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Two mechanisms of shear stress and mass transport have been recognized
to play an important role in the development of localized atherosclerosis.
However, their relationship and roles in atherogenesis are still obscure.
It is necessary to investigate quantitatively the correlation among low-
density lipoproteins (LDL) transport, haemodynamic parameters and
plaque thickness. We simulated blood flow and LDL transport in rabbit
aorta using computational fluid dynamics and evaluated plaque thickness
in the aorta of a high-fat-diet rabbit. The numerical results show that regions
with high luminal LDL concentration tend to have severely negative haemo-
dynamic environments (HEs). However, for regions with moderately and
slightly high luminal LDL concentration, the relationship between LDL
concentration and the above haemodynamic indicators is not clear cut.
Point-by-point correlation with experimental results indicates that severe
atherosclerotic plaque corresponds to high LDL concentration and seriously
negative HEs, less severe atherosclerotic plaque is related to either moder-
ately high LDL concentration or moderately negative HEs, and there is
almost no atherosclerotic plaque in regions with both low LDL concentration
and positive HEs. In conclusion, LDL distribution is closely linked to blood
flow transport, and the synergetic effects of luminal surface LDL con-
centration and wall shear stress-based haemodynamic indicators may
determine plaque thickness.

1. Introduction

It is well documented that atherosclerosis is much more prone to occurring in
particular regions of the arterial system where the geometry changes sharply,
such as arterial branching, curvature and vascular stenosis, which is referred
to the localization of atherosclerosis [1,2]. Two mechanisms have been proposed
to explain the phenomenon [3]. One is the vascular responses to abnormal
blood flow-induced shear stress [4—6]. The other one is the localized alterations
in mass transport [4,7-15]. For the shear stress mechanism, it is believed that
the blood flow in these predisposed areas is disturbed, which would directly
affect the phenotype of endothelial cells by regulating some atherogenic
genes and proteins and hence promote the development of atherosclerosis
[16-18]. To quantify the disturbed blood flow in these regions, several haemo-
dynamic indicators have been introduced. The first one is wall shear stress
(WSS) which is the frictional force induced by the movement of blood flow
on the endothelial cell [4]. High WSS would protect the artery, while low
WSS (less than 4 dyne cm %) would stimulate an atherogenic phenotype of
endothelial cells [5]. In addition to WSS, other haemodynamic parameters
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based on WSS were also deemed to have a close relationship
with atherosclerosis. For instance, high oscillating shear index
(OSI) and relative residence time (RRT) could promote the
occurrence and development of atherosclerosis [19,20].
Recently, researchers proposed that the high value of trans-
verse wall shear stress (transWSS), describing multi-
directionality of blood flow, may also be important in the
occurrence of atherosclerosis [21,22].

Nevertheless, the accumulation of lipids within the arter-
ial wall is considered to be the key factor of the initial genesis
of atherosclerosis. Therefore, for the mass transport mechan-
ism, the localized alterations in mass transport (such as
oxygen, nucleotide, nitric oxide, low-density lipoproteins
(LDL)), especially the accumulation of LDL on the luminal
surface would contribute to the localization of atherosclerosis
[14,15,23]. Theoretical studies at both the cellular and tissue
scale demonstrated that concentration polarization of LDLs,
that is LDL concentration increasing from a bulk value
towards the interface, occurs in the arterial system and
would be enhanced in disturbed blood flow regions
[23-29]. Several in vitro experiments showed that the lipid
concentration polarization was relatively serious in low
WSS regions and would affect the accumulation of lipids in
the arterial wall [30-33]. However, the correlation of haemo-
dynamics and LDL transport is still ambiguous, since
simulations showed that regions with relatively high LDL con-
centration did not always correspond to low WSS [24,25,34].
Therefore, to reveal the relationship between shear stress and
mass transport mechanisms and their roles in atherogenesis,
it is necessary to investigate quantitatively the correlation
between LDL transport, WSS-based parameters and plaque
thickness. To reach this goal, we numerically simulated the
blood flow and LDL transport in rabbit aorta and evaluated
plaque thickness of the rabbit aorta in several characteristic
locations after feeding a high-fat diet. The computational
model was obtained from the blood vessel cast using com-
puted tomography (CT). The aortas of the rabbits after
feeding a high-fat diet for 10 weeks were stained to study
the high incidence areas of atherosclerosis.

