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Introduction: We sought to assess noninvasively the differences in hemorrheologic and geometric param-
eters between the left and right coronary artery (RCA). Low endothelial shear stress (ESS), high molecular 
viscosity (MV), and high wall stress (WS) induce atherosclerosis, while curvature and torsion have lately 
been implicated in the atherosclerotic process.
Methods: We studied 28 coronary arteries from 22 subjects undergoing coronary computed tomography 
angiography. We performed 3D reconstruction of the left anterior descending (LAD, n=14), left circumflex 
(LCx, n=5), and RCA (n=9) arteries. ESS, MV, and WS were calculated for 2-mm segments using compu-
tational fluid dynamics. Curvature and torsion were calculated for each segment using morphometric algo-
rithms.
Results: A total length of 187 cm of coronary arteries was studied. ESS was higher in the LAD compared 
to the LCx and RCA (13.76 Pa vs. 3.49 Pa vs. 3.76 Pa, p<0.001); MV was higher in the LCx compared to 
the LAD and RCA (0.00542 Pa·s vs. 0.00173 Pa·s vs. 0.00240 Pa·s, p<0.001); and WS had higher values 
in the RCA compared to the LAD and LCx (289.98 mmHg vs. 255.93 mmHg vs. 235.18 mmHg, p<0.001). 
Curvature was greater in the LCx compared to the LAD and RCA (0.1447 mm-1 vs. 0.1229 mm-1 vs. 0.1234 
mm-1, p<0.05), while torsion was found not to differ among the coronary arteries.
Conclusions: Hemorrheologic and geometric parameters differ between the left and right coronary arteries. 
These factors, either alone or in association with local flow patterns and geometry, may affect the topogra-
phy of atherosclerosis in the coronary arterial tree.

E pidemiological studies have found 
atherosclerosis to be non-uni-
formly distributed between the 

left and right coronary artery systems. A 
large retrospective study of 17,323 con-
secutive angiographies found left coro-
nary artery (LCA)-only disease to be more 
frequent (35%) than right coronary ar-
tery (RCA)-only disease (6.5%).1 An in-
travascular ultrasound study in young 
transplanted hearts demonstrated ath-

erosclerosis to be more frequently detect-
ed in the left anterior descending artery 
(LAD) compared to the left circumflex 
(LCx), with an intermediate incidence in 
the RCA, while a  previous histopatholog-
ical study in 2964 hearts showed that the 
LAD exhibited atherosclerosis more often 
than the RCA.2,3

The entire coronary arterial tree is ex-
posed to the same systematic risk factors; 
however, only specific areas exhibit ath-
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erosclerotic lesions. It has been found that certain 
sites, such as bifurcations, inner areas of curvatures, 
and branch origins, are more prone to develop ath-
erosclerosis than others. The effort to explain this 
preferential susceptibility to atherosclerosis has re-
vealed the effects of hemorrheologic factors, among 
which endothelial shear stress (ESS) has a prominent 
role. Other hemorrheologic factors that have been 
studied include molecular viscosity (MV) and wall 
stress (WS), while geometric factors such as curvature 
and torsion have recently been drawing more atten-
tion.4,5

The aim of this study was to evaluate any poten-
tial differences in hemorrheologic and geometrical 
factors between the left and right coronary arterial 
system that might account for the difference in the 
prevalence of atherosclerosis.

Methods

Study subjects

The study included 22 individuals (19 men, mean age 
62 ± 12 years), who either underwent coronary com-
puted tomography angiography (CCTA) for the in-
vestigation of suspected coronary artery disease with 
moderate or low risk or had known coronary artery 
disease, but were unable to undergo invasive coro-
nary angiography. The characteristics of the study 
population are summarized in Table 1.

All procedures followed were in accordance with 
the ethical standards of the responsible committee on 
human experimentation (institutional and national) 
and with the Helsinki Declaration of 1975, as revised 
in 2008. Informed consent was obtained from all pa-
tients prior to their inclusion in the study.

