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Abstract

Employing the rabbit’s abdominal aorta as a suitable atherosclerotic model, transient three-dimensional blood flow simulations
and monocyte deposition patterns were used to evaluate the following hypotheses: (i) simulation of monocyte transport through a
model of the rabbit abdominal aorta yields cell deposition patterns similar to those seen in vivo, and (ii) those deposition patterns
are correlated with hemodynamic wall parameters related to atherosclerosis. The deposition pattern traces a helical shape down the
aorta with local elevation in monocyte adhesion around vessel branches. The cell deposition pattern was altered by an exercise
waveform with fewer cells attaching in the upper abdominal aorta but more attaching around the renal orifices. Monocyte
deposition was correlated with the wall shear stress gradient and the wall shear stress angle gradient. The wall stress gradient, the
wall shear stress angle gradient and the normalized monocyte deposition fraction were correlated with the distribution of monocytes
along the abdominal aorta and monocyte deposition is correlated with the measured distribution of monocytes around the major
abdominal branches in the cholesterol-fed rabbit. These results suggest that the transport and deposition pattern of monocytes to

arterial endothelium plays a significant role in the localization of lesions.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Atherosclerotic lesions appear most frequently in
bends and junctions of medium to large arteries. Factors
contributing to this degenerative disease include the
individual’s genetic make-up, diet and lifestyle as well as
the local arterial hemodynamics (Olsson, 1987; Texon,
1996). Abnormal hemodynamic events, often labeled
“disturbed flow”, such as low wall shear stress (WSS)
levels, high particle residence times, excessive arterial
wall strains, and wall compliance mismatch, play
important roles in the regulation of vascular biology
and the localization of atherosclerosis (DeBakey et al.,
1985; Nerem, 1992; Ross, 1993; Texon, 1996). Of all the
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hemodynamic factors which act directly on the en-
dothelium, the WSS and its derivatives as well as the
transport and vessel wall uptake of monocytes and
lipoproteins are the most important ones related to the
onset and distribution of atherosclerotic lesions (Davis
et al., 1995; Frangos et al., 1999; Pedersen et al., 1999;
Kleinstreuer et al., 2001).

The rabbit abdominal aorta is a suitable athero-
sclerotic model which closely mimics the human lesions
if correct dietary conditions are applied (Zeindler et al.,
1989; Bocan et al., 1993; Daley et al., 1994; Barakat
et al., 1997; Barnes and Weinberg, 1998). Computa-
tional fluid-particle dynamics simulations can comple-
ment experimental observations in determining
hemodynamic factors which encapsulate disturbed flow
and cell deposition patterns, and identify local sites in
the vascular system which are susceptible to the onset of
atherosclerotic lesions (Kleinstreuer et al., 2001). For
example, in normocholesterolemic rabbits (Herrmann
et al., 1994; Truskey et al., 1999), the frequency of sites
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of elevated low-density-lipoprotein (LDL) permeability
and the magnitude of permeability were greatest where
lesions developed earliest after the onset of a hyperch-
olesterolemic diet (Zeindler et al., 1989). In a subsequent
study in normocholesterolemic rabbits, Malinauskas
et al. (1995, 1998) showed that white blood cells showed
a spatial correlation to the sites of elevated LDL
permeability and did not show a correlation with
replicating endothelial cells. In addition, in vitro (Hinds
et al.,, 2001; Barber et al., 1998) and in situ studies
(Ramos et al., 1999) indicate that the local flow field
influences monocyte adhesion to endothelium. Hemo-
dynamic simulations of three-dimensional flow around
the rabbit celiac branch showed that the distribution of
monocytes obtained by Malinauskas et al. (1995) was
correlated with the WSS gradient (WSSG), but not with
the oscillatory shear index (OSI) or the WSS (Buchanan
et al., 1999). A limitation of their work is that only the
celiac branch was modeled without other abdominal
branches.

The goal of the current study is to test the following
two hypotheses: (i) simulation of monocyte transport
through a model of the rabbit abdominal aorta yields
cell deposition patterns which are similar to those seen
in vivo, and (ii) those deposition patterns are correlated
with hemodynamic wall parameters (HWPs) which
indicate sites of the onset of atherosclerosis. In order
to test these hypotheses, we extend the work of
Buchanan et al. (1999) in two important ways. First,
we have included all of the major branches in the
abdominal aorta segment of interest. Second, we also
examine the importance of monocyte deposition onto
arterial endothelium.

