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Huo Y, Wischgoll T, Kassab GS. Flow patterns in three-dimen-
sional porcine epicardial coronary arterial tree. Am J Physiol Heart
Circ Physiol 293: H2959-H2970, 2007. First published September 7,
2007; doi:10.1152/ajpheart.00586.2007.—The branching pattern of
epicardial coronary arteries is clearly three-dimensional, with corre-
spondingly complex flow patterns. The objective of the present study
was to perform a detailed hemodynamic analysis using a three-
dimensional finite element method in a left anterior descending (LAD)
epicardial arterial tree, including main trunk and primary branches,
based on computed tomography scans. The inlet LAD flow velocity
was measured in an anesthetized pig, and the outlet pressure boundary
condition was estimated based on scaling laws. The spatial and
temporal wall shear stress (WSS), gradient of WSS (WSSG), and
oscillatory shear index (OSI) were calculated and used to identify
regions of flow disturbances in the vicinity of primary bifurcations.
We found that low WSS and high OSI coincide with disturbed flows
(stagnated, secondary, and reversed flows) opposite to the flow divider
and lateral to the junction orifice of the main trunk and primary
branches. High time-averaged WSSG occurs in regions of bifurca-
tions, with the flow divider having maximum values. Low WSS and
high OSI were found to be related through a power law relationship.
Furthermore, zones of low time-averaged WSS and high OSI ampli-
fied for larger diameter ratio and high inlet flow rate. Hence, different
focal atherosclerotic-prone regions may be explained by different
physical mechanism associated with certain critical levels of low
WSS, high OSI, and high WSSG, which are strongly affected by the
diameter ratio. The implications of the flow patterns for atherogenesis
are enumerated.

left anterior descending arterial tree; wall shear stress; spatial gradient
of wall shear stress; oscillatory shear index

THE CHANGES IN GEOMETRY OF blood vessels during branching
can lead to significant flow disturbances (e.g., flow separation,
secondary flow, stagnation point flow, reversed flow, and/or
turbulence) due to convective inertia (1). These disturbed flows
affect various hemodynamic parameters, such as wall shear
stress (WSS), WSS spatial gradient (WSSG), and oscillatory
shear index (OSI). It has been found that spatial and temporal
WSS and WSSG can locally induce abnormal biological re-
sponse, such as dysfunction of endothelial cells, monocyte
deposition, elevated wall permeability to macromolecules, par-
ticle migration into the vessel wall, smooth muscle cell prolif-
eration, microemboli formation, and so on (24, 42).

Since the connection between local hemodynamics and
endothelial function was made, the computational fluid dynam-
ics (CFD) method has emerged as a powerful tool to study flow
patterns in blood vessels (4, 5, 9, 14, 24, 25, 27, 33-36, 39, 40,
46). Perktold et al. (33, 34) compared Newtonian and non-

Newtonian unsteady fluid flow in normal carotid arteries using
the finite element method (FEM). Kleinstreuer and colleagues
(5, 24, 27) studied the relationship between nonuniform hemo-
dynamics at the rabbit aorto-celiac junction. Berger and asso-
ciates (4, 39) investigated the blood flow with a turbulence
model in stenotic vessels. He and Ku (14) and Ku and col-
leagues (25, 26) solved the pulsatile flow in the human left
coronary artery, including the left common coronary artery, left
anterior descending (LAD), and left circumflex arteries (LCX).
Ramaswamy et al. (35) performed the numerical simulation to
study the effects of motion of the coronary artery on the
unsteady fluid dynamics. Although the above studies have
provided a wealth of simulations on the local flow field in a
vessel segment or a bifurcation, a full CFD analysis on a
branching tree model based on the measured morphometric
data has not been realized.

The objective of the present study is to investigate the
pulsatile blood flow in a LAD epicardial arterial tree, including
main trunk and primary branches using three-dimensional (3D)
FEM. The hemodynamic parameters, such as spatial and tem-
poral WSS, WSSG, and OSI, were analyzed systematically.
The results show that high time-averaged WSSG occur in
region of bifurcations with the flow divider having the
maximum value. Low time-averaged WSS and high OSI
obey a power law relationship and coincide with disturbed
flows (stagnated, secondary, and reversed flows) opposite to
the flow divider and lateral to the junction orifice of the
main trunk and primary branches. We conclude that the
diameter ratio and inlet flow rate can strongly affect the low
WSS, high OSI, and high WSSG, which are important hemo-
dynamic determinants of atherogenesis. The limitations and
implications of the novel branching CFD model are contem-
plated.

