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Molecular Viscosity in the Normal Left Coronary
Arterial Tree. Is It Related to Atherosclerosis?
Johannes V. Soulis, PhD,* Thomas M. Farmakis, MD, PhD,

George D. Giannoglou, MD, PhD, Ioannis S. Hatzizisis, MD, MSc,
George A. Giannakoulas, MD, George E. Parcharidis, MD, PhD,
and George E. Louridas, MD, PhD, Thessaloniki and Xanthi, Greece

The purpose of this study is to elucidate, probably for the first time, the distribution of
molecular viscosity in the entire left coronary artery (LCA) tree. The governing mass,

momentum, and energy flow equations were solved by using a previously validated 3-dimen-
sional numerical (finite-element analysis) code. High-molecular-viscosity regions occur at bifur-
cations in regions opposite the flow dividers, which are anatomic sites predisposed for ather-
osclerotic development. Furthermore, high-molecular-viscosity values appear in the proximal
regions of the LCA tree, where atherosclerosis frequently occurs. The effect of blood flow
resistance, due to increased blood viscosity, gives rise to increased contact time between the
atherogenic particles of the blood and the endothelium, probably promoting atherosclerosis.
Observations suggest that, whole viscosity distribution within the coronary artery tree may

represent a risk factor for the resulting atherosclerosis. This distribution can become a possible
tool for the location of atherosclerotic lesions.

Introduction

The hemodynamics within the cardiovascular sys-
tem are highly influenced by mechanical factors
that include blood viscosity, the pressure gradi-
ent, and local shear rates. A number of studies in
the coronary arteries describe the topography of
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atherosclerosis.'-3 The role of blood viscosity in
the development and progression of coronary
heart disease (CHD) is important.4,5 The influence
of plasma viscosity and cellular rheology has been
noticeably absent from the study of CHD.
According to non-Newtonian behavior, blood vis-
cosity is velocity gradient-dependent and subse-
quently varies along the course of the vessel.
Henceforth, the variation is dependent on the ap-
plied flow conditions, vascular geometry, flow
particularities, and local blood flow composition.
Viscosity increases in bifurcations, bends, and
poststenotic regions. These are the sites where
blood flow is either slow or disturbed and where
wall shear stresses as well as their gradients are
low.6 Furthermore, Junker et a17 support the hy-
pothesis that an increased plasma viscosity may
be a link between cardiovascular risk factors and
CHD. However, little research has focused on the
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exact role of local viscosity differentiation within
the coronary tree and its implications for athero-
genesis.

The aims of this study are threefold: first, to
compute the distribution of the non-Newtonian
molecular viscosity of blood in the entire normal
left coronary artery (LCA), second to quantify the
differences in molecular viscosity between proxi-
mal and distal LCA parts as well as the local dif-
ferences of this physical quantity in bifurcations
and bends, and last, to investigate the possible
implications of this distribution for the athero-
sclerotic lesion localization in the normal human
LCA. To the best of our knowledge, there is no
published computational work determining the
topography of the molecular viscosity in the nor-
mal human LCA tree under resting flow condi-
tions with atherosclerosis.

Methods
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Figure 1. The normal left coronary artery
(LCA) tree geometry includes the left main
coronary artery (LMCA), left anterior descending
(LAD), left circumflex branch (LCx), and their
main branches: The first obtuse marginal (OM1),
the second obtuse marginal (OM2), the first
septal (SI), the first diagonal (D1), the second
septal (S2), the second diagonal (D2), the third
septal (S3), and the third diagonal (D3) branch.