2. Material and methods

2.1. Geometric reconstruction of the rabbit aorta

2.1.1. Casting the rabbit arteries

A male white rabbit (15 months and 3.2 kg) was used for the
casting procedure. Firstly the rabbit was injected with heparin
sodium (approx. 9% w/v) to prevent blood clotting and was
then euthanized with an overdose of pentobarbital sodium
(100 mg kg ') via the auricular vein. After carefully opening
the abdominal cavity and exposing the heart, two intubation
tubes were inserted and ligated into the cardiac left ventricle
and cardiac right atrium, respectively. The cannula in the left
ventricle was used to rinse the arteries with normal saline, and
the blood was flowing out through the cannula in the right
atrium at the same time. After quickly flushing the vessels
until the colour of the blood was clear, the casting material
(self-curing denture acrylic 40 g, methyl methacrylate 50 ml,
dimethyl phthalate 20 ml, red pigment 5 g) was infused through
the cannula in the left ventricle at a pressure of 100 mmHg [35]
until the casting material was hardened and could no longer
be injected. Then, the rabbit corpse was left in cold water for
2 days to solidify the casting material fully, and maintained in
hydrochloric acid solution (approx. 38% w/v) for two weeks.

Finally, the casting vessel was removed from the acid solution
and gently washed with detergent solution [36]. The obtained
cast of the rabbit arteries is shown in figure 1a.

2.1.2. Reconstructing the geometric model of the rabbit aorta

The cast of the rabbit arteries was imaged using a micro-CT
scanner (Skyscan1076, v. 2.6, Belgium) with a slice thickness of
0.018 mm, a reconstruction spacing/increment of 0.162 mm, a
slice overlap of 0.018 mm and an image resolution of 3876 x
2584. The total number of slices was 3693. The images scanned
were segmented by Mmics software (v. 9.0, Materialise, Ann
Arbor, MI, USA) to reconstruct the three-dimensional model of
the rabbit artery, which was slightly smoothed by Geomagic
(v. 2012, Geomagic, North Carolina, USA). Then, the geometric
model (figure 1b) was meshed using ICEM (ANSYS, Inc.,
Canonsburg, PA, USA) with a mixture of tetrahedral and
prism volume meshes (figure 1c) which included 1379803
elements. The boundary layer had the element adjacent to the
wall of 0.001 mm progressively growing over 15 layers to a
total thickness of 0.38 mm. The meshes near the arterial wall
were specially refined and the exponential growth was used
for the geometric growth to catch the steep variation in flow
and mass transport. Mesh independence was considered to be
achieved when the averaged difference in WSS and LDL concen-
tration between two successive simulations was less than 1%
under steady conditions.

2.1.3. Governing equations

Blood was modelled as a homogeneous and incompressible
Newtonian fluid. The arterial wall was assumed to be a no-slip
rigid wall [37,38]. The numerical simulation was based on a
three-dimensional incompressible Navier—Stokes equation and
the conservation of mass:

p{%—? + (u- V)u} +Vp—puViu=0 (2.1)

and

Vou=0, (2.2)

where p and pu is, respectively, the density and viscosity of rabbit
blood (p = 1050 kg m 2and u=35x 1072 kg m s, uand v,
respectively, represent the three-dimensional velocity vector field
and the pressure field within the rabbit aorta.

Mass transport of LDLs in flowing blood can be described by
the following:
%—&-WVC—DAC:O, (2.3)
where ¢ is the concentration of LDLs and D is the diffusion
coefficient of LDL in blood, assumed to be 4.8 x 10> m?s ™' [4].

2.1.4. Parameter values
The Schmidt number, which is used to characterize the ratio of
movement viscosity coefficient to the diffusion coefficient, is

defined as

Sc =

(2.4)

Ole

e
pD

LDL transport is characterized by a high Schmidt number,
and the Schmidt number is approximately 6.94 x 10°.