MATERIALS AND METHODS

Animal preparation. Studies were performed on five normal York-
shire porcine of either sex with body weight of 34.3-42.1 kg. The
experimental procedures of the animal preparation were similar to
those described by Kassab et al. (22). All animal experiments were
performed in accordance with national and local ethical guidelines,
including the Institute of Laboratory Animal Research guide, Public
Health Service policy, Animal Welfare Act, and an approved Univer-
sity of California, Irvine-IACUC protocol.

Briefly, surgical anesthesia was induced with ketamine (33 mg/kg
im) and atropine (0.05 mg/kg im) and was maintained with pentobar-
bital sodium (30 mg/kg iv in an ear vein). A midline sternotomy was
performed, ventilation with room air was provided with a respiratory
pump, and anticoagulation was provided with heparin (3 mg/kg).
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Arterial pressure was measured through a catheter inserted through
the carotid artery into the ascending aorta and was monitored with a
Biopac, MP 100. An incision was made in the pericardium, and the
heart was supported in a pericardial cradle. A 1-liter bottle containing
a hypothermic (10°C), isotonic, cardioplegic rinsing solution [com-
posed of EGTA, 1 mM; calcium-channel blocker nifedipine, 0.2 mg/l;
and adenosine, 80 mg/l] was hung above the heart. A 14-gauge needle
was connected to the rinsing solution with Tygon tubing. The needle
was inserted into the ascending aorta with no perfusion initially. The
heart was then arrested with a saturated KCI solution given through a
jugular vein, and the tubing was unclamped to allow immediate
perfusion of the cardioplegic rinsing solution. The aorta was clamped
proximal to the needle to allow perfusion of the coronaries through
Valsalva’s sinus. The superior and inferior venae cavae were cut to
allow free drainage of blood. The heart was covered with crushed ice
for several minutes during perfusion with ~500 ml of cardioplegic
solution. The heart was then excised with the ascending aorta still
clamped to keep air bubbles out of the coronary arteries.

Fig. 1. a: Computed tomography scan of porcine left
anterior descending (LAD) arterial tree. b: Finite element
mesh for numerical computation of LAD main trunk
(=2.0 mm in diameter) and primary branches (=1.0 mm
in diameter). A-G, branches.

FLOW PATTERNS IN EPICARDIAL ARTERIES

Anatomical model from computed tomography scan. After the
heart was excised, it was placed in a saline solution. The LAD
artery, the right coronary artery, and the LCX were cannulated
under saline to avoid air bubbles and perfused with cardioplegic
solution to flush out the blood. The three major arteries (right
coronary artery, LAD, and LCX) were individually perfused at a
pressure of 100 mmHg with three different colors of Microfil (Flow
Tech). After the Microfil was allowed to harden for 45—60 min, the
hearts were kept in the refrigerator in saline solution until the day
the computed tomography (CT) scan was performed. The scans
were made axially (120 mA, 120 kV, 0.6/0.6 mm slice) on a
16-slice scanner (Siemens Somatom). A reconstructed CT image of
LAD arteries, as shown in Fig. 1a, was selected for mesh gener-
ation.

3D FEM model. The governing equations were formulated for an
incompressible, Newtonian fluid in a coronary arterial tree con-
sisting of large epicardial coronary arteries and primary branches,
every vessel of which was assumed cylindrical with rigid and
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Fig. 3. Distribution of wall shear stress
(WSS) (unit: dyn/cm?) (A, C, E, G) and WSS
spatial gradient (WSSG) (unit: dyn/cm?) (B,
D, F, H) at time L (about 1/5 of cardiac cycle
after diastolic time; A, B, E, F) and time H
(about 1/5 of cardiac cycle after systolic
time; C, D, G, H) in anterior view (A-D) and
posterior view (E—-H).
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impermeable wall. The equations of continuity and Navier-Stokes
can be written as:

V-v=0 (1)

. ;
p;: + p¥V¥ = VP + V-p[V¥ + (V9] 2

where Vv = ué, + vé, + wé, is velocity; P is pressure; p is blood mass
density;  is viscosity; and ¢ and T are time. The inlet flow waves
shown in Fig. 2 were measured using a Doppler ultrasound probe in
an anesthetized animal (2), which served as the inlet boundary
condition. The outlet boundary conditions were expressed in terms of
pressure waveforms, which were found to have scaling characteristics
similar to flow (10). Therefore, the time-averaged outlet pressures
were estimated from the scaling relations (23), which can be written
as follows:

Pinle{ - [1 - (Doullel/Dinlel)ZEWA] : APmax (3)

Pou{lel -~

where Piniee 18 the inlet pressure; Poyue 18 the outlet pressure; APmax
(= Piniet — Peapintary) 1s the maximum pressure gradient in the arterial
tree; Douner 1S outlet diameter; and Dine is inlet diameter. The
coefficient B was found to be 2.1, and the AP,,.x was estimated as 50
mmHg. The inlet flow and outlet relative pressure boundary condi-
tions were applied to solve the 3D FEM model. The p and p of the
solution were selected as 4 cP and 1.235 g/cm?, respectively, to mimic
the blood flow in large epicardial arteries.

Numerical method. The transient equations of fluid flow were
solved using ANSYS commercial software. The smart size was
applied to the Fluid 142 elements, which provide reasonably shaped
elements during automatic mesh generation (e.g., the concentration of
mesh is implemented at bifurcations and small vessels). A tetrahedral-
shaped element is formed by appropriately combining the nodes in a

Fig. 4. Time-averaged velocity vector (grid units/magni-
tude of velocity = 0.0085; A), WSS (unit: dyn/cm?; B), and
WSSG (unit: dyn/cm?; C) fields over a cardiac cycle in
anterior view.

p ¢
% 7
/ﬁ, /

A Cross-sectional velocity vector

FLOW PATTERNS IN EPICARDIAL ARTERIES

brick element. Before the final simulation, a mesh dependency was
conduced so that the relative error in two consecutive mesh refine-
ments was smaller than 1% for the maximum velocity for steady-state
flow with inlet flow velocity equal to the time-averaged velocity over
a cardiac cycle. A total of almost 500,000 finite elements was required
to accurately mesh the computational domains. The final mesh used
for the computations is shown in Fig. 15 for the numerical computa-
tion of LAD main trunk and primary branches, where the diameter and
length of the LAD trunk (down to 2.0 mm in diameter) and primary
branches (larger than >1.0 mm) were selected. The backward method
was used for the time integration. A constant time step was employed,
where Az = 0.004 s with 124 total time step per cardiac cycle. At each
time step, convergence criteria of 1 X 10"%and 1 X 107 !> were set
for relative error associated with determination of velocity and pres-
sure, respectively. Three cardiac cycles were required to achieve
convergence for the transient analysis. Using duo processors of
Precision 670, the total central processing unit time was ~60 h for
each simulation case.

Hemodynamic parameters. The velocity and pressure of the blood
flow were calculated by solving the equations of continuity and
Navier-Stokes. Reynolds, Womersley, and Dean numbers were ob-
tained from the geometry and dynamic results. WSS, WSSG, and OSI
were determined based on the velocity field (see detailed formulation
in APPENDIX).

RESULTS

The branching FEM model was used to compute the
distribution of pulsatile blood flow in the main trunk and
primary branches of the LAD arterial tree. Numerical sim-
ulations were carried out for various parameters and com-

R

«

B wss
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putational domains. A selection of numerical results is given
below.

