constant with a value equal to 5 [Huang and Tarbell, 1997]. Again the
permeability has to be recalculated to take into account the SCM distribution. Similarly,

1-— ESMC — 0.3058631\40

K =
P1— esymo + 0.3058esm¢

Peff

[m] — 7.9721¢ — 14 (26)

2.4. Collagen remodeling

In our particular case, we have considered that substances are transported by diffusion and
convection phenomena. Although a fully implicit formulation is also feasible, this involves a much
more complicated computational model. We refer to Kuhl [2003] where a complete definition of
open systems and its numerical implementation is addressed. The mass source, based on the work
of Saez et al. [2012a], is defined as

Reol = Yaep RTGF— + Yabs RMMP-1- 27)

R1Gr— g and Rmp-1 are actual amount of TGF-3 and MMP-1 at every integration point after
the mass transport phenomena. Yqep, vabs € RT denote the sensitivities of collagen deposition and
absorption in response to changes in TGF-5 and MMP-1, respectively. The material parameters are
summarized in Table I'V.

Given this evolution equation for the collagen turnover, three different scenarios can be
considered: an increase in mass 7@001 > 0, a decrease 7A€c01 < 0, or maintenance of the collagen
content, Reo = 0. These scenarios have to be constrained by the following inequalities in order
to ensure the correct collagen turnover.

. >0 if )\smc > A = 7dep/'7/abs > 7?/MMP—1/7?/TGF7[3
Reot § <0 if  Agne < X = Ydep/Yabs < ’@MMP—I/ RrGe-p (28)
=0 if  Ame = A" Yaep/Vabs = Rmmp-1/R16E- 8

material parameter ~ value units
P 1 [g/mL]
“Vdep 90000 (-1
Yabs 400000  [-]
Table IV. Material parameters of the collagen turnover model for the hypertensive case study [Saez et al.,
2012a].

For the sake of simplicity, we consider an explicit algorithm. We rewrite the update of the collagen
mass as

Pl = Py + Rea At=0 (29)

where the residual is no longer required.

In addition, we take into account the results given by Diez et al. [1995], where the serum
concentration of procollagen peptides was examined. The authors studied the concentration of
procollagen type I carboxy terminal peptide (PIP), which has been proposed as a marker of synthesis
of the collagen type I, displaying an increase of 28%. The same authors found that the carboxy-
terminal telopeptide of collagen type I (CITP), a marker of extracellular collagen degradation, was
increased by approximately 9% [Laviades et al., 1998]. These data are used in the model to evaluate
the increase or decrease in the collagen content.

Due to the collagen turnover the arterial wall change its mechanical properties. Recalling the
baseline SEDF described in Eq. 10, we will modify the collagen SEDF to reflect its turnover as
[peot/ Pot] ¥ cot-

We can now obtain the stress tensor and its linearization with respect to deformations for the FE
implementation. The Piola-Kirchoff stress tensor reads

Copyright © 0000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (0000)
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Scot = [pcol/pz()l] Oc¥eor- (30)
Given that we do not apply a fully implicit formulation since we neglect dependencies of the mass
sources with respect to the strain, the tangent operator is reduced to

(Ccol - 8CScol (31)

c

3. RESULTS

3.1. Mass source

In this section we present the results of the mass production in the real carotid artery based on
the model and material parameters presented above. The results are shown in a longitudinal cut.
In Fig. 5 we show the evolution of the of TGF-3, TIMP-1 and MMP-1 production, respectively,
in the media layer for different times. The results correlate well with the range of values presented
in the experimental findings reported in Section 2.2.1. The distributions of the mass production
of each substance match with the increases in the stretches field shown in the previous section.
Mass production is higher at the beginning of the carotid bifurcation while the section of the CCA
before the bifurcation presents lower rates of production. The rest of the carotid shows very similar
production rate values due to the uniform stretch field.

In Fig. 6 we present the evolution of each substances at six points of interest in the carotid artery.
The substances also follow a saturation-like behavior similar to that shown in the analytic results of
the previous section. The values of these points, as in the whole artery, stay in the range of values
shown in the previous section. The mass production in the carotid artery show an inhomogeneous
mass production of each substance varying with location.
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Figure 6. Evolution of the mass production of (a) TGF, (b) TIMP-1 and (¢) MMP-1 at six featured point due
to SMC activity.

3.2. Mass transport

In this section we present the results of the mass transport from the media layer through the arterial
wall. The results are presented in a longitudinal cut and only for the adventitia layer, for the sake of
clarity. Note that fibroblast are located mainly in the adventitia layer and are the main responsibles
for the synthesis of collagen molecules. In Figs. 7 we show the evolution of the TGF-/3, TIMP-1
and MMP-1 in the adventitia layer for different times. The qualitative results show that substances
in the adventitia layer maintain a similar concentration, although slightly below the concentration in
the media layer where these substances are synthesized. A higher mass transfer rate appears for the
TIMP given its higher diffusion coefficient. We also show in Fig. 8 the mass evolution of the three
substances at the six featured points highlighted in the figure.
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featured points due to SMC activity.