The Peclet number, used to indicate the relative proportion of
convection to diffusion, is the product of the Reynolds number
(Re) and Schmidt number (Sc). In this study, the time-averaged
Re was calculated to be approximately 360 (mean flow velocity
was 0.199 ms™', the diameter of the aortic root inflow plane
was 6.132 x 10> m, measured from the geometry). The Peclet
number is approximately 2.49 x 10°.
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Figure 1. The computational model of the rabbit aortic arch and descending thoracic aorta. (a) The cast of the rabbit arteries, (b) the geometrical model after
trimming, segmenting and smoothing, (c) the meshed model of the rabbit aortic arch and inlet. (d) The flow waveform at the inlet of the ascending aorta.

Owing to the high Peclet number, the grid near the wall
should be quite small and the smallest grid size in the inner
wall surfaces, is defined as [39]

& & 2.28\/2v/w (25)
3 3.5 3-Vse '

where 8¢ represents the LDL boundary layer thickness, & rep-
resents the boundary layer thickness of the oscillatory flow and
o denotes the angular frequency of the cardiac cycle. The
smallest grid size is approximately estimated as 4.84 x 10> mm.

Armin =

2.1.5. Boundary conditions

The simulations were performed under both steady-state flow
and pulsatile flow conditions. The inlet flow wave shown in
figure 1d, was based on experimental measurements [35,40].
The time-averaged Re was calculated to be approximately 360
(mean flow velocity was 0.199 ms™1). The outflow condition
was used for all outlets. Flow splits into the right common caro-
tid artery and right subclavian artery were 10.9% of the inflow at
the aortic root, meanwhile 3.8% went into the left common caro-
tid artery, 7.1% went into the left subclavian artery and 0.156%
went into each intercostal branch. The eight intercostal branches,
received 1.25% of the inflow at the aortic root [41].

The boundary conditions for mass transport equation were
as follows:

inlet: ¢ =cp, (2.6)
oc,
outlet: o = (2.7)
oc
and wall: vwcw — DipL o) = 0, (2.8)

where v,, is the filtration velocity of LDL across the vessel wall
(0w =35x10"8ms™ 1) [42], and c,, is the concentration of
LDLs at the luminal surface of the artery. The suffix n indicates
the direction normal to the boundary.

2.1.6. Computation procedures

A validated finite volume-based algorithm ANSYS Fluent 14.5
(ANSYS, Lebanon, NH, USA) was used for the simulations.
A user-defined C-like function was used to solve the mass trans-
port equation of LDL [25,26]. The spatial discretization of the
LDL transport used in this study was second-order upwind
and the numerical results had been effectively estimated [43,44].

2.1.7. WSS-based haemodynamic indicators
Four WSS-based haemodynamic parameters (time-averaged wall
shear stress (TAWSS), OSI, RRT and transWSS) were calculated
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through a MATLAB programming environment (The Math-
Works, Natick, MA, USA).

The TAWSS, which was used to evaluate the WSS on the
vessel wall in pulsatile flow, was defined as follows:

T
TAWSS = %J IWSS(s, £)| - dt, (2.9)
0

where T is the duration of the cardiac cycle, WSS is the instan-
taneous WSS vector and s is the position on the vessel wall.
The oscillatory shear stress index (OSI), which was often used
to measure the directional change of WSS during the cardiac
cycle and describe the disturbance of a flow field, was defined

as [45]
{ ((1/TJ;JT WSS(s, t) - dt‘)]
OSI=05(1— . (2.10)

1/T [ [WSS(s, 1) - dt

The RRT introduced to reflect the residence time of particles
near the vessel wall, was calculated as [20,46]
1

RRT = 47081 . TAWSS' 211)

transWSS was defined as

! L WSS(s, t) - dt
transWSS:lJ WSS(s, t) - | n o (s, 1) dt,

« Tdo WSS(s,1) -dt.
Tlo |41y Wss(s, ) - dt
(2.12)

where 7 represents the normal to the arterial surface.

transWSS is to distinguish between uniaxial pulsatile flow and
multidirectional flow for capturing multi-directionality [21,22],
and it averages over the cardiac cycle the magnitude of those com-
ponents of the instantaneous WSS vector that are perpendicular to
the mean WSS vector in the plane of the endothelium.

