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Abstract—We propose a mathematical model of atheroma
plaque initiation and early development in coronary arteries
using anisotropic transmural diffusion properties. Our cur-
rent approach is on the process on plaque initiation and
intimal thickening rather than in severe plaque progression
and rupture phenomena. The effect of transport properties,
in particular the anisotropy of diffusion properties of the
artery, on plaque formation and development is investigated
using the proposed mathematical model. There is not a
strong influence of the anisotropic transmural properties on
LDL, SMCs and collagen distribution and concentrations
along the artery. On the contrary, foam cells distribution
strongly depends on the value of the radial diffusion
coefficient of the substances D' and the ratio y = Df, /Dj,.
Decreasing y or diffusion coefficients ratio means a higher
concentration of the foam cells close to the intima. Due to
the fact that foam cells concentration is associated to the
necrotic core formation, the final distribution of foam cells is
critical to evolve into a vulnerable or fibrotic plaque.

Keywords—Atheroma plaque, Convection—diffusion-reac-
tion equations, LDL transport, Growth.

INTRODUCTION

Atherosclerosis is  the process in  which
plaques—consisting of deposits of cholesterol and
other lipids, calcium and large inflammatory cells
called macrophages—are built up in the walls of the
arteries causing narrowing, hardening of the arteries
and loss of elasticity. The mechanical factors which
could initiate the atherosclerosis lesion has been widely
explored by many authors.''**3%>7 Cyclic stretch,
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laminar and oscillatory shear stress, effects of vessel
compliance, curvature, pulsatile blood flow or cardiac
motion are considered the main mechanical triggers of
atherosclerosis initiation.*

The fundamental cause of plaque development is
believed to be the abnormal enlargement of the intima
by the infiltration and accumulation of macromolecules
such as lipoproteins and the associated cellular and
synthetic reactions.”® This suggests that the macro-
molecular transport in the arterial wall must have some
impact on the initiation and development of
atherosclerosis.”” Therefore, zones of elevated LDL
tend to correspond to areas of atherosclerotic lesion
development and intimal thickening, and such zones
also tend to have “abnormal” WSS patterns.’® The
endothelium, which is the internal lining of the entire
cardiovascular system, is uniquely positioned to be a
sensor, responding and transducing these hemodynamic
signals.*® Fatty streaks, the earliest detectable lesions in
atherosclerosis, contain macrophage-derived foam cells
that differentiate from recruited blood monocytes.
Monocytes are recruited to tissues via constitutive sig-
nals and in response to inflammatory mediators.>” More
advanced atherosclerotic lesions, called fibro-fatty pla-
ques, are the result of continued monocyte recruitment,
together with smooth muscle cell migration and prolif-
eration.*’ In addition, some chemokineses that can act
as potent mediators of monocyte and SMC migration
and macrophage differentiation are expressed in human
atherosclerotic lesions.**

Several authors analyzed the macromolecular trans-
port of the LDL along the arterial wall,'-!228:2944-3260 A
number of works'*** indicate that the arterial transport
properties are controlled by the microstructure of the
layers of the arterial wall. Due to the structure of the
arterial wall, there are one or two-orders of magnitude



difference between the diffusion properties in axial and
radial direction.?>*> However, most of them considered
the isotropic diffusion properties.

In a previous work, a computational model based on
reaction—convection—diffusion equations coupled with
blood-wall mass transport of the main biological spe-
cies which lead to atheroma plaque development was
presented.'® These biological agents and substances
were LDL, oxidized LDL, monocytes, macrophages,
foam cells, smooth muscle cells, cytokines and colla-
gen. The dependence of fluid and mass transport
through the endothelium on local blood flow charac-
teristics was modeled using a three pore model corre-
lated to WSS.** In this study based on the
aforementioned mathematical model, the impact due
to changes in the microstructure which results in a
variation of transport properties is analyzed. In par-
ticular, the effects of the changes of transmural trans-
port properties on the atheroma plaque development
are studied based on our new mathematical model.