Geometry

Experimental measurements of the intrathoracic
spatial location of specified coronary segments on
the normal human heart were previously report-
ed.8'9 These studies were based on 83 angiogra-
phies in normal subjects. The intrathoracic loca-
tion and course of each 1 of the 23 arterial seg-
ments and branches, which are commonly used
to describe the localization of CHD, were report-
ed. All data were processed with a computing
aided design (CAD) program, resulting in a 3-di-
mensional geometry model of the LCA tree. To
eliminate variance attributed to cardiac motion,
all angiographic data corresponded to end dias-
tole. Therefore, there was no motion incorporat-
ed in the computational fluid dynamics (CFD) cal-
culations. The model utilized for flow analysis in-
cluded the left main coronary artery (LMCA), left
anterior descending (LAD), left circumflex branch
(LCx), and their main branches: the first obtuse
marginal (OMI), the second obtuse marginal
(OM2), the first septal (Si), the first diagonal
(D1), the second septal (S2), the second diago-
nal (D2), the third septal (S3), and the third di-
agonal (D3) branches. Figure 1 shows the geom-
etry of the LCA tree as described above.

We describe the vessel centerline location
(polar coordinates) and vessel diameter at each
segment. In particular, the vessel centerline was

constructed by using: (1) radius, (2) azimuth
angle between projection of radius onto trans-

verse plane and anterior-posterior axis, and,
(3) angle between radius and transverse plane.

Once the vessel centerline construction was

completed, the appropriate vessel diameter was

applied at each segment, and the final vessel
geometry was acquired via a computerized extru-
sion process of the preprocessing CAD program.
These data were proven to be good enough to de-
scribe the anatomic location of the various
anatomical segments, and the final geometry was
found to be satisfactory as a model simulating the
normal human left coronary anatomy.

The lumen diameter of the LMCA orifice mea-
sured 4.5 mm while the corresponding values of
the LAD and LCx were 3.7 and 3.4 mm, respec-
tively. The outlet LAD diameter at the apex of the
heart measured 0.9 mm, while the corresponding
diameter of the LCx at the outlet was 1.3 mm. For
the first, second, and third diagonals the corre-
sponding diameters were 1.1, 1.0, and 0.9 mm,
respectively, while for the first, second, and third
septals the corresponding diameters were 0.9,
0.7, and 0.7 mm. For the LCx branches, the outlet
diameters of the first and second obtuse margin-
als were 1.1 and 1.0 mm.

Computational Grid

All geometrical data were input into a special-
ized preprocessing program for grid generation.

LAD
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Figure 2. Nonstructured grid of the
normal human left coronary artery (LCA) tree
used for computational analysis. Details of
proximal tree segments. A left main coronary

artery (LMCA) plane, used for computational
analysis, is also shown.

In total, 44,452 grid nodes were utilized, giving
rise to a 196,902 computational tetrahedral.
Figure 2 shows details of the utilized nonstruc-
tured grid of the human LCA tree. The relative
error in the velocity components and in the he-
modynamic parameter of wall shear stress (WSS)
was computed and used as a quantitative mea-
sure of the effect of grid density. The used mesh
was based on the computational results of mesh-
independence studies. The number of nodes used
to define the mesh independence increased ini-
tially to 59,524 nodes and at a later stage to
80,889 nodes. The relative error in the derived
hemodynamic parameter of WSS was calculated

and used as a quantitative measure of the grid
density effects on the results.

Flow Equations, Boundary Flow Conditions
and Solution

The blood velocity is assumed to be uniform at
the orifice of the LMCA. The applied inflow con-
ditions mimic typical coronary blood flow veloci-
ty under resting conditions, 0.17 m/s. Flow dis-
charges were set analogous to the third power of
the branching vessel diameter according to
Murray's law.10 Table I shows the values of the
outflow flow discharges as a percentage of the
inlet flow. All computational grid data, as well as
all physical flow data determined from the
boundary conditions, were imported into the
main computational fluid dynamics solver (Fluent
release 5.5, FLUENT Inc).11 The numerical code,
which was previously validated,12 solves the gov-
erning Navier-Stokes flow equations. In the gen-
erality, these equations solve the mass, momenta,
and energy conservation. The assumptions made
about the nature of the flow are that it is 3-di-
mensional, steady, laminar, isothermal, with no
external forces applied on it while the arterial
wall is composed from nonelastic and imperme-
able material. Cardiac motion, up to 1 Hz fre-
quency, only slightly affects the velocity changes
(maximum 6%).13 Therefore, the calculated re-
sults are not significantly influenced by this as-
sumption. The governing flow equations are
given in the Appendix.