2.2. Obtaining the atherosclerotic rabbits and tissues

2.2.1. Atherosclerotic rabbits obtained from a high-fat diet

Four male rabbits were fed with a high-fat diet to get athero-
sclerotic arteries. The prescription of a high-fat diet includes
2% cholesterol, 10% lard, 0.5% bile salt, 10% egg yolk powder
and 77.5% ordinary feed [47,48]. Each rabbit took 150 g food
and drank water freely every day. After 10 weeks of feeding,
all rabbits were sacrificed to obtain the atherosclerotic aorta.

2.2.2. Haematoxylin and eosin staining of arterial specimen
The aorta and all the branches were fixed with 4% paraformalde-
hyde for 24 h after being removed from the rabbit and gently
washed with saline solution. The tissues were imbedded and num-
bered according to the routine of paraffin sections, and then sliced
to a thickness of 5 um using a manual rotary microtome (CUT4062,
Germany). Then the tissue slices were stained with haematoxylin
for 10 min and eosin for 1 min successively, and sealed for preser-
vation. The photos of the tissue slices were segmented by an image
analysis system to measure the thickness of the intimal hyperpla-
sia. Excel 2010 was used to deal with the data. All quantitative
results were expressed as mean =+ s.d.

3. Results

3.1. The low-density lipoprotein concentration
distribution on the luminal surface of the aorta

Figure 2a shows the distribution of time-averaged LDL con-
centration (c,,) on the luminal surface of the aorta during

the pulsatile cycle. The luminal surface LDL concentration [ 4 |

in the ascending aorta was relatively uniform, and 2-4%
higher than the bulk LDL concentration (c). While the distri-
bution of ¢, in the aortic arch and descending aorta was quite
uneven with relatively high concentration in the inner side of
the arterial wall. Among these regions, the maximum concen-
tration in the aorta was located at the distal end of the aortic
arch (Region C), where c,, was 11% higher than cy. In
addition, the luminal surface LDL concentration at the
entrance of the brachiocephalic artery (Region A) and the
proximal part of the intercostal branch entrance (Region D)
was also relatively high, which was 7-8% higher than c.
And the c,, was slightly higher in the entrance of the left sub-
clavian artery (Region B). However, c,, in the outer wall of
the descending aorta (Region E) was as low as most regions
of the aorta.

3.2. Wall shear stress-based haemodynamic indicators
Figure 2b—f shows WSS distribution within the aorta under
the steady flow condition and WSS-based haemodynamic
indicators including TAWSS, transWSS, OSI and RRT under
pulsatile flow conditions. Generally speaking, regions with
low WSS and TAWSS tended to have high OSI, RRT and
transWSS. For instance, Region C had the lowest WSS
and very low TAWSS as well as quite high OSI and
RRT and the highest transWSS. In addition, Regions A and
B showed relatively low WSS and TAWSS, which also exhib-
ited slightly high transWSS as well as quite high OSI and
RRT. However, the above relationship was not exactly appro-
priate to Regions D and E. Although the WSS and TAWSS in
Region D were quite low, the transWSS was relatively low.
Moreover, the WSS and TAWSS were higher in the outer
wall of the descending aorta (Region E) than the inner wall
of the descending aorta, but the OSI, RRT and transWSS
were similar in the two regions.

3.3. Plaque thickness of the specific areas in the rabbit
aorta

Figure 3a,b displays the result of haematoxylin and eosin
staining from specific sites of the hypercholesterolaemic
rabbit aorta. The specific sites were five regions including
Regions A, B, C, D and E. The rabbits formed a typical ather-
osclerotic plaque after 10 weeks of a high-fat diet, and intimal
hyperplasia in the inner surface of the blood vessels increased
obviously among Regions A, B, C and D. Nevertheless, there
was no lipid deposition or a very small amount of intimal
hyperplasia in Region E.