GOVERNING EQUATIONS

The endothelium consists of a single layer of en-
dothelial cells while the arterial wall is usually con-
sidered as a porous medium.'® We modeled the
transport phenomena through a homogeneous wall
where the arterial wall is approximated by a simple
homogeneous media layer.”® Mass transfer across the
arterial wall occurs via two main mechanisms: con-
vection associated with the gradient of pressures which
promotes transmural flow and mass diffusion caused
by concentration gradients. Different substances and
species are transferred between the lumen and the
vessel wall and react between them. The main phe-
nomena modeled using the diffusion—convection—re-
action equations are: the monocyte (/) transmigration
and later differentiation into macrophages (M); the
LDL accumulation and further oxidation; the ingest of
oxidized LDL (LDLyy) by the macrophages and their
apoptosis, leading to foam cells (F); the differentiation
of contractile (S;) into synthetic (Ss) smooth muscle
cells due to cytokines (c¢), the migration of synthetic
smooth muscle cells and their secretion of collagen (G).
Figure 1 schematic shows the considered substances
and cells in the atheroma plaque growth process as
well as their interaction between them.

Lumen

The blood flow was assumed to be steady, incom-
pressible, laminar, Newtonian and, hence, governed by
the Navier—Stokes equation (1;) and the continuity
equation (1)
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The subscript 1 is used to represent the lumen, then, u
is the velocity vector field in the lumen, p; is the lumen
pressure, and p, and p, the blood density and dynamic
viscosity, respectively.

The LDL and monocyte transport in the blood fluid
domain along the artery lumen is governed by the
convection—diffusion equation:
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where Dipr; and Dy, are the LDL and monocytes
diffusion coefficient in the lumen blood flow and Cypy ;
and Cy,; are the LDL and monocyte concentration
respectively.

Arterial Wall
Substances

The diffusion and convection equations for the
substances through the artery wall can be modeled as
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where Ciy and D;, are the concentration in the artery
wall and the diffusive coefficient in the plasma of the i
substance, respectively.

Apart from the diffusive and convective terms of
Eq. (4), the term relating to the reaction part,
dipLCLpLw, corresponds to the LDL oxidation for-
mation, indicating the concentration of LDL per sec-
ond which is oxidized. dypr is the degradation rate of

LDL. The DipL,,, value has been considered as simi-
lar to that used for the LDL substance by Prosi et al.*®
drpr CLpLw models the oxidized LDL process from the
LDL. Finally, the quantity of LDL uptake captured by
the macrophages per second g%ﬁ% is defined by the
second term on the right hand side of Eq. (5), where
Cwmw 1s the concentration of macrophages and LDLy,
is the rate of LDL uptake by each macrophage. d, is
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FIGURE 1. Schematic representation of the different considered processes, cells and substances into the atheroma plaque

growth model.



the degradation rate of cytokines, and C; the produc-
tion ratio of cytokines due to the presence of oxidized
LDL and macrophages.”® Moreover, since macro-
phages are responsible for cytokine secretion due to the
oxidized LDL, the concentrations of both species are
included in the cytokine production term. The collagen
is secreted at the rate G, and degraded at the rate d.
The natural degradation of the collagen as the age
increases has not been taken into account. Diffusion
and convection effects of cytokines have been disre-
garded, because it was considered that cytokines are
retained in the macrophage membrane.®

Cells

Due to the size of the cells, the convection term has
been disregarded.”® The diffusion and reaction gov-
erned equations for the cells are

a Cm w

Therefore, the last term on the right hand side of
Eq. (9) corresponds to the chemotaxis of the mono-
cytes due to the presence of oxidized LDL. The
gaussian function tends to 0 when the monocyte
concentration is bigger than CW .. a threshold for
monocyte concentration which is set to the same value
as the monocyte blood concentration. The first term
of right side on Eq. (8) corresponds to the monocytes
which have been differentiated into macrophages;
and the second term models the foam cell formation.
The foam cell formation depends on the quantity
of oxidized LDL ingested by the macrophages
(LDLox;CM.wCLDL,, ) Which has been multiplied and
divided by the constants M;; and M,,. The former
corresponds to the oxidized LDL concentration per
second that a single macrophage should ingest to
convert into a foam cell. The latter refers to the rate of
foam cell formation per second depending on the
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where C;y and D, are the concentration and diffusive
coefficients of the different cell populations, respec-
tively. dn is the constant rate that modulates the
monocyte differentiation. The second term of the right
side on Eq. (9) represents the monocytes natural death.
The monocytes undergo random motion, are chemo-
tactically attracted to the chemicals in the presence of
oxidized LDL and grow up to a maximal value CY; .