3.3. Collagen turnover

In this last section we present the results corresponding to the increment of collagen content. The
results are presented in 4 different longitudinal cuts in Fig. 9 and in Fig. 10 for the media and
adventitia layer, respectively. The results show the evolution of the collagen turnover due to the
balance of TGF-8 and MMP-1. The increase in collagen content is higher in the media than in the
adventitia layer. Note that the concentrations of TGF-38 and MMP-1 are lower in the adventitia after
the transport of these substances from the media layer, where they are synthesized. The evolution in
the media layer ranges from an average value of 8-10% to a maximum of 45-50%, with some peaks
of 80%.

Following the TGF-5, MMP-1 and TIMP-1 evolution in Fig. 8, collagen turnover in the six nodes
of interest shows averaged increases of collagen in the media layer with maximum of ~ 35%, mean
increases of ~ 15% and minimum at 3%. Results in the featured points in the adventitia layer shows
mean values of ~ 10%, with maximum at 30% and minimum around 3 — 5%.

Given the Neumann boundary conditions, increases in the collagen content lead to a contraction
in the lumen radius while maintaining similar stress levels over the arterial wall. This means that
the consequence of the collagen turnover is the diminishing of the lumen radius but without an
increase in the stresses in the arterial wall. The contraction values of the carotid lumen due to the
increase in the collagen content are shown in Table V for different slices of interest. Several slices of
the carotid are investigated where the contraction level (diameters radius before and after collagen
turnover) varies from ~ 10 — 20%.

4. DISCUSSION

Arterial tissue undergoes important changes in its mechanical properties during its lifetime [Jani
and Rajkumar, 2006] but also because of different pathologies. In this work we have focused on the
modeling of collagen turnover that occurs in hypertensive patients [Bishop et al., 1994, Laviades
et al., 1998, McNulty et al., 2006]. The main consequence of the increase in collagen content is the
stiffening of the arterial wall.

To this end we have developed a computational framework to study the collagen turnover in
hypertensive diseases. We first computed a two-step simulation of a carotid artery in normotensive
and hypertensive conditions. The tissue, and therefore the SMC, undergoes an over-stretching due
to the high pressure of hypertension conditions. We consider this increase in the SMC stretch as
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Figure 10. Evolution of the collagen content in p..;/py,; due to fibroblast release and MMP-1 degradation
on the adventitia layer .

the trigger that boosts the synthesis of different substances. At this point we computed the amount
of paracrine and autocrine TGF-/ and TIMP-1 secreted by the SMC and the subsequent imbalance
of MMP-1, that we believe, as described by references in the introduction section, are the most
important processes to take into account. We used mean difference stretches to fit the experimental
data of these substances. In the next step we simulated the mass transport of these substances from
the media layer through the adventitia layer. The interaction of MMP-1 with collagen as well as
the stimulation of fibroblast by TGF-5 causes the collagen content to change. We compute the
substances turnover of a patient specific carotid geometry in a finite element model.
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Fig. 8.

_ Slice 4
SllCe‘l Slice 3w 4
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Slice 1 Slice2 Slice3 Slice4 Slice5 Slice6

Initial radius [mm] 4.8177 3.8292 2.9090 2.6611 3.5053 3.1023
Final radius [mm] 4.0444 3.2109 2.6538 2.1879 2.8946 2.6078
Contraction [%] 19.21 19.25 9.61 21.62 11.98 18.89

Table V. Variation in the lumen diameters at different positions due to the increase in collagen content.

The turnover of the different constituents in the arterial wall has been studied by mathematical
and numerical models. Most of these models have been based on purely mechanical stimuli [Kuhl
et al., 2003] leaving out a substantial number of biochemical processes. There are some models that
deal with the turnover of the arterial constituents very successfully but they tend to be analytical, for
example in the context of mixture theory [Alford and Taber, 2008, Humphrey and Rajagopal, 2003],
and use very simple geometries [Alford et al., 2008, Figueroa et al., 2009]. These mixtures models
for turnover are local and do not consider mass transport phenomena. Moreover they are based only
on mechanical variables and they not take into account the real biological substances. Here we have
modeled and computed for the first time, as far as our knowledge go, the first simulation in a finite
element framework based on the real biological substances that lead to the remodeling process in
the arterial tissue.

Our results on the substances turnover (TGF-$3, TIMP and MMP-1) correlate with experimental
results reported in Laviades et al. [1998], Schaan et al. [2007] and Porreca et al. [1997] as we
demonstrated in Section 2.2.1. We discussed here about the MMPs-TIMPs relation. In terms of
the collagen content, our model shows increases of ~ 15% in the media layer and of ~ 10% in
the adventitia. Maxima were at 35% and 25% in the media and adventitia layer respectively. These
results are comparable with the experimental findings in, e.g., Bagshaw et al. [1987] reporting a 37%
increase in collagen content and Hu et al. [2007b] reporting a 30% increase. Hu et al. [2008] also
report increases of 15% in hypertension following a decrease to normal values. They hypothesized
that this was due to the enhanced collagen degradation by MMPs. Eberth et al. [2010] also observed
that the collagen content rise up to =~ 20% in an extensive model of carotid remodeling in altered
pulsatility. Collagen turnover has a direct consequence on arterial compliance and distensibility due
to the stiffening that the collagen produces. Our results reflect this behavior in terms of a loss of
distensibility. This stiffening has been reported by, e.g., Hayashi et al. [1980], Hajdu and Baumbach
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[1994], Hu et al. [2007b,a] and Eberth et al. [2011]. All these works show the stiffening that our
model predicts. Note, also, that we have studied the effect of density changes in collagen but not if
the orientation of these fibers does. As far as our knowledge goes, collagen density changes but not
its distribution.