2. Materials and methods

Transient laminar three-dimensional blood flow in a
model aorta (Fig. 1) was first simulated and analyzed.
Then, typical HWPs describing disturbed flows, e.g., the
time-averaged WSS, OSI, WSSG, WSS angle gradient
(WSSAG), and monocyte deposition, were compared
with measured data sets to test the two stated
hypotheses. While two input pulses with controlled
branch flow rate divisions were considered (Figs. la
and b), results focus upon the resting pulse. The no-slip
condition was invoked for the walls and zero pressure
was assumed for the outlets. The flow inlet conditions
are discussed below.

Assuming laminar incompressible flow of a non-
Newtonian fluid in a smooth rigid conduit, the govern-

ing equations are (Kleinstreuer, 1997):
continuity : V-4 =0; 1)

D
momentum : pjb; =-Vp+V-1 2)

The non-Newtonian blood rheology used in Eq. (2) is
represented by

7 = 2(11)D, (3)
where Il is the second invariant of the strain-rate
tensor which is denoted by 11, = %[(tr 5)2 + tr(l_j)z] and

— 1[Vii + (V&#)"], while j = 2D and 5(5) is a function
of the shear rate given by a Quemada model (Popel and
Enden, 1993; Buchanan et al., 2000) as

n(y) = <\/“ + \/\/: \[> 4)

where 7y is the local shear rate, ., is the asymptotic
viscosity (0.02982 [dyns/cm?]), Tay 1S the apparent
“yield” stress (0.2876 [dyn/cm?]), and A is an additional
shear stress modifier (4.020 [1/s]).

Being situated sufficiently far downstream from the
actual aortic arch, fully developed transient velocity
profiles (Womersley, 1955) are assumed, following the
resting pulse or exercise pulse (Fig. 1a) to form the inlet
conditions.

For dilute suspensions of spherical non-rotating
micro-particles, the trajectory equations can be written
as (Kleinstreuer, 2003)

dv, du Upy—u

a " Ydi o )
and

dx,

d—tp = Ups (6)

where ¥}, is the particle velocity vector, X, is the particle
position vector, o = p;/p, is the fluid-to-particle density
ratio, and 1, = p, d? / 18u is the particle relaxation time
defined based on the particle diameter. Up to 50,000
non-interacting particles were released in the inlet plane
following a time-dependent velocity distribution.

Specifically, the six-component stress tensor in Eq. (2)
or Eq.(3) reduces to a two-component shear stress
vector at the wall, and WSS is defined as

T= Ty = (Twm,Twn) and WSS ———/ [Tw| dt,
(7a,b)

where T is the time period and 7y is the WSS for
Poiseuille flow at the mean flow Reynolds number.

Employing the WSSG concept to represent locally
disturbed flow, the non-dimensional value of the WSSG
is defined as

G‘EY 6‘5} 0t 2
WSSG—%?/ \/ ) +<62> de, (8)

where D is the tube inlet diameter.
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The OSI was calculated as follows (He and Ku, 1996):
LA
ﬁ) [Tw|dt

where 7,, is the instantaneous WSS vector.
A scalar field of WSS angle deviations can be
expressed as

OSI = 5 , )

Tui - Ty
|fw,i| Bl

(10)

¢, = arccos

Typical inlet flow waveforms, aorta model geometry, and branch flow rates.

where the WSS vectors at the location of interest are
represented by 7y,; for the center of the control volume
surface and by 7y, for four surrounding control volume
surfaces. The WSSAG is a mesh-independent measure
of spatial variations in the mean WSS direction and
defined as follows (Hyun et al., 2000, 2001; Longest and
Kleinstreuer, 2000):

/ V| dt.

D1

WSSAG = —— (11)
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When monocyte adhesion patterns are quantified, the
normalized deposition fraction can be expressed as

Tar = ndAjgcal
a f n dAlocal’

where n represents the total number of computed

depositions or cell adhesions in a local area dAjoca.
The numerical calculations were carried out with a

validated finite volume-based algorithm CFX 4.4

(12)
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Fig. 2. Velocity fields for the resting pulse (Remean = 224) in (a) the
aorta—celiac junction; (b) mesenteric branch; and (c) renal branches.