macrophage concentration. The first reaction term of
Eq. (10) corresponds to the macrophage apoptosis,
whose constant has already been defined. Initially,
SMCs were assumed to be in a contractile phenotype.
The presence of cytokines modulates their differen-
tiation towards a synthetic phenotype by the differen-
tiation rate of these cells due to the presence of
cytokines.” The contractile smooth cell differentiation



is modeled as a reverse sigmoid function where at the
maximum concentration of cytokines, Cc,w'®, the dif-
ferentiation is maximum. Since the mitosis and death
of these cells are regulated by the organism body and
both rates tend to be in equilibrium, the proliferation
and apoptosis of these cells are not included in the
equations. The diffusion of SMCs is disregarded since
these cells migrate instead of being spread by diffusion.
Finally, synthetic smooth muscle cells are induced into
the intima by the chemoattractant (cytokines), being
mg, the migration rate of these cells.”® Again, the
convention of these cells has been disregarded owing to
their size, as with other cells included in this model.
Moreover, contractile SMCs cells are considered qui-
escent, and therefore there is no diffusion process. The
diffusion of synthetic SMCs is disregarded because
these cells migrate instead of being spread by diffu-
sion.””

An initial concentration of contractile smooth
muscle cells of 29.28 x 10'* mol/m? is defined as the
initial condition,®” and insulation boundary conditions
were applied.

Transmural Plasma Flow Throughout the Artery Wall

The transmural velocity vector field u,, in the arte-
rial wall is calculated with Darcy’s Law (13;) and the
corresponding continuity equation (13;),
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where the subscript w is used to represent the artery
wall variables, iy is the Darcian permeability of the
arterial wall, p, and p, are the density and dynamic
viscosity of the blood plasma, respectively, py, is the
pressure within the arterial wall which is determined by
the blood flow simulation along the artery lumen, and
€p 1s the porosity of the artery wall.*

Plaque Formation

_The mass balance for open systems can be written as
dp o — [1; — V - M; where p, is the total density of the
tlssue in the reference configuration, I1; are the source/
sinks and M; the mass fluxes of the i arbitrary species.
I1; are related to migration, proliferation, differen-
tiation and apoptosis of the cells and secretion and
degradation of the substances. The concentrations of
each species have the property p., being p, = >, pi,
the total material density of the tissue as the sum over
all i. As mass transport alters the reference density, p!,
assuming that these volume changes are 1sotr0plc it
leads to the following growth kinematics V - v’ = Zo

where v is the velocity of the material points, p;‘;‘z

means the original concentration of a species in the
undeformed configuration.'® It has been assumed that
monocyte and macrophage sizes (before ingesting
oxydized LDL) as well as cytokine, LDL and oxydized
LDL sizes are small in comparison with the sizes of
foam cells and SMCs.® Thus the isotropic growth of
the atheroma plaque can be estimated as'’

OCF,w HACs 9Cow 1
V.v= o1 Voltoameen + 8ts = Volsme + 8? . E
(14)

where ACsy, is the variation of both contractile and
synthetic SMCs with respect to the considered initial
concentratlon of these species, Volfoameell = 3 47Rg? and
Volsme = nRSMC Ismc are the volume of one foam
cell and one SMC, respectively, which can be estimated
knowing the radius of a foam cell Rp and a SMC
Rsmc, and pg; the density of the collagen. The foam cell
has been considered as spherical and the SMC shape as
ellipsoidal.*?

Boundary and Initial Conditions

Fluid

the inlet of the artery, uf = 2up( 1 — ( % , Where
is the mean inlet velocity as the averagé df the mean
diastolic and systolic velocities in the left anterior de-
scending coronary artery,”® while a given pressure is
given at the outlet. R is the internal radius of the artery
and r is the radius of the artery at an axial location.
Finally, a non-slip boundary condition was applied
between the lumen and the endothelium interface.

For the mass transport calculations at the lumen
volume, a constant concentration boundary condition
is used at the lumen inlet for LDL and monocytes. A
convective flux condition is used to ensure that LDL
and monocytes are convected out of the domain with
flow N = —D;;V i1 + uCi; with i = LDL, m. Finally,
an outflow and no flux boundary conditions were ap-
plied at the lumen outlet and lumen artery wall inter-
face, respectively.