Flow in LAD artery trunk. The reconstructed CT image in
Fig. la is discretized into meshes, as shown in Fig. 1b, for
implementing the FEM simulation with a blunt core velocity
profile at the inlet of the LAD tree with the temporal profile
given in Fig. 2. Reynolds numbers are 14 and 229 at velocity
wave trough and crest time points (time points L and H in Fig.
2, which are about one-fifth of the cardiac cycle after diastolic
or systolic instance), respectively, and the corresponding Dean
numbers are about 18 and 277 in the main trunk of the LAD
epicardial arterial tree. Figure 3 shows the distribution of WSS
(unit: dyn/cm?) and WSSG (unit: dyn/cm?) at velocity wave
trough and crest time points in anterior and posterior views,
respectively. It is observed that high flow rates at the inlet of
the LAD artery induce high WSS (Fig. 3, C and G) and WSSG
(Fig. 3, D and H) along the blood vessel wall, respectively, and
vice versa. Zones of low WSS are found to enlarge from trough
to crest time points.

Figure 4A shows the time-averaged cross-sectional flow
velocity vector over a cardiac cycle. The Reynolds and Dean

H2963

numbers averaged over a cardiac cycle and Womersley number
are approximately equal to 110, 132, and 3, respectively, in the
main trunk of the LAD artery. It is found that the blunt core
velocity profile at the inlet of LAD is developed into a
parabolic velocity profile (fully developed Hagen-Poiseuille
velocity profile) at ~2.2 cm from the inlet of LAD. The fully
developed parabolic profile is distorted at the bifurcation of
the main trunk and primary branches. The mean flow ve-
locity over the cross-sectional area of the main trunk re-
mains uniform, since the relative errors are within =10%.
Figure 4, B and C, shows the distribution of time-averaged
WSS and WSSG over a cardiac cycle, respectively. It is
found that WSS distribution is complex near bifurcations of
the main trunk and primary branches. In particular, Figs. 3
and 4 depict that the values of WSSG near bifurcations are
much higher than those of other sites. Therefore, the fluid
flow in the vicinity of bifurcations is further explored
because of the complex flow patterns.

Flow near bifurcations. Because primary branches A-D in
Fig. 15 have similar diameter ratio to the main trunk
(Dpv/Dry is approximately equal to 0.33, where Dy, and Dy,

Opposite to
Flow divider

23588888

23588888

rOe3588588

Inferior View
(A-C) At bifurcation A in Fig. 1

ILateral to
junction orifice

Fig. 5. A-C: time-averaged WSS (unit: dyn/cm?) distri-
bution at bifurcations (primary branch A in Fig. 1b) over
a cardiac cycle in anterior, superior, and inferior view,
respectively. D—F: time-averaged WSS (unit: dyn/cm?)
distribution at bifurcations (primary branch F in Fig. 1b)
over a cardiac cycle in anterior, superior, and inferior
view, respectively. A and D: dash lines represent the flow
direction in main trunk and primary branches.

Inferior View
(D-F) At bifurcation F in Fig. 1
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are the diameters of primary branch and mother vessel in
main trunk, respectively), branch A was selected for further
analysis. Compared with primary branch A, branch F with
larger diameter ratio (D,,/D,, is equal to 0.71) was used to
investigate the effect of diameter ratio. Figure 5, A-C and D-F,
shows the time-averaged WSS (unit: dyn/cm?) distribution
at bifurcations (primary branches A and F, respectively, in
Fig. 1b) over a cardiac cycle from various view points. It is
found that high (>30 dyn/cm?) and low time-averaged WSS
(<6 dyn/cm?) occur near the flow divider (defined as the
anastomosis at the downstream wall of the primary branch
proximal to the main trunk, as shown in Fig. 5) and opposite to
the flow divider, respectively. There are two areas opposite the
flow divider: one in the primary branches and the other in the
main trunk, as shown in Fig. 5, A and D. Low WSS is
approximately crescent-shaped. There are two important areas
with low WSS in the wall of the main trunk lateral to the
junction orifice of the main trunk and primary branches.
Comparison of Fig. 5, A—C with D—F shows that zones of low
WSS are enlarged for a larger diameter ratio. It should be noted
that low WSS is not exactly opposite to the flow divider.

Fig. 6. Oscillatory shear index distribution at bifurcations
over a cardiac cycle. A—F correspond to Fig. 5, A-F,
respectively.