Figure 3c demonstrates the quantitative results of plaque
thickness. Region C had the thickest intimal hyperplasia,
which was up to 365.52 + 29.36 um. Regions A and B had
the second thickest at 288.23 + 18.35 um and 262.85 +
25.87 um, respectively. The smallest area was Region D,
with only 64.53 + 6.44 um (N = 4) intimal hyperplasia. No
atheromatous plaque formation was observed in Region E.

3.4. The point-by-point correlation among ¢,,
WSS-based haemodynamic indicators and
plaque thickness

The correlation among c,,, WSS-based haemodynamic indi-
cators and atherosclerotic plaque thickness is illustrated in
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1.09
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1.33
0.89
0.44
0

OSI

0.45
0.41
0.36
0.32
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0.23
0.18
0.14
0.09
0.05

transWSS (Pa)

1.50
1.33
1.17
1.00
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0.67
0.50
0.33
0.17
0

TAWSS (Pa)
4.00
3.56
3.11
2.67
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1.78
1.33
0.89
0.44
0

RRT

1.00
0.89
0.78
0.67
0.56
0.44
0.33
0.22
0.11

Figure 2. The LDL concentration (c,,) distribution and WSS-based haemodynamic indicators. (a) Luminal surface LDL concentration (c,) distribution, (b) transWSS
distribution, () WSS, (d) TAWSS distribution, (e) oscillatory shear stress index (OSI) and (f) RRT distribution.

table 1. Generally speaking, the region with higher plaque
thickness was often accompanied by high ¢, OSI, RRT and
transWSS, as well as low WSS and TAWSS. Therefore, these
regions were more likely to develop atherosclerosis. How-
ever, when compared to TAWSS, OSI and RRT, luminal
surface LDL concentration and transWSS had a stronger

correlation with plaque thickness, where the higher luminal
surface LDL concentration and transWSS led to a thicker
plaque. Specifically, Region C had the thickest intimal hyper-
plasia, at the same time, it exhibited the highest c,, and
transWSS, lowest WSS, but only quite high OSI and RRT,
instead of the highest OSI and RRT. The thickness of intimal
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Figure 3. The histological examination and assessment of atherosclerosis in rabbits fed with a high fat diet. (a,b) Cross section of the aorta tissue specimen stained
with haematoxylin and eosin, (c) mean plaque thickness of the high-fat diet rabbit aorta (in micrometres).

hyperplasia was comparatively high in Regions A and B
where displaying relatively high OSI, slightly high c,,, RRT
and transWSS as well as considerably low WSS and
TAWSS. However, the above general correlation was not
applicable to all regions. Region D only had slight intimal
hyperplasia, but had relatively high c,, OSI and RRT as
well as low WSS, TAWSS. In addition, there was no plaque
in Region E where the luminal surface LDL concentration,
OS], RRT and transWSS were comparable to most regions
in the aorta, but the WSS and TAWSS were higher than
most regions. Conclusively, severe intimal hyperplasia corre-
sponded to a high luminal LDL concentration and severely
negative haemodynamic environments (HEs) including
high OSI, RRT and transWSS, as well as low WSS and
TAWSS. Less severe intimal hyperplasia was related to
either a moderately high LDL concentration or moderately
negative HEs.

4. Discussion

Blood flow-induced shear stress and mass transport have
been recognized to play an important role in the development
of atherosclerotic localization. To investigate the relationship
between the two factors and their roles in the atherogenesis,
we numerically simulated blood flow and LDL transport in
rabbit aorta and evaluated plaque thickness of the rabbit
aorta after feeding a high-fat diet for 10 weeks. The numerical
results showed that regions with a high luminal LDL concen-
tration tend to have severely negative HEs including high
OSI, RRT and transWSS, as well as low WSS and TAWSS.
However, for regions with moderately and slightly high
luminal LDL concentration, the relationship between LDL
concentration and the above haemodynamic indicators are
not clear cut. The experimental results indicated that there
is almost no atherosclerotic plaque in regions with both low
LDL concentration and positive HEs. In addition, regions
with less severe atherosclerotic plaque have either moderately
high LDL concentration or moderately negative HEs.