Calculated Variable

Molecular viscosity values (kg/m-s) were calcu-
lated throughout the entire LCA tree including
the LMCA, LAD, LCx, and their major branches.
All molecular viscosity values are shown in filled

Table I. Flow discharge values (%) at the outlet branches of the left coronary
artery (LCA) tree (Figure 1).

LAD
LCx OMi OM2 Si Dl S2 D2 S3 D3 (Distal)

22.44 5.82 15.42 2.00 5.49 1.40 4.72 3.21 4.20 35.27

Left circumflex branch (LCx), first obtuse marginal (OM1), second obtuse marginal (OM2), first septal (S1),
first diagonal (Dl), second septal (S2), second diagonal (D2), third septal (S3), third diagonal (D3) branch,
left anterior descending (LAD).
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contours coupled with isocontour line form.
Contour labels appear in Figures 3-5, ranging
from 1 to 15, and correspond to 15 color levels.

Results

Figure 3 shows the molecular viscosity (kg/m-s)
magnitude distribution at the proximal left ante-
rior descending (LAD) branch. These values

range from 0.0061 kg/m-s to 0.0140 kg/m-s.
Figure 4 shows the contour plots of the molecu-
lar viscosity (kg/m-s) magnitude distribution at
the origin of the first diagonal (D1)-first septal
(Si) branches (the origin of LCx segment is also
shown). Low molecular viscosity prevails at the
distal LAD segment.

Figure 5 shows the molecular viscosity distri-
bution at the exit of the computational domain
referring to a typical diagonal branch (D2). Note
the increased molecular viscosity values near the040 t=;z-t .g106118X

0.0I67 080071 0.0112 0O023 .0134

Figure 3. Contour plots
of the molecular viscosity
(kg/m-s) magnitude distribu-
tion at the proximal left
anterior descending (LAD)
branch. Contour labels range
from 1 to 15 and correspond
to 15 color levels shown in
the bar.

LCx.

LAD

Figure 4. Contour plots
of the molecular viscosity
(kg/m-s) magnitude distribu-
tion at the origin of the first
diagonal (D1)-first septal
(S1) branches.
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center of the cross-sectional area. Viscosity values
change throughout the flow field. At proximal
LAD regions the near wall molecular viscosity val-
ues are of the order 0.007852 kg/m-s, while at
distal LAD segments the corresponding near wall
viscosity values are 0.004738 kg/m-s.

Figure 6 shows the molecular viscosity distri-
bution at the LMCA plane (just upstream of the
flow divider, also see Figure 2), while Figure 7
shows the molecular viscosity profile along the
longest diameter (distance) of this plane.

D2

Discussion

A non-Newtonian behavior of blood in low shear
regions minimizes the extent of recirculation
zones.14 These zones appear along a certain dis-
tance close to the arterial wall. In contrast, for
Newtonian fluids, the recirculation zone extends
almost into the center of the vessel cross-section.
In simulating blood flow behavior certain re-
searchers15 suggest using the generalized power
law model in order to achieve better approxima-

mm Figure 5. Contour plots
of the molecular viscosity

OAxin omit GsiM" (kg/m-s) magnitude distribu-
tion at the exit (cross-
sectional) of a typical
diagonal branch (second
diagonal, D2).