Coronary CTA Protocol

CCTA (128-detector) was performed using a SO-
MATOM Definition AS+ device (Siemens, Germa-
ny). The arterial pressure was measured with an arm-
band sphygmomanometer just before the examina-
tion. A bolus intravenous dose of iodine contrast was 
given through the basilic or cephalic vein (Ioversol, 
Optiray 350, Mallinckrodt Medical Imaging, Dam-
astown, Mulhuddant, Ireland; dose 80 mL for body 
weight <80 kg, plus 5% per each 5 kg >80 kg). The 
scan timing was bolus tracking at flow rate 5 mL/s. 
The reconstruction thickness was 0.625 mm and the 
phase increment 10%. The acquisition technique 

was retrospective using an average of 1500-1850 dlp. 
The examination was ECG-gated and took place dur-
ing hold inspiration. Subjects with heart rates >75 /
min received propranolol 20-40 mg per os 15-30 min-
utes prior to the examination to achieve better image 
quality.6

3D coronary reconstruction

The major coronary arteries were reconstructed on 
the basis of the electrocardiogram with the use of 
MIMICS (Materialise Software, Belgium) based on 
DICOMs generated from the CCTA (Figure 1).7 The 
image quality was optimal in non-calcified as well as 
in mildly or moderately calcified plaques. Coronary 
arteries having intensely calcified plaques were not 
included in the study as the image quality was poor.

Segments of interest 

By nature, coronary artery disease exhibits a mixed 
and heterogeneous distribution in the coronary arter-
ies: i.e. diseased segments coexist with non-diseased. 
It is not, however, very clear whether the diseased 
segments behave distinctly differently from the non-

Table 1. Patient characteristics.

Demographics:

Patients (n)  22
Age (years) 62 ± 3
Males 19 (86%)
Body mass index (kg/m2) 28 ± 1
Heart rate (/min) 58 ± 2

Medical history (n):
Myocardial infarction  3 (14%)
Arterial disease 5 (23%)

Risk Factors (n): 
Smoking  10 (45%)
Diabetes mellitus 6 (27%)
Hypercholesterolemia (>240 mg/dL) 13 (59%)
Arterial hypertension 14 (64%)
Positive family history 2 (9%)

Exercise (n) 13 (59%)
Drug treatment (n):  17 (77%)

Statins 11 (50%)
ω3-fatty acids 2 (9%)
Beta-blockers  8 (36%)
Calcium channel blockers  4 (18%)
Angiotensin-converting enzyme inhibitors  5 (23%)
Diuretics  9 (41%)
Angiotensin receptor blockers  7 (32%)
Aspirin  8 (36%)
Clopidogrel  4 (18%)
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diseased ones in terms of the parameters studied; 
nor is the degree of influence between adjacent dis-
eased and non-diseased segments fully understood. 
For these reasons, we considered that the presence of 
a diseased area in an artery does not render the entire 
artery diseased; thus, we employed a segment-based 
analysis using Rhinoceros (Robert McNeel & Asso-
ciates, Seattle, USA), with a 2 mm-long segment as 
the basis of measurement. The segments were catego-
rized as diseased or non-diseased according to the vi-
sual presence of atheroma; we analyzed the coronary 
segments both in total and separately (diseased ver-
sus non-diseased). In each segment, the radius and 
wall thickness were calculated.

Grid generation and computational fluid dynamics

In each reconstructed coronary artery, a computa-
tional grid was built and a finite-element unstructured 

mesh with tetrahedral elements was employed for 
the lumen volume. Subsequently, the arterial mod-
els were imported to a computational solver (Flu-
ent, Fluent Inc. Products, Lebanon, USA), where the 
ESS, MV, and wall pressure were calculated for each 
node of the computational mesh.8 We modeled blood 
as a non-Newtonian fluid with power-law index 0.7, 
minimum viscosity limit 0.0001 kg/(m·s), maximum 
viscosity limit 0.1 kg/(m·s), and a density of 1058 kg/
m3. Steady laminar flow was assumed and at the inlet 
a velocity of 0.17 m/s was specified in accordance with 
the literature.9-10 At the flow outlet, zero pressure 
conditions were defined and the no-slip condition 
was applied at the wall, which was considered rigid.11 
Mean ESS, MV, and wall pressure values were calcu-
lated for each of the arterial segments (Figure 2).