Moreover, severe atherosclerotic plaque corresponds to high
LDL concentration and seriously negative HEs.

Our numerical study revealed that the luminal surface
LDL concentration c,, was higher than the bulk concentration
co along the whole aorta and distributed relatively unevenly
in the aorta. These results are consistent with previous simu-
lations from simplified arterial models to studies of realistic
arteries [49]. Moreover, analytical and experimental results
demonstrated that the concentration at the interface of the
arterial lumen will directly affect the accumulation of LDLs
inside the arterial wall layers [33,50]. Therefore, the enhanced
¢y in the rabbit aorta would contribute to the localization of
atherosclerosis.

There have been few studies that have comprehensively
analysed the relationship between c,, and the WSS-based par-
ameters. Most previous studies have only focused on the
relationship between c,, and WSS, [24,25,34,51] and indicated
that regions of high LDL concentration in the arteries corre-
sponded to low WSS ones, even in stenosed arteries and at
the aorta—iliac bifurcation, [52,53] and c,, not only depends
on WSS, [14,15] but also on flow pattern. These results are
also demonstrated in our simulations of the rabbit aorta.
Moreover, we further investigated other haemodynamic par-
ameters, including TAWSS, OSI, RRT and transWSS in the
rabbit aorta and showed that regions with high luminal
LDL concentration (Region C) tend to have high OSI, RRT
and transWSS, as well as low TAWSS. However, for regions
with moderately and slightly high luminal LDL concen-
trations, the relationship between LDL concentration and
the above haemodynamic indicators is not clear cut, where
the distribution of LDL concentration and transWSS in the
aorta is more similar and scattered when compared with
that of OSI and RRT. This phenomenon demonstrated that
the blood flow in both the circumferential and axial directions
might affect the luminal surface LDL concentration [51].

Based on the simulation results of blood flow and LDL
transport, we selected five regions in the rabbit aorta to
show the development of the localized atherosclerosis. The
flow in the Regions A, B, C and D were very seriously
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Table 1. The degree of plaque thickness, luminal surface LDL concentration (c,) distribution and the WSS-based haemodynamic indicators in Regions A—E. —,
the value of most regions of the aorta; 1/, the value is a little higher or lower than that of the most regions; 11/ |, the value is obviously higher or
lower than that of most regions; 11 4/] | |, the value is particularly higher or lower than that of most regions.

the degree of ¢,, WSS-based haemodynamic indicators and plaque thickness

plaque thickness LDL
(pum) concentration WSS (Pa) TAWSS (Pa) transWSS (Pa)
Region A TT 28823+1835) TT (1 07) ¢¢ 033) ¢¢ (1.01) ?T (0.47) TT (1623 TT (0.92)
ReglonB o (262 85+25 87) T (1 05)”'_' } H, (031 . ¢¢ (096)”' i (041). o T (618) T (048)'””
Reg|onC o HTTT 36552+2936) . ¢T¢ (1 11)””' ¢¢¢ 00 e ¢¢ ; 47.... '¢T 00 ”TT (1647 . TTT (245
. 'Regvic')vnvD””mm T (6453+644) B TT (1 08)W " (0’27)” ¢¢¢ (034H TT (046)' v vTT (1636 - ¢ (012) .
Reg|onE o 0 R (1 03)¢(311) T (353).... (004)..... (039) (026)““

H

disturbed, conversely the blood in Region E was similar to
most areas of the aorta. The experimental results demonstrate
that plaque thickness is elevated significantly in the Regions
A, B and C, and slightly in Region D, but there was almost no
intima hyperplasia in Region E. These predisposed areas of
atherosclerosis in the rabbit aorta are consistent with the find-
ings by Rodkiewicz et al. [54]. In addition, plaque thickness in
the aortic arch (365.52 + 29.36 wm) is close to the previous
histological examination and assessment of atherosclerosis
in rabbits fed a similar high-fat diet with 2% cholesterol for
10 weeks (306.70 + 20.37 wm) [55].