B Superior View

C Inferior View
(A-C) At bifurcation A in Fig. 1

FLOW PATTERNS IN EPICARDIAL ARTERIES

In correspondence to Fig. 5, A-F, Fig. 6, A—F, shows the
respective OSI distribution at bifurcations over a cardiac cycle.
It is found that low WSS approximately coincides with high
OSI, which approximately obeys a power law relation. Table 1
lists the exponent ([3) and correlation coefficient for the power
law relation (OST ~ WSSP) lateral to the junction orifice and
opposite to the flow divider near bifurcations A—G in Fig. 1b.
Furthermore, Fig. 7 shows the time-averaged WSSG (unit:
dyn/cm?) distribution at previously cited bifurcations over a
cardiac cycle. High time-averaged WSSG is found in the
region of bifurcations and has a relatively large value near the
flow divider, which coincides with high WSS zones. Table 2
lists the relationship between hemodynamic parameters (i.e.,
WSS, OSI, and WSSG) and atherosclerotic-prone region in the
main trunk and primary branches of the LAD epicardial arterial
tree.

Figure 8, A-C and D-F, shows the distribution of time-
averaged flow velocity vectors (grid units/magnitude of veloc-
ity = 0.005) in various planes at bifurcations A (A—C) and F
(D-F), respectively, over a cardiac cycle. Figure 9, A—F, shows
the corresponding distribution of flow velocity vectors (grid

Anterior View D Anterior View

E Superior View
e

s

F inferior View
(D-F) At bifurcation F in Fig. 1
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Table 1. Exponent B and correlation coefficient R? for the
power law relation (OSI ~ WSSP) lateral to the junction
orifice and opposite to the flow divider near bifurcations,
where high OSI coincides with low WSS

Position B R?

Opposite to the flow divider
(in primary branches)

Bifurcation A —0.68 0.53
Bifurcation B —-1.70 0.75
Bifurcation C —1.64 0.50
Bifurcation D —1.63 0.64
Bifurcation E N/A N/A
Bifurcation F —3.86 0.63
Bifurcation G N/A N/A
Lateral to the junction
orifice (in main trunk)
Bifurcation A —1.40 0.48
Bifurcation B —2.88 0.59
Bifurcation C —-1.02 0.44
Bifurcation D —1.35 0.45
Bifurcation E N/A N/A
Bifurcation F —1.82 0.63
Bifurcation G —0.84 0.43

N/A, not applicable, because the value of oscillatory shear index (OSI) is
very small (<1073), which implies that there is no significant disturbed flow
in the region of bifurcation. WSS, wall shear stress.

units/magnitude of velocity = 0.05) at diastole (time instance
D in Fig. 2). The disturbed flows (stagnated, secondary, and
reversed flows) are found in Figs. 8 and 9. The time-averaged
flow velocity in zones of low WSS is apparently smaller than
zones of high WSS, as shown in Fig. 8. The secondary and
reversed flows appear near bifurcations F and A, as shown in
Fig. 9, E and B, respectively, at diastole. Furthermore, it is
found that the flow in primary branches changes gradually
from forward to reverse flow during the diastolic period (i.e.,
from time points S to D in Fig. 2).

DISCUSSION

Since Fry (12) and Caro et al. (6) proposed that high and low
WSS, respectively, affect atherogenesis, a large number of
studies (1-15, 24-30, 32-46) have been carried out. In the
present study, we used 3D FEM model to perform a detailed
hemodynamic analysis, based on geometry from CT scans and
experimentally measured boundary conditions in the LAD
epicardial arterial tree. We report several major findings, in-
cluding the following: /) low time-averaged WSS and high
OSI approximately obey a power law relation, which coincides
with disturbed flows opposite to the flow divider and lateral to
the junction orifice; 2) zones of low time-averaged WSS and
high OSI amplify at higher flow rates at the inlet of LAD and
with larger diameter ratio; and 3) high time-averaged WSSG
was found in region of bifurcations with the maximum value at
the flow divider. We will elaborate on each of these findings
below.