A given axial parabolic velocigy profile i?imposed at

Transmural Plasma Flow Throughout the Artery Wall

The coupling of the flow dynamics in the artery
lumen with that in the arterial wall is achieved by a
three pore model. A transmural volumetric flux (Jy
(%)) through the endothelium is calculated by means
of this theory

Jy= Ly + i + Jov
~—~ "
Leakyjunctions Vesicularpathways ( 15 )

= Ly jApr + LpjApr,

Normaljunctions



where Jyjj, Jvn and Jy, are the volume flux through
leaky and normal junctions and the vesicular pathway,
respectively. Volume flux occurs mainly through nor-
mal and leaky junctions,*> therefore, flux through
vesicular pathway can be neglected, J, = 0. Ly 5 is the
hydraulic conductivity for the normal junction and
Ly = %Lp,slja the hydraulic conductivity for the leaky
junction, where =% = %q&lj represents the fraction of
the surface area S occupied by the leaky junctions A4y,
Reenn the endothelial cell radius, w; the half-width of a
leaky junction, and ¢y; is defined as the ratio of the area
of leaky junctions to the area of all the cells.?**>® Ly is
the hydraulic conductivity of a single leaky junction.
Once ¢;; is known, the transport properties of the leaky
junctions can be calculated accordingly. In the pre-
sented model, ¢;; is assigned locally at the endothelium
as a function of WSS, so ¢;; = % where LC is the
correlation between the number of leaky cells per unit
area of 0.64 mm? and the number of mitotic cells that is
directly related to the WSS, see Olgac et al.** for more
details. The transport properties of the leaky junctions,
i.e., hydraulic conductivity, diffusive permeability and
the reflection coefficient, are estimated using the pore
theory.'>** Accordingly, the hydraulic conductivity of
a single leaky junction is given by L, 4 = #‘2, where /j;
is the length of the leaky junction.?-*® Finaﬂi, given all
these considerations, the volume flux J, through a
single pathway can be estimated.

Substances and Cells

Moreover, at the media-adventitia interface, a con-
stant LDL concentration value of 0.005 times the LDL
concentration retained at the /umen-intima-media in-
terface was assigned as Meyer et al.*® reported. The
lumen artery wall interface coupling of solute dynam-
ics is achieved by a three pore model that takes into
account the vesicular pathway, normal endothelial
junctions, and leaky junctions. Thus, the solute flux of
LDL at the endothelium was defined as a boundary
condition by the Kedem-Katchalsky equations.?” The

total LDL solute flux, Js1pL (%%1), through a single

pathway'** is given by
4]
Js1pL = LDLdepﬁ(PljZIj + Jv,lj(l — O'filj) + PV),

T
CLpL

(16)

with ¢ being the luminal LDL concentration at the
endothelium. The LDL deposition coefficient, which
indicates the percentage of LDL particles from the
blood flow deposited at the endothelium, is
LDLdep.m’44 Furthermore, since the entrance of LDL
into the arterial wall can not grow indefinitely, we
consider a natural saturation incorporated by the

CrpL™ that occurs when the LDL levels in the blood
are pathological (2.7 mg/ml).** Finally, Py is the diffu-
sive permeability of the leaky junction pathway, ory; the
solvent drag coefficient for the leaky junctions, Py, the
diffusive permeability of the leaky junction pathway
and Zj; a fractional reduction factor in the solute con-
centration gradient at the pore entrance.** Applying the
proportion between the leaky junction pathway and
vesicular transport reported by Cancel et al.,’ the per-
meability of the vesicular pathway P, can be calculated.

Regarding the boundary conditions of monocytes,
insulation conditions were applied at both axial ends of
the wall and the media-adventitia interface, and a
perpendicular monocyte inflow to the endothelium has
been defined. The solute flow dependence on the WSS
has been modeled based on the study by Bulelzai and
Dubbeldam.” The monocytes solute flux per unit of

surface, Jsm (%’I}—SS) is modeled as

my
Jsm = 1_|_7WSSCLDL°"*“’Cm’l (17)
WSS,

The value of WSS, designates the WSS at which the
growth rate of the monocyte concentration due to the
signaling response by the endothelium is reduced by a
factor of two compared to the zero wall shear rate
response by the endothelium. Since the monocyte
captation for the artery wall is due to the presence of
oxidized LDL in the intima, the right hand side of Eq.
(17) includes this term Cipi,,,. The factor m; is a
constant which determines the rate at which monocytes
enter the intima for small WSS and per mol/m® of
oxidized LDL."