Figure 6. Contour plots
of the molecular viscosity

q _ ~(kg/m-s) magnitude distribu-
tion at a left main coronary
artery (LMCA) plane.
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Figure 7. Molecular viscosity (kg/m-s)
profile along the longest diameter
(distance) of the left main coronary artery
(LMCA) plane.

tion of wall shear stress at low shear. For athero-
sclerotic coronary vessels the effect of non-
Newtonian viscosity of blood on hemodynamics
can be more complicated than in a nondiseased
vessel.5 This is due to changes in local shear rate
resulting from significant reductions of the cross-
sectional area of the vessel segment. Plasma vis-
cosity distribution within the coronary artery tree
may represent a risk factor for the resulting ath-
erosclerosis.16 In particular, hypertension, hyper-
lipidemia, and diabetes increase whole blood vis-
cosity.17 It is known that, in order to maintain
normal blood flow within the arterial system, the
blood viscosity and the erythrocyte deformability
should be adequately adapted to flow conditions.4
In particular, blood viscosity must decrease while
erythrocyte deformability should increase. Re-
duced erythrocyte deformability is of vital impor-
tance in arterial stenosed areas, resulting in an
increase in both local shear rate and whole blood
molecular viscosity. Moreover, increased blood
viscosity in an area of plaque rupture could have
a prothrombotic effect.4 Therefore, the role of
blood viscosity in the development and progres-
sion of CHD is very important.

Our results show that there are 3 distinct re-
gions within the flow possessing high blood vis-
cosity values. The first flow region, located near
the center of the cross-sectional area of any seg-
ment, Figure 5, is characterized by high blood
flow velocity magnitude and occupies a large sec-
tion of the lumen followed by a region of reduced
molecular viscosity values, extending up to the

endothelium. Figure 6 shows the locations of
high-molecular-viscosity distribution regions at an
LMCA plane (upstream to the flow divider). At
this area there are 2 distinct high-molecular-vis-
cosity regions corresponding to the developed
flow at the entrances of the LAD and LCx seg-
ments, respectively. The highest value of the mol-
ecular viscosity distribution along the longest di-
ameter (distance) at the LMCA plane, shown in
Figure 7, is of the order of 0.0187 (kg/m-s), oc-
curring roughly at the central region of the LAD
origin. At the central region of the LCx origin, the
corresponding molecular viscosity distribution
value is of the order 0.0154 (kg/m-s). The exact
position of these maxima values depends on the
main flow pattern as it is formed in this region
from the bifurcation geometry and flow condi-
tions. Near to wall regions, the molecular viscos-
ity values decrease, see Figures 5-7. High-molec-
ular-viscosity values, occurring at the center re-
gion of any cross-sectional part of the LCA tree,
tend to decelerate the blood flow (increased re-
sistance).

In the second flow region (proximal-distal
LCA tree), the magnitude of molecular viscosity
decreases from proximal to distal flow dividers.
Velocities attain large values at small size branch-
es. These branches are frequently occurring at
distal tree parts. Moreover, from the overall ex-
amination of the contours (Figures 3 and 4) it is
also evident that molecular viscosity exhibits low
values at distal regions of the LCA, where the
magnitude of the mean flow velocity is relatively
higher, owing probably to increased vessel taper-
ing. In contrast, high-molecular-viscosity values
appear at proximal LCA regions, Figure 3. This
high-molecular-viscosity values distribution is in
accordance with the frequent localization of ath-
erosclerotic lesions in the proximal LCA regions.
This fact further supports the possible correlation
between high molecular viscosity and the local-
ization of atherosclerosis. Given that atheroscle-
rosis localization is less common at distal seg-
ments, compared to the proximal ones, it is also
reasonable to deduce that low blood molecular
viscosity has a beneficial action protecting the ar-
terial wall.

The third flow region is located on the later-
al walls of bifurcation opposite the flow divider
(Figures 3 and 4), which are characterized by low
wall shear stress and low velocity values. Along
the vessel wall, at regions opposite to the flow di-
viders, where low wall shear stress and low stat-
ic pressure occur, blood flow resistance effects,
due to increased blood viscosity, increase the con-
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tact time between the atherogenic particles in the
blood and the endothelium.