Flow in LAD artery trunk. In Fig. 4A, the blunt profile
became a fully developed parabolic profile at ~2.2 cm,
which is consistent with the theoretical development length,
L [= D X (0.06 X Re) = 2.24], where D is the LAD inlet
diameter and Re is Reynolds number. Reynolds (inertial force/

AJP-Heart Circ Physiol » VOL 293
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viscous force) and Dean (D,, = centrifugal force/viscous force)
numbers increased when the velocity wave changed from
trough to crest time points (from ftime L to H in Fig. 2). In
the main trunk of the LAD epicardial arterial tree of an
anesthetized pig, Reynolds and Dean numbers in trough and
crest instance were in the regime where the viscous forces
are dominant over centrifugal forces. Hence, there is no
instability or strong separation caused by the curvature of
the main trunk (31, 32). The uniformity of mean flow
velocity in the main trunk is consistent with previous pre-
dictions (21).

The WSS at velocity wave trough, average, and crest time
(see Figs. 3A, 4B, and 3C, respectively) showed that zones of
low WSS amplified when flow rates at the inlet of LAD
increased during the cardiac cycle. The locations of low WSS
are consistent with the experimental results of fluid flow in the
LAD epicardial tree by Asakura and Karino (1). The high
time-averaged WSSG (in Fig. 4C) was found in the region of
bifurcations, with the flow divider having the maximum value.
This agrees with the numerical results in the normal left
coronary arterial tree by Framakis et al. (9) and at the rabbit
aorto-celiac junction by Buchanan et al. (5).

Flow near bifurcations. Many researchers (1, 4-6, 9-11,
14, 15, 26, 27, 30, 33-36, 39, 40, 44—-46) have found that
atherosclerosis is a geometrically focal disease that has a
propensity to involve the outer edges of blood vessel bifurca-
tions, where low WSS (see Ref. 29) is prevalent. Furthermore,
high WSSG (5, 7-8, 15, 27, 45) has been implicated in the site
of elevated low density lipoprotein permeability and lesion
growth, such as the flow divider. Here, we investigated these
two hemodynamic factors.

WSS and OSI. Bifurcations represent complex local geomet-
ric changes and correspondingly complex flow. The low WSS
in the wall opposite to the flow divider and lateral to the
junction orifice in Fig. 5 can strongly affect endothelial cell
morphology and functions. For example, endothelial prolifer-
ation and apoptosis can be elevated in low WSS (see Refs. 29,
42). The temporal gradient of WSS is also important to stim-
ulate endothelial cell proliferation (3, 43). In the present study,
OSI (14, 26) was used to quantify the temporal gradient of
WSS. Since OSI does not differentiate between flow separation
and general flow disturbance (24), it was only considered along
the wall of the LAD epicardial arterial tree. The high OSI (in
Fig. 6) was found to coincide with the low WSS in the wall of
primary branches opposite to the flow divider and main trunk
lateral to the junction orifice, which followed a power law
relationship (Table 1). There was no high OSI, however, in the
wall of the main trunk opposite to the flow divider in Fig. 6, A
and D. Figure 9 shows strong secondary and reversed flow in
the wall of primary branches opposite to the flow divider and
main trunk lateral to the junction orifice, but not in the wall of
the main trunk opposite to the flow divider. Therefore, second-
ary and reversed flows near the wall of vessels result in high
OSI. Our laboratory’s previous findings (28) showed that
nitric oxide was reduced during reversed flow, which could
lead to vascular dysfunction, including intimal hyperplasia,
cell activation, and platelet adhesion. Therefore, atheroscle-
rotic-prone area may be realized in zones of low WSS or
high OSI.
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Fig. 7. Time-averaged WSSG (unit: dyn/cm?) at bifurca-
tions over a cardiac cycle. A—F correspond to Fig. 5, A-F,
respectively.

C Inferior View
(A-C) At bifurcation A in Fig. 1

To explore the flow at bifurcations, we investigated primary
branches with different diameter ratios (e.g., primary branches
A-D and F). Zones of low WSS enlarged with larger diameter
ratio (comparison of Fig. 5, A and D), while the mean flow
velocity in the main trunk remained uniform. Our previous
study (16) indicates that branching angles are smaller with
larger diameter ratios. The large diameter ratio and small
branching angles can induce complex flow patterns in larger
area of the main trunk and primary branches and further
enlarge zones of low WSS. For example, the carotid artery

B Superior View

FLOW PATTERNS IN EPICARDIAL ARTERIES

Anterior View D Anterior View

F inferior View
(D-F) At bifurcation F in Fig. 1

bifurcation (39) with larger diameter ratio has much more
complex flow patterns than the LAD arterial tree. High OSI can
be found in the wall of the main trunk opposite to the flow
divider when the diameter ratio is sufficiently large, such as the
carotid artery bifurcation (39). This novel finding makes a
connection between diameter ratio and possible atherosclerotic
lesions.