Finally, insulation boundary conditions were ap-
plied at both axial ends of the artery wall, where the
flux of substances and cells are defined as N=
—DiwVCiw + uyCiy, with i = LDL, LDL, m, M.

For the sake of clarity, the values and physiological
meaning of the parameters are given in Table 1.

GEOMETRICAL MODEL AND MESH

A commercial FE code, COMSOL Multiphysics,
(COMSOL Inc.), was used to implement the model.
Then, a computational geometry corresponds to an
idealized axisymmetric representation of a left de-
scending coronary artery with general dimensions of
1.85 and 0.1702 mm for the inner radius and arterial
wall thickness, respectively, and the length of the
model is 60 times the inner radius.'>* Furthermore, a
stenosis ratio of 55% is included in the geometry. The
artery wall is composed of a three-porous-media
membrane for the endothelium and one layer which
corresponds to the intima and media layers together.



TABLE 1. List of parameters related to the biological model.

Parameter Description Value References
Blood diffusion coefficients
Dipiy LDL 5 x 10712 m%s 15
D) Monocytes 1 x 10719 m?%s 45
Plasma diffusion coefficients
DS w LDL in radial direction 8 x 10713 m%s 46
D Oxidized LDL in radial direction 8 x 1071 m?/s 46
PO Monocytes in radial direction 8 x 10715 m?s 4
D,'j°w Macrophages in radial direction 1 x 10715 m%/s 4
Parameters
dipL Degradation LDL 3.0 x 10~* s 18
[0/ Monocytes differentiation 1.15 x 1078 51 5
my Monocytes natural death 25725 32
LDL o, Oxidized LDL uptaken 0.0012 x 107" m%cell s 33
LDLgep LDL deposition 1x102¢g 10
My Oxidized LDL leads to foam cell 2.83 x 107" m%mol s 63
my Small WSS rate monocytes 5.5 x 1074 m®/mol day 13
Mo Foam cell formation 9.25 x 1072* m%/cell s 63
ds Cytokines degradation 23148 x 107% 5" 64
C: Cytokines production 3 x 1071° m¥s cells 50
S Contractile SMCs differentiation 416 x 10-8 s 9
ms, Synthetic SMCs migration 1x10°5s™! 20
G Synthesis collagen 2.157 x 10~ g/cells 62
da Degradation collagen 385 x 107 s~ 24
Dimensions
Reell Endothelial cell radius 15 um 58
w Half-width of a leaky junction 20 nm 58
I Leaky junction length 2nm 58
RipL LDL radius 11 nm 46
Re Foam cell radius 30.24 um 31
Rsmc SMC radius 7.5 um 39
lsmc SMC length 115 um 39
Threshold
o LDL threshold 6.98 mol/m® 48
Lo Monocytes mitosis threshold 550 x 10° cells/mm 21
Initial conditions
Coop Initial lumen LDL concentration 1.2 mg/ml 13
,?1’, ’ Initial lumen Monocytes concentration 550 cells/mm 13,21
CioL adv Adventitia interface LDL concentration 0.005C pLnt 40
o, Contractile smooth muscle cells concentration 29.28 x 10'2 mol/m® 62
Others
Pp Blood density 1050 kg/m® 41
Hp Viscosity density 0.0035 Pa s 4
Pp Plasma density 1000 kg/m® 41
Hp Plasma density 0.001 Pa s 4
Kw Darcian artery permeability 12 x 10718 m? 56
- Intima_-madia narncihs 0.96 1
1.92 x 10" m/s 44
1 g/ml 47
1.19 x 107" m/s 54
up IVIgdll dItery gL VEIuGILy 0.24 m/s 26
ot Drag coefficient of a leaky junction 0.5682 el
Apr Endothelial pressure difference 17.5 mmHg 44,54
WSS, Reference WSS 1 Pa 5

The plasma diffusion coefficients correspond to the isotropic case Difw =D3,.



FIGURE 2. (a)3D idealized geometry of an atherosclerotic coronary artery stenosed 55% of its area in order to obtain areas of flow
recirculation and longitudinal section of this artery where the dashed center line represents the symmetry axis. (b) Longitudinal
section of the used mesh, showing a detail of the mesh at the interface between lumen and endothelium.

TABLE 2. LDL transport properties for the different cases.