Our model predict a contraction of the lumen. There are data in literature showing a decrease
or increase of the lumen diameter. Wiener et al. [1977] reported a decrease of the lumen dialeter of
9%. Schofield et al. [2002] also reported a reduction of 15.7% in the lumen diameter in small human
arteries. Boutouyrie et al. [1999] and Eberth et al. [2010], however, showed an increase of 7.8% and
11.1% of the internal diameter respectively. In this regard, as we mentioned before, data in literature
shown many different results. The previous mentioned works on the effects of hypertension include
more effects as the thickening of the arterial wall (see, e.g., Owens et al. [1981]) or the dysfunctional
endothelial NO which can dilate or contract the artery. We are not considering these aspects all
together but looking individually at the effect of collagen remodeling due to hypertensive disease.
Since we only focused on the stiffening of the arterial tissue, we can not conclude that our model
could, up to day, predict accurately this diameter variation since other effects as the thickening or
NO vasodilating could influence the results. Future work will be focused on include the effects of
myogenic tone, NO and our previous model on arterial thickening [Saez et al., 2014], all together,
to give a clue about this geometrical effect.

There are some limitations in the present approach. First, we have left out of this study a very
important aspect of SMC, the myogenic tone, which is the trigger element of our model as already
discussed in the introduction section. SMC produces the so called myogenic tone which activates
the contraction of the cell and makes arteries adapt the lumen to maintain the same mechanical state
in the wall. There are other biological aspects accurring during hypertension that we left out of our
model, but as we stated, we believe the ones considered here are the most relevants ones. Also,
we looked to the beginning of the precess where all the quantities are unbalanced. However, these
substances, as e.g. TGF-/3, turn to normal values. We are, however, not considering the long term
scenario. We took out of our model residual stresses which can modify the stress distribution across
the different layers Delfino et al. [1997]. Although absolute value of stretches could change when
residual stresses are included the difference between the normotensive and hypertensive conditions
would not vary remarkably. Residual stresses in the arterial tissue when bifurcation is not completely
well defined theoretically and we wanted to keep the model as simple as possible to investigate the
individual effect of the unbalanced substances and collagen turnover.

In terms of computational issues, the model could also be carried out in a more compact scheme.
We did our simulations in a sequential way. However, given the differences in the time scales of
each process, mass transfer, transport and collagen turnover, the splitting into separate processes is
a reasonable approach. Another issue in the computational treatment of the problem is that the time-
related parameters do not have a clear physical meaning. Finally, the number of material parameters
is also a drawback although this is a common issue in almost any computational model on literature.

Better experimental data in controlled environment of the autocrine and paracrine function by
SMC and fibroblast for different mechanical stimuli are also required. The subsequent collagen
turnover should also be better characterized. Experimental tests with singles cell or a controlled
population, where the substances released and collagen turnover could be measured, would allow to
a better fitting of our model parameters. This procedure would also allow to reproduce more general
cases and give new insights in unknown issues by experimentalist. However, as far as we know, this
is not available. Although these values can be measured easily in a controlled test it is not that easy
in-vivo. Collagen turnover occurs at different degrees and depending on which point of the carotid
we are looking at. More accurate values of the collagen content through the different layers and
position would be helpful data that have neither been measured previously. Our results can predict
the differences on collagen content at different spots that experiments could provide.

Besides overcoming the limitations mentioned in the last paragraph, the model will, if the
previous limitations could be overcame, be easily extrapolated to simulate collagen turnover in other
cardiovascular tissue presented in the heart [Diez and Laviades, 1997], aorta [Wolinsky, 1971], and
other cardiovascular pathologies such as aneurysms. Our approach, more focused on the actual
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biological background that other previous models can help to clinicians and biologist to advance in
treatment protocols. Planning patient-specific treatments is a very costly procedure. Computational
models are in the way of helping experimentalist to understand and control better these puzzling
problems.

As conclusion, in this work we have developed a mechano-chemical model of the process of
collagen turnover in the vessel wall during hypertension. As far as our knowledge goes, we have
modeled for the first time the mechanobiology of the collagen turnover in cardiovascular tissue. We
have included different substances secreted by SMC and fibroblast that at the end make the collagen
density to vary. We have include this in a general finite element framework. Given experimental data
from literature of these biological substances we have been able to reproduce the final increase of
collagen density and the following stiffening.
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