WSSG. DePaola et al. (8) postulated that high WSSG
induce morphological and functional changes in endothe-
lium. Herrmann et al. (15) and Zeindler et al. (45) showed

Table 2. Relationship between hemodynamic parameters and atherosclerotic-prone region in main trunk and primary

branches of LAD epicardial arterial tree

Hemodynamic Parameters

Atherosclerotic-Prone Region in Main Trunk

Atherosclerotic-Prone Region in Primary Branches

Low WSS Lateral to the junction orifice and opposite to
the flow divider

High OSI Lateral to the junction orifice

High WSSG Flow divider

Opposite to the flow divider

Opposite to the flow divider
Flow divider

WSSG, wall shear stress gradient.
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A Area normal to primary branch
IR R\

\i

Lateral to
junction orifice
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C Area normal to main trunk
(A-C) At bifurcation A in Fig. 1

elevated permeability and lesion growth at the flow divider,
where WSSG is high and WSS is low. Kleinstreuer and
colleagues (5, 27) used elevated WSSG to explain the
experimental observation by Herrmann et al. (15) and
Zeindler et al. (45). They indicated that the highest low-
density lipoprotein permeability and largest sites of elevated
permeability are associated with zones of elevated WSSG.
In the present study, our findings of WSSG (in Fig. 7) in the
LAD epicardial arterial tree are consistent with Kleinstreuer’s
results.

Other researchers (9) studied WSSG in the normal LAD
epicardial tree and postulated that low WSSG correlates with
atherosclerosis locations. As shown in Fig. 4C, most sites have
low WSSG, except for small regions near bifurcations. Hence,
low WSSG may not be the cause of atherosclerosis as such
extensive lesions have not been observed clinically. The loca-
tions of high WSSG, however, are a good candidate for focal
atherosclerosis.

Comparison with other models. Buchanan et al. (5) com-
pared the spatial distribution of the WSS, WSSG, and OSI
with the experimental measurements of Herrmann et al. (15)

AJP-Heart Circ Physiol « VOL 293

F Area normal to main trunk
(D-F) At bifurcation F in Fig. 1
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D Area normal to primary branch
ATE

Fig. 8. Distribution of time-averaged flow velocity vectors
(grid units/magnitude of velocity = 0.005) in the sectioned
area at bifurcations A (A—C) and F (D-F) over a cardiac
cycle. The colorful plots in C and F represent the distribution
of WSS (unit: dyn/cm?).

and Zeindler et al. (45) at the rabbit aorto-celiac junction.
Compared with the rabbit aorto-celiac junction (see Figs.
3-6 in Ref. 5), Figs. 5-7 show similar distribution of
hemodynamic parameters in LAD epicardial arterial tree.
Although different sites in the cardiovascular system are
considered, the same distribution of hemodynamic parame-
ters persists. This suggests that the stimuli for focal athero-
sclerotic-prone regions may be ubiquitous in the cardiovas-
cular system and relate to critical levels of low WSS, high
OSI, and high WSSG, which are strongly affected by diam-
eter ratio.

Critique of the model. Although our simulation is based
on real geometry (from CT scans) and measured inlet flow
rate, the elastic wall was simplified to be rigid, and the
spatial movement of the vessel wall was neglected. Further-
more, only a portion of the LAD epicardial arterial tree was
included in the present 3D model. When detailed data on
elasticity, permeability, and cardiac motion are available,
they can be implemented by combining the present model
and previous studies (16-23).
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Fig. 9. Distribution of flow velocity vectors (grid units/mag-
nitude of velocity = 0.05) in the sectioned area at diastolic
time (time instance D in Fig. 2). A—F correspond to Fig. 8,
A—F. The colorful plots in C and F represent the distribution
of WSS (unit: dyn/cm?).