(AEAT, 2001) with user-supplied FORTRAN subrou-
tines. Fig. 1b shows the finite volume structured surface
mesh of the abdominal aorta, after testing for mesh-
independence of the velocity results. The convergence of
the iterations, < 107%, is controlled by the mass source
residual in concert with the velocity, i.e., momentum
residual. The time step size ranged from Aty,;, = 0.0001 s
to Atmax = 0.015s, to capture the input pulses and
resulting flow structures correctly.
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Fig. 3. Velocity fields for the exercise pulse (Remean = 700) in (a) the
aorta—celiac junction; (b) mesenteric branch; and (c) renal branches.
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3. Results

The qualitative, or visual, indicator of “disturbed
flow” are the velocity fields in (a) the aorta—celiac
junction; (b) mesenteric branch; and (c) renal branches
shown in Fig. 2 for the resting pulse and in Fig. 3 for the
exercise pulse. Flow fields during systolic deceleration
(t=1T5 in Fig. la) for the resting pulse show that
secondary flows are typically amplified due to a steep
decrease in inertia. Specifically, secondary flows develop
along the left side near the celiac and mesenteric
junctions, forming and strengthening vortices. Second-
ary flows persist all the way to the renal branches as
indicated in cross-sections J-J and I-I. As can be
expected, the flow field changed measurably for the
exercise pulse, which has a biphasic waveform without a
retrograde portion during diastole and a significantly
higher mean Reynolds number and frequency, when
compared to the resting pulse. Accompanying these
differences in waveform characteristics are the branch

WSS 0 §10152025

WSEG: 0255075

flow rate divisions away from the celiac and mesenteric
and towards the renal arteries as well as the aortic
bifurcation (table in Fig. 1b).

Quantitative indicators of “disturbed flow™ are time-
averaged HWPs depicted in Fig. 4 for the entire
abdominal aorta under resting pulse condition. Specifi-
cally, near the branch ostia, the WSS-values are elevated
along the flow divider and very low lateral to the celiac
and mesenteric junction, which implies lateral flow
separation. Similarly, the proximal faces of the daughter
branches all have low WSS-values, indicative of flow
separation zones. These observations are supported by
the OSI-contours which are elevated in these regions. All
of the orifices have elevated WSSG-contours, which
means sustained flow acceleration and deceleration in
these ring-like areas. The WSSAG is similarly distrib-
uted although spreads also away from the orifice into
the lateral separation zones near the celiac and
mesenteric branches. To examine the deposition pat-
terns of 50,000 monocytes (d, = 14 pm, p, = 1.2 g/em’),

QS 0 0102030405

WSSAG: 0 25 § 75 10

Fig. 4. Time-averaged HWPs for the resting pulse.



1190 J.R. Buchanan et al. | Journal of Biomechanics 36 (2003) 1185-1196

Fig. 5. Three-dimensional monocyte deposition patterns in the aorta under resting conditions.

they were tracked and adhesion was assumed when the
surface of the monocyte touches the arterial wall, i.e.,
the cell center is within one radius to the wall. The
particle deposition patterns for the resting waveform
with three different views—a right distal perspective
view, a dorsal view, and a left proximal perspective
view—are given in Fig. 5. The deposition patterns
around the additional orifices increase locally, although
the mesenteric branch partially mirrors the celiac
branch. A prominent feature of the deposition pattern
is the curved shape it assumes as it traces down the aorta
(Figs. 5, 6 and 8). It should be noted that Figs. 5 and
6 provide three-dimensional views where the dark
“circles” represent cell deposition on the near or top
surfaces and the lighter ‘“‘circles” distant or opposite
surface depositions. Measurable changes in deposition
pattern occurred for the exercise pulse (Fig. 6). With the
strong axial flow in the aorta and higher flow rates in the
renal branches, more cells impact in the renal branch
areas. In addition, there is a region of increased
deposition in the left dorsal area opposite to the
upstream region of the mesenteric orifice, which is due
to secondary flow that develops focally during the later
half of the exercise pulse (Fig. 3).