Case DipL, (M?/s) DZpL, (M?/s) 7
Case 1 8x 101 8 x 10713 1
Case 2 8x 1013 8 x 107 0.1
Case 3 8x 10 " 8x 107" 10
Case 4 8 x 10°1° 8x 10713 100
Case 5 8 x 1071 2.4 x 10712 3
Case 6 8 x 101 52 x 10712 6.5
Case 7 8x10 1 8 x 1012 10
Case 8 8x10 " 8x10 " 100
Case 9 4x10° " 4x1012 10
Case 10 16 x 107 1® 16 x 10712 10
Case 11 8 x 101 8 x 10713 1

Note that Dj, =7D], was also considered for oxidized LDL,
monocytes and macrophages, except for Case 11 where

g — Z —
Dipw,,,, = Dioi,,, =0

The adventitia layer has been modeled as a boundary
condition. Figure 2a shows the coronary artery model
used and the axisymmetric section.

The lumen and the arterial wall were meshed with
32848 and 48610 triangular elements, Fig. 2b. Fur-
thermore, grid independence tests were performed
successfully for both fluid flow and LDL transport
calculations."?

TRANSMURAL TRANSPORT PROPERTIES

Several authors computed the macromolecular
transport of the LDL along the arterial
wall, 122829445260 however the diffusion properties

were considered identical for radial and longitudinal
directions of the wall, i.e., isotropic diffusion. Due to
the structure of the arterial wall, there is a one or two-
order of magnitude difference between the diffusion
properties in axial and radial directions®>*
D;, = vyDi . This ratio was analytically estimated by
Yuan et al.®' as y =~ 3. In this work, we analyze the
effect of y on the LDL transport and the growth of
atheroma plaque. We change this value from non-
physiological conditions y = 0.1 to y = 100 using in-
termediate values corresponding to isotropic condition
y =1, taken as the baseline model or case 1, or the
reported value y = 3, see Table 2. Regarding the LDL
diffusion coefficient of the media Dip; . we consider
the baseline value proposed by Huang ef a/.** and used
by Olgac et al.** of 8 x 10°'* m?/s. This value is
similar to the one estimated by Baldwing ez al.* as 1.1
x 107" m?/s. However, other authors consider dif-
ferent values, as Vafai works where an isotropic value
of 5 x 107" m?/s"'%*-% was considered. For this
reason, we also study the influence of decreasing the
radial diffusion of the LDL as D . =8 - 10714 22
see also Table 2.

The results for the normalized LDL concentration
are obtained numerically and compared with the ex-
perimental work of Meyer et al.** and Curmi et al.'*
where the transmural distribution of relative concen-
trations of LDL across the wall were studied in vitro in
freshly excised rabbit thoracic aorta held at in vivo
length and pressurized at 70, 120, or 160 mmHg for 30
min and 2 h, respectively.
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FIGURE 4. Spatial concentration distribution of the cells and substances along the vessel wall for case 1 (baseline model, y = 1).
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RESULTS stenosis and those observed by Meyer et al.** and
Curmi et al.'* are shown in Fig. 3. The profiles are in
good agreement, with the exception of the measure-
ment location closest to the endothelium. The results
are closer to Curmi ez al.'* data than Meyer et al.*’.

A comparison between the LDL wall concentration
profiles obtained by our simulations at a point where
the WSS reaches a constant value downstream the
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TABLE 3. Stenosis area ratio (%) for each analyzed case.

Case Stenosis area ratio (%)
Case 1 50
Case 2 57
Case 3 51
Case 4 43
Case 5 43
Case 6 39
Case 7 33
Case 8 19
Case 9 21
Case 10 13
Case 11 47

This factor represents the ratio between the area occupied by the
grown atheroma plaque divided by the lumen area of a healthy
artery.

The concentration value at the media-adventitia in-
terface is fixed by the imposed constant concentration
boundary condition. Its value is given by that mea-
sured by Meyer ez al.*’. There is not a strong influence
of the anisotropic transmural properties on LDL dis-
tribution along the artery when WSS reaches a con-
stant value.

The spatial concentration distribution of the cells
and substances for case 1 (baseline model) and case 7
(physiological model) after 10 years are shown in
Figures 4 and 5. The simulated advanced lesions grow

progressively in size due to the increasing mass of
substances and cells. All substances and cells are con-
centrated close to the lower shear stress zone,'” being
the low WSS the trigger to the plaque initiation pro-
cess. In particular, due to the continuum flux of LDL
and monocytes thought lumen, these substance and
cells are strongly concentrated in the intima-media
layer. Oxidized LDL, macrophages, cytokines and
foam cells (lipid derived from macrophages death)
accumulate mainly in the upper side of the media.
However, SMCs and collagen are distributed through
the whole media. These results are in agreement with
the clinical evidences.'***>> When transport properties
are anisotropic (y = 10), there is a more uniform axial
distribution of the substances and cells and conse-
quently the plaque grows slower in the radial direction.
The stenosis ratio was 50% and 33% for cases 1 and 7,
respectively, see Table 3.