Preserving molecular viscosity at low level
values as well as erythrocyte deformability usu-
ally constitute physiologic adjustments in humans
to maintain normal blood flow in the coronary ar-
teries. Since viscosity is an intrinsic resistance of
blood flow in vessels, the phenomenon of high
viscosity regions in the central part of the lumen
moderates the high blood velocity values. It is
known that there is a statistically significant rela-
tion between high molecular viscosity and ather-
osclerosis (vessel wall thickening) of human coro-
nary arteries.18 Flow regions at the lateral walls
opposite to the flow dividers are regions of high-
molecular-viscosity values. A possible explanation
of this phenomenon is that high-molecular-vis-
cosity value causes low blood flow velocities, low
shear rates, and consequently, low wall shear
stress.18 Long residence time with endothelium re-
sults in increased lipoprotein intake, and there-
fore, the final outcome is the thickening of the ar-
terial vessel wall. 19'20

Transport phenomena between the blood and
endothelium should be further investigated. The
role of blood flow on endothelium permeability
must also be considered. Lipoprotein endotheli-
um concentration should be considered as a func-
tion of local blood flow velocity, infiltration ve-
locity at the vessel wall, and diffusion of lipopro-
tein molecules in blood. These would probably
result in the accumulation of lipoproteins at the
blood/endothelium interface. The alterations of
endothelial functioning caused by molecular vis-
cosity, wall shear stress, and wall pressure ex-
plain why the low wall shear stress in certain ar-
terial sites favors the development of atheroscle-
rosis. All physical factors involved in this process
are characterized by a gradual and continuous
change. It is obvious that the hemodynamic model
describing flow must be combined with a rele-
vant transport model for lipid accumulation into
the subendothelial layer. Proper problem treat-
ment would require the simultaneous solution of
blood flow and vessel morphology partial differ-
ential equations.

Conclusions

The influence of molecular viscosity on the nor-
mal human LCA tree was evaluated by perform-
ing a 3-dimensional computational analysis. Our

model showed a marked difference in both the
magnitude and spatial distribution of molecular
viscosity values in the LCA tree. This study shows
that high-molecular-viscosity regions occur at bi-
furcations in regions opposite the flow dividers,
which are anatomic sites predisposed to athero-
sclerotic development. High-molecular-viscosity
values also appear in the proximal regions of the
LCA tree, where atherosclerosis frequently occurs.
At proximal LAD regions the near-wall molecular
viscosity values are, approximately, double the
distal segments values. The effect of blood flow
resistance, due to increased blood viscosity, gives
rise to increased contact time between the athero-
genic particles of the blood and the endothelium,
probably promoting atherosclerosis. Observations
suggest that, whole viscosity distribution within
the coronary artery tree may represent a risk fac-
tor for the resulting atherosclerosis. This distrib-
ution can be established as a reliable tool for pre-
dicting the location of atherosclerotic lesions.
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APPENDIX

The governing flow equations are the following:

+ (PUi) = Smi(1
a t axi

where p (kg/m3) is the density, t (sec) is the time,
ui (m/s) are the velocity components along the
xi, (m) axes, Sm is the added or subtracted mass
of fluid in the flow field. The conservation of mo-
mentum along the i direction is written,

(2)
ap + "J pg + Faxi axj

Here, p (N/M2) is the static pressure, zij (N/M2)
is the shear stress tensor, pgi (N/m3) and Fi
(N/m3) is gravity and externally acting forces, re-
spectively. The blood was considered to be non-
Newtonian fluid obeying to the power law.
According to this law the fluid shear stress, de-
noted by z (N/M2), is calculated as,

(3)

r= E7I(SflS
T-

71(S) = ke T n-l = aui + auj
axj axi

the consistency index k equals to 0.01691 (kg-
s ^ n-2/m), the power-law index n equals to 0.7,
while T (K) and To (K) are local temperature and
reference temperature, respectively.21

ap (pui) + a (pui ui) =at axj