Although the exercise conditions can have a signifi-
cant influence on the HWP distributions, including
monocyte deposition, resting flow is more representative
of the majority time spent. For easier comparison with
laboratory observations, the flattened aorta is shown
again with shear-stress-dependent HWP contours
(Fig. 7) and wall particle distributions (Fig. 8) for the
resting flow input waveform. The highest shear stresses
are seen along the proximal and distal regions of the
ostia and, for the most part, these regions correspond to
low OSI-values. High-OSI-and-low-WSS combinations
are present lateral to the celiac and mesenteric branches
plus a region in the aorta between the celiac and
mesenteric branches. On the dorsal wall of the aorta, the
interrelationship among the secondary flows between
the mesenteric and the two renal arteries is apparent as
well. Opposite the mesenteric branch, the two lateral
secondary flows generated by the large branch flow rate
connect along the dorsal surface and continue down to
the left of the dorsal cut until they connect into the
lateral separation generated by the right renal branch.
Similarly, separation region proximal to the left renal
orifice along the dorsal wall can be seen on both the
left and right sides of the flattened surface. The
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Exercise Conditions

Fig. 6. Three-dimensional monocyte deposition patterns in the aorta under exercise conditions.

gradient-based parameters, the WSSG and WSSAG,
are both focal, with the highest values observed near the
branch orifices. The WSSAG also extends into the
lateral regions near the celiac and mesenteric branches in
the regions of early flow separation, and connects these
two branches together as well because of the large flow
disturbances near the renal branches.

In the simulated deposition pattern, a helical structure
is clearly evident (Fig. 8) beginning at the celiac orifice
and tracing down the left ventral side of the aorta and
then sweeping through the mesenteric orifice towards
the right side and connecting back through the dorsal
surface into the proximal aorta distal to the renal
branches. The highest numbers of deposited particles are
seen near the celiac and mesenteric flow dividers,
although elevated number regions appear on the
proximal lip of these orifices, near the renal ostia and
along the helical pattern as well.

Through the course of 4 weeks on a cholesterol diet,
lesions appear attached to the lateral regions of all the
orifices in approximately 1 week (data not shown) and
progress to the distal lip by 2 weeks (Figs. 9a—d from
Figs. 5-8 of Zeindler et al., 1989). By 4 weeks, there are

occasional proximal lesions. Clearly, the early lateral
development corresponds to a region of elevated OSI
and low WSS for the celiac branch and this assertion
carries over to the other branches although the
proximity of the left renal to the right renal skews
the elevated OSI to near the distal lip in this model. The
continued growth of the lesions on the distal and
proximal regions and along the lateral wall of the aorta
is likely due to modifications in the permeability as can
be related to the disturbed flows in the junction region.
Increases in the WSSG, WSSAG, and y4 can be noted
in these regions for both the proximal and distal faces
with a significant bias in the downstream direction with
the exception of the proximal lip of the mesenteric
artery.

The previous observations (Figs. 4-9) can be sum-
marized with two correlations between experimental
measurement data and HWP values (Figs. 10a and b).
Thus, for such quantitative comparisons, the study of
Malinauskas et al. (1995) is revisited considering
the complete abdominal aorta. Previously, we found
that 72 for the segmental averages was 0.783
(p = 0.0459) when the most distal segment was excluded
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Fig. 7. HWPs in the aorta for resting flow conditions.

because the flow simulation included only the celiac
branch (Buchanan et al., 1999). Now with all of the
abdominal branches in the simulations and all of the
segment data from Malinauskas et al. (1995), we yield >
equal to 0.932 for the {(WSSG) (p<0.0001). The
{(WSSAG) and y4 are significantly correlated with
intimal white blood cells (+*> equal to 0.755 (p<0.01)
and 0.814 (p <0.005), respectively). Further, ( WSSG)
and {(WSSAG) are significantly correlated with yg;
(cf. Fig. 10b).