The effects of transmural properties on the plaque
growth are studied. Figure 6a illustrates the influence
of the anisotropic diffusion on the LDL concentration
along the plaque. For the non-physiological case where
7 = 0.1 (case 2, more diffusion in radial direction than
longitudinal one), there is a strongly concentration of
LDL on the intima-media layer and the plaque grows.
Using anisotropic physiological diffusion properties
(cases 5, 6 and 7), there is a more uniform distribution
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of the LDL and there are no relevant differences be-
tween models. Decreasing one order of magnitude the
diffusion properties until 8 x 10~'* m?/s in radial di-
rection and 8 x 10~ "* m?/s in longitudinal one (case
3), increases the LDL concentration and the growth of
the plaque respect to physiological values (Table 3). In
fact, there are no differences in the distribution respect
to the isotropic case. When the difference on the dif-
fusion coefficient between longitudinal direction re-
spect to the radial direction is unphysiological
(y = 100, case 8), there is no localized plaque growth
although the LDL distribution is similar to the previ-
ous one. The cases with higher longitudinal diffusion
coefficient (cases 5-10) present a slower growth rate
than the rest of cases (cases 1-4 and case 11).

Figure 6b depicts the influence of the anisotropic
diffusion on the foam cell distribution. Changes in
diffusion properties have a strongly influence in
concentration and distribution of these cells. De-

creasing y produces a higher concentration of the
foam cells close to the intima-media layer con-
tributing to form a more vulnerable plaque (cases 1,
2, 3 and 9). On the contrary, when y = 10 + 100, al-
though high concentration of LDL is found, there are
limited foam cells showing a predisposition to evolve
to a fibrotic plaque (case 4 and 7). Note that for the
extreme example or null diffusion of oxidized LDL
(case 11), the plaque is mainly lipidic, showing the
relevance of the diffusion properties of oxidized LDL
on the plaque growth. Finally, Figs. 6¢ and 6d show
the effect of transmural transport properties on the
SMCs distribution and collagen concentration. As
expected, there is much less influence of the diffusion
properties on the SMCs and collagen distribution due
their diffusion was neglected (see Eqgs. (12) and (7),
respectively). Changes in concentration or distribu-
tion of SMCS are very related to changes on cy-
tokines, results are not shown.



DISCUSSION

In a previous study,"” a mathematical model of

atheroma plaque formation and development in
coronary arteries using isotropic transmural diffusion
properties was proposed. Our current approach is fo-
cused on the process of plaque initiation and intima-
media thickening rather than severe plaque progres-
sion and potential rupture. The effect of transport
properties, in particular the anisotropy of diffusion
properties of the artery, on the plaque formation and
development is investigated using this mathematical
model.

The computed LDL concentration profile through-
out the arterial wall and the results of Meyer et al.*
and Curmi et al.'"* at 70 mmHg is in good agreement
with the exception of the experimental measurement
point that is closer to the endothelium. For the baseline
model (case 1) similar results were obtained by other
authors in LDL transport models.':'22%29:44:32.60 Thege
results could be used as a validation of the macro-
molecule and cell transport model. Although the de-
veloped model is relatively simple, it captures some of
the main features of atherosclerosis lesions formation.
The model is also in accordance with the clinical hy-
pothesis that correlates atherosclerosis occurrence with
low WSS. However, although the results obtained are
reasonable in terms of the biological process of
atheroma plaque growth, these results can not be
quantitatively validated since the appropriate ex-
periments which directly measured the concentration
of each species at the human artery wall over time are
not currently available.