Significance of study. The present study used a 3D FEM
model to analyze the detailed flow patterns in the LAD
epicardial arterial tree. We considered the WSS, OSI, and
WSSG for bifurcations of different diameter ratios, as these
parameters affect endothelial biology. A power law relation
between WSS and OSI was found in the wall of primary
branches opposite to the flow divider and main trunk lateral
to the junction orifice. The atherosclerotic-prone regions
(e.g., flow divider, opposite to flow divider, lateral to junc-
tion orifice, etc.) were associated with low WSS, high OSI,
and high WSSG. Several novel findings emerged, which
relate atherosclerotic-prone regions to the diameter ratio and
flow. The model will ultimately be made patient specific,
which can provide quantitative hemodynamic information to
help cardiologist and cardiovascular surgeons select appro-
priate treatment. This approach will significantly contribute
to diagnostic, therapeutic, and treatment design.

A Are;d norm

C Area normal to main trunk
(A-C) At bifurcation A in Fig. 1

FLOW PATTERNS IN EPICARDIAL ARTERIES

to primary branch

Area normal to primary branch

Lateral to
junction orifice

SN RO®

— | 08

| 06
g 04
02

F Area n‘()nﬁal to main trunk
(D-F) At bifurcation F in Fig. 1

APPENDIX

Hemodynamic Parameters

The Reynolds (Re), Womersley (), and Dean numbers (D,,) are
defined, respectively, in the main trunk of the LAD epicardial arterial
tree as follows:

pV:D
Re = — (Al)
W
wp
a=Ri— (A2)
n
R\
D, = (2 7> ‘4Re (A3)
where V. = Viin, Vimaxs O Viean 1S minimum, maximum, or

time-averaged velocity at the inlet of LAD arterial tree, respec-
tively; R is radius of LAD; D is diameter of LAD, w is angular
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frequency of beating hearts; p is blood mass density; and p is
viscosity.

At any point of 3D FEM model, the stress can be represented as a
nine-component tensor (7), which can be written as follows:

Tit Tz Ti3

T = | Tar T T23
T3 T3 T3z
) Ju u N v du N aw A4
dx dy ox 0dz  Ox (44)
- u 9Iv av v ow
=2uwD = p| —+— 2— —+ —
dy  ox dy dz  dy
du ow Jdv  ow aw
Ldz dx 0Jz 9y Jz |

where D = 0.5:[(Vv) + (Vv)"] is the shear rate tensor. The stress on
the wall, its normal component, and it two tangential components can
be written as, respectively:

T=7n, T,=n7Tn T =t-7n and T,=tTn (AS)

where n, t;, and t, are the unit vector in the normal and two tangential
directions, respectively. The present time-averaged OSI can be written

as follows:
1 T
-7
TJ.
0

l T
ok
0

The spatial derivatives of the stress can be obtained as follows:

1
osI=_|1- (A6)

-87,1 aT, 8Tn-
o o o
V7 = % % % (A7)
on  dt; Ot
Jt, dt, 07,
Lon o, on, |

where n, t{, and t, are the natural coordinates as shown. As define
by Ref. 27, the diagonal components 7, /0f; and 97, /dt> generate
intracellular tension, which causes widening and shrinking of cellular
gap. However, the diagonal component dt,/dn can cause endothelial
cells rotation, which may destroy the endothelial function too. There-
fore, we defined the WSSG as follows:

1
aT, aT, ar,\ |2
wa-[()- () (2]
on at, at,
The time-averaged WSSG can be written:
T
1
time-averaged WSSG = } .[WSSG'dt (A9)

0

To plot the shear stress in the entire computational domain, WSS is
determined as the product of viscosity () and wall shear rate (),
which is defined as:

] ] e
IERCIRERE)

The time-averaged WSS and OSI can be written as follows:

H2969

1 T
time-averaged WSS = Tf WSS-dr

0

(AI)

Equations A6 and A8-A 11 were used to calculate the OSI, WSSG,
and WSS in the FEM model. In the FORTRAN program, we
calculated the shear stress, spatial gradient of shear stress, and
OSI for each FEM node. However, the values for WSS, WSSG,
and OSI were only considered on the endothelial surface of
vessels.
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