4. Discussion

It is generally accepted that a locally dysfunctional
endothelium and monocyte migration into the arterial
wall are precursors of atherosclerotic lesion develop-
ments. Selecting the rabbit’s abdominal aorta with

several branches as an atherosclerotic model, we
employed computational fluid-particle dynamics tools
to simulate monocyte transport and deposition in the
aorta and analyzed HWPs which predict actual sites of
aggravating flow events and monocyte depositions.
Specifically, we found that to a first-order approxima-
tion, monocyte contact with the endothelium is well
correlated with the distribution of intimal monocyte/
macrophages present in the normal and hypercholester-
olemic rabbit abdominal aorta. The deposition pattern
is sensitive to the waveform and reduced deposition
was seen under a resting waveform. Further, both the
WSSG and the WSSAG exhibit a significant correlation
with the monocyte deposition parameter yq (Fig. 10b)
which supports the second hypothesis that monocyte
depositions can be correlated with HWPs. These HWPs
describe features of disturbed flow and indicate sites of
atherosclerotic lesion formation.
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Fig. 8. Two-dimensional monocyte distribution on the aortic surface for resting flow conditions: (a) individual particles and (b) particle deposition
factors.
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Fig. 9. Polar map demonstrating the time course of lesion growth in the aorta of cholesterol-fed rabbit.
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(a) Correlations between measured WBC/monocyte densities and
computed wall-shear-stress and cell-deposition based HWPs.
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Fig. 10. Comparisons: (a) correlations between measured WBC/
monocyte densities (Malinauskas et al., 1995) and computed WSS
and cell-deposition-based HWPs; and (b) correlations between HWPs
and monocyte deposition fraction yg;.

The most prominent features of the deposition
pattern are the curved shape along the aortic wall and
the density elevation around vessel branches. Such
distributions caused by helical flow structures in the
aorta (Franzin et al., 1996) have been noted by Barakat
et al. (1997). The distribution of sites of elevated
permeability (Barakat et al., 1992) and intimal macro-
phages (Malinauskas et al., 1995) also follow this
pattern of flow structures in the aorta.

One significant discrepancy between the predicted and
observed monocyte deposition patterns occurs along the
proximal lip of the mesenteric artery. Fluid mechani-
cally, this region has a moderately high shear stress,
elevated shear stress gradient and significant amounts of
suspended elements available for incorporation. But
little, if any lesion growth is noted on this face of the
mesenteric. This may be due to the fact that this region
is often involved in the formation of the ventral streak

(cf. Barakat et al., 1992; or WBC distributions in Fig. 5
of Malinauskas et al., 1995), a region of elevated
permeability that connects the celiac and mesenteric
branches. This is characterized as a ‘““gross” response
and cannot be quantified on a polar mapping. To
account for lesion formation that connects multiple
orifices or regions that develop not attached to the
orifice, probability-mapping methods, such as those of
Ivey et al. (1995) as well as Barnes and Weinberg (1998,
1999), have been used to account for these fatty streak
developments.

Limitations of the analysis are that it does not include
the iliacs which are far downstream from the aortic
segment of interest, does not examine particle—wall
interactions such as cell rolling on the arterial wall,
resuspension, etc., and does not account for red blood
cell (RBC) collisions with monocytes. Particle—wall
interaction, or the probability of adhesion, depends
upon the bond strength, the force per bond and the
bond-loading rate (Zhu, 2000). RBC interactions with
leukocytes may change the particle trajectories and
could lead to increased frequency of adhesion of cells
that make contact with endothelium expressing adhe-
sion molecules (Melder et al., 1995). Consequently,
RBC—monocyte interactions would increase the prob-
ability of adhesion. These are factors that should be
considered in a more detailed study.

HWPs such as the WSS, the WSSG and the WSSAG
are associated with the development of atherosclerosis.
These parameters may represent the influence of the
local flow field upon monocyte transport, dysfunctional
endothelium, and ultimately cell adhesion to endothe-
lium. Indeed, in vitro (Barber et al., 1998; Hinds et al.,
2001) and in situ studies (Ramos et al., 1999) indicate
that monocyte adhesion to endothelium is influenced by
the local flow field. Recent in vitro experiments (Rinker
et al., 2001) and simulations (Zhao et al., 2001) show
that normal forces arising from disturbed flows enhance
monocyte adhesion to the arterial endothelium. Such
studies may explain the correlation observed between
monocyte deposition and HWPs (Figs. 10a and b).

The results of this analysis indicate that monocyte
transport to the arterial endothelium is a critical factor
in the localization of atherosclerosis. These findings
provide further support for the view that disturbed
flows, i.e., abnormal hemodynamics, affect various steps
in the disease process in different ways. Monocyte
deposition pattern to endothelium may be influenced by
both changes in shear stresses and secondary flows
arising near vessel branches.
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