There is not a great influence of the anisotropic
transmural properties on LDL distribution through the
artery wall in the zone where WSS reaches a stabilized
and uniform value. This effect is also observed in the
location where the new plaque is formed, see Fig. 6a.
Similar results were obtained for SMCs and collagen
distribution, since there is few influence of the diffusion
material properties on SMCs and collagen concentra-
tions due to diffusion was neglected for these cells and
substance (Figs. 6¢c and 6d). On the contrary, foam cells
distribution strongly changes depending on the value of
the radial diffusion coefficient of the substances D" and
the ratio y = Df / D} . Decreasing y leads to a higher
concentration of the foam cells close to the intima-
media layer. On the contrary, when y = 10 <+ 100, al-
though a high concentration of LDL, there is a sig-
nificant reduction of foam cells. Due to foam cell is
associated to a necrotic core, the final distribution of
foam cells is critical for a plaque to evolve to a vul-
nerable (cases 1, 2, 3 and 9) or fibrotic plaque (case 4
and 7). Therefore, the transmural properties could be
an important factor for the development of fatty or

fibrotic plaques. However, this is an hypothesis that
should be validated. The axial diffusivity of LDL
mainly affects foam cell far more than SMCs or colla-
gen concentration. The reason for this is not clear. Both
the formation of foam cells and cytokines, according to
the given models, depend on the product of oxidized
LDL and Macrophages (eqs 6 and 10). Macrophages
come from monocytes, whose production is also pro-
portional to oxidized LDL. Thus both foam cell and
cytokine formation are essentially quadratic in oxidized
LDL. The region of low WSS has more leaky junctions
and thus more LDL, which quickly becomes oxidized
LDL. Thus increasing axial LDL diffusion will have a
large effect by getting rid of the LDL before it produces
its downstream products. If its degradation is not too
fast, it seems one might expect an effect on cytokine
that is similar to that on foam cell concentration. In
contrast, total muscle cell production (here via
chemotaxis) and the production of its product, colla-
gen, do not depend directly on LDL or oxidized LDL,
but rather have only a linear, indirect acceleration at
high cytokines that is totally muted by its product with
synthetic SMCs. So one expects a far lower effect of
increased axial LDL diffusivity on them.

The presented model considers some important as-
sumptions. First, the endothelium is assumed as a
single layer of endothelial cells, which are elongated in
the direction of the blood flow. Endothelial cells are
interconnected through intercellular junctions. Internal
elastic lamina is an impermeable elastic tissue with
fenestral pores which lies between the intima and me-
dia layers. The processes which lead to atheroma pla-
que evolution take place mainly in the intima and
media layers. Therefore, it should be noted that in the
context of arterial mass transport and atheroma pla-
que formation, the arterial wall refers to the intima and
the media layers, with the adventitia as the outer
boundary layer (only included in the model as imposed
boundary condition). So, most probably a multi-layer
model could improve the plaque growth model.”® Se-
cond, this model focuses on purely mechanical factors
which promote endothelial dysfunction such as low
shear stress.!” Therefore, in this model the endothelium
permeability has been linked to the WSS distribution
along the internal artery wall. This study does not take
into account the mechanotaxis of the atheroma plaque
growth process since the WSS has been considered as
the only triggered factor for atherosclerosis initiation,
and the cyclic stretch effects of vessel compliance,
curvature, pulsatile blood flow or cardiac motion have
been neglected. The arterial mass transport is coupled
with both the bulk blood flow in the lumen and the
transmural flow in the wall, therefore fluid dynamic
models and solute dynamic models have been included.



Additionally, the arterial wall can be treated as a
porous medium. As such, it is of great importance to
characterize the porous media transport models used
in describing biological phenomena. Most human tis-
sues can be modeled as porous media as they are
composed of dispersed cells separated by connective
voids where blood flows.”” Another important limita-
tion in this study is the supposition of arterial wall as
rigid. Additional effort is needed to have a fully cou-
pled time-dependent fluid flow, mass transfer growth
and flexible structure with a multi-layered arterial wall
solid and used this model in actual arterial geometries.
Third, the model parameters were obtained from a
wide variety of experiments on many different human
or animal models. However, a few parameters have
been estimated attending the order of magnitude of
these parameters and making choices that gave
biologically reasonable results. Fourth, a sensitive
study of the parameters used in the growth model in
order to assess the influence on the obtained results
should be executed. Fifth, an idealized straight ge-
ometry based on the human left anterior descending
(LAD) coronary artery has been used to perform the
analysis, however the achieved recirculation zones are
comparable to those that are developed at arterial bi-
furcations.** In spite of these limitations, the devel-
opment of personalized in-silico technologies for
plaque growing is a good choice to approach some of
the questions that atherosclerosis disease still presents.
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