Furthermore, point-by-point comparison between WSS-
based haemodynamic indicators and plaque thickness
(table 1) shows that there is moderate correlation between
plaque thickness and TAWSS, OSI as well as RRT. These
results are consistent with the previous systematic review
about the relationship between these metrics and intimal,
intima—medial or wall thickness [34], but incompatible with
many previous studies [56]. By contrast, luminal surface
LDL concentration and transWSS have a relatively strong cor-
relation with plaque thickness, where the higher luminal
surface LDL concentration and transWSS lead to a thicker
plaque. However, there is still an exception. For instance,
plaque thickness at Region D was not particularly high, but
it had a relatively high LDL concentration, and transWSS
was even lower instead of being increased. This may be
partly explained by the process of LDL infiltration into the
vessel wall. The uptake of LDL in the arteries is determined
by both LDL concentration polarization [57] and the per-
meability of endothelial cells to LDLs. It is well documented
that haemodynamic factors would affect the function of endo-
thelial cells and hence the permeability [58,59]. It has been
perceived that the degree of concentration polarization
would increase if the transmural water flux velocity was
increased [30,31]. Therefore, plaque thickness may be deter-
mined by the synergetic effects of the luminal surface LDL
concentration and WSS-based haemodynamic indicators.

The present study had some limitations. Firstly, the model
was obtained using casting technology, which would slightly
damage the geometry of the aorta. However, studies using
human aorta models constructed based on in vivo MRI slices
have shown similar results [25]. Secondly, numerical simu-
lations were influenced. Some assumptions were used in this
simulation, including Newtonian blood fluid, rigid artery
walls, wall-free model and inlet boundary conditions. For the

Newtonian fluid assumption, lasiello et al. [53] believed

the Newtonian fluid assumption could still be considered
reliable for medium and large arteries. Our group has pre-
viously obtained similar results [25] and the Newtonian fluid
assumption can approximate the distribution of LDL. For the
rigid wall assumption, a previous study [60] showed a rigid
wall, which lacked wall movement, should have influence on
local blood flow and hence on LDL transport. For the wall-
free model, the analysis is restricted within the lumen and the
LDL transport to the wall is treated as a simple boundary con-
dition. This model can basically be used to investigate the
influence of haemodynamics on LDL concentration distri-
bution [49,51,61-64], but it is unable to provide the transport
process of LDL in the blood vessel walls. For the inlet boundary
condition, it is quite hard to obtain a precise profile due to the
highly complex flow situation as well as the individual differ-
ences in anatomy, but in comparison with the in vivo data
[65], this assumption may only affect the accuracy of the predic-
tion on the absolute value of our results, instead of the main
haemodynamic features. Thirdly, we manually chose point-
by-point comparison to be as accurate as possible, but there
were errors due to the influence of human differences, and find-
ing a more accurate algorithm to match areas automatically is
the goal of our future efforts. Lastly, the geometry of the
blood vessel would change when the plaque thickness
formed, and it would influence the haemodynamic conditions
and LDL transport to a certain extent [66,67]. Therefore, to
better understand the mechanism of atherosclerosis, a detailed
and holistic understanding of blood flow and mass transport
within the rabbit aorta should be considered under more
realistic geometry and simulation conditions in the future. In
particular, future studies should investigate the effects of a rea-
listic inflow velocity profile at the aortic root and the complex
biological and chemical processes involved in atherogenesis.

5. Conclusion

In this study, the relationship between haemodynamic indi-
cators and mass transport and their roles in atherosclerosis
in the rabbit aortic arch and descending thoracic aorta are
investigated. Severe atherosclerotic plaque corresponds to a
high LDL concentration and seriously negative HEs. Less
severe atherosclerotic plaque is related to either moderately
high LDL concentrations or moderately negative HEs. There
was almost no atherosclerotic plaque in regions with both
low LDL concentration and positive HEs. Therefore, the
synergetic effects of luminal surface LDL concentration and
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haemodynamic factors may determine plaque thickness and

contribute to localized atherosclerosis.
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