Assessment of wall stress

Wall stress was calculated according to Laplace’s 
Law:

where P refers to wall pressure, r to radius, and d to 
wall thickness. Wall pressure was calculated using 
computational fluid dynamics, while radius and wall 
thickness were determined from morphometry mea-
surements with Rhinoceros. Each variable was calcu-
lated in terms of mean values for each segment.

Assessment of curvature and torsion

Curvature and torsion were calculated by means of 
a special algorithm developed on Rhinoceros (Rob-
ert McNeel & Associates, Seattle, USA). Both curva-
ture and torsion were calculated for each segment of 
interest.

Statistical analyses

Statistical calculations were performed using SPSS v17.0 
(SPSS Inc., Chicago IL, USA). Categorical variables are 
summarized as absolute counts and percentages, and 
continuous variables as mean ± standard error of the 
mean. The clustering of arterial 2-mm segments within 
patients introduces a systematic error, which was offset 
by using mixed-effects ANOVA where the patient and 
artery were designated as random effects. All statistical 
tests were two-tailed and statistical significance was de-
fined as an alpha level ≤0.05.

Figure 1. Three-dimensional reconstruction of a right coronary 
artery (both lumen and wall).
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Results

We reconstructed 28 arteries (LAD n=14, LCx n=5, 
RCA n=9) with a total length of 1.9 m. The remain-
ing arteries were not reconstructed as they lacked 
high quality images. The mean length of each arteri-
al reconstruction was 67 ± 6 mm. A total of 912 seg-
ments were identified, with 32% of them diseased 
and 68% normal. A total of 87 discrete plaques were 
noted. Table 2 presents the detailed characteristics of 
the studied arteries and segments.

ESS distribution in the coronary arterial tree

ESS exhibited higher values in the left coronary artery 

system than in the right (11.2 Pa vs. 3.7 Pa, p<0.001). 
The same results occurred when atherosclerotic and 
non-atherosclerotic segments were studied separate-
ly (8.6 Pa vs. 3.4 Pa, p<0.05, and 12.5 Pa vs. 3.8 Pa, 
p<0.001, respectively). When the left coronary sys-
tem was separated into the LAD and LCx, the LAD 
was found to have higher values compared to the 
LCx and RCA (13.8 Pa vs. 3.5 Pa vs. 3.8 Pa, p<0.001) 
while there was no significant difference between 
the LCx and RCA. The same results occurred when 
atherosclerotic and non-atherosclerotic segments 
were studied separately (10.1 Pa vs. 4.1 Pa vs. 3.4 Pa, 
p<0.001, and 15.6 Pa vs. 3.2 Pa vs. 3.8 Pa, p<0.001, 
respectively).

Table 2. Characteristics of both arteries and segments. 

Vessel n Arterial length  Segments
  in diastole (mm) Normal Diseased Total

LAD 14 (50%) 63 272 (30%) 149 (16%) 421 (46%)
LCx 5 (18%) 56 94 (10%) 48 (6%) 142 (16%)
RCA 9 (32%) 78 254 (28%) 95 (10%) 349 (38%)
Total 28 (100%) 67 620 (68%) 292 (32%) 912 (100%)

LAD – left anterior descending; LCx – left circumflex; RCA – right coronary artery.

Figure 2. Endothelial shear stress (left) and molecular viscosity (right) in a right coronary artery using computational fluid dy-
namics.

7.379

7.010

6.641

6.272

5.903

5.534

5.165

4.796

4.428

4.059

3.690

3.321

2.952

2.583

2.214

1.845

1.476

1.107

0.738

0.369

0.000

Z
X

Y

0.009283

0.008892

0.008501

0.008110

0.007719

0.007328

0.006938

0.006547

0.006156

0.005765

0.005374

0.004983

0.004592

0.004201

0.003810

0.003419

0.003028

0.002637

0.002246

0.001855

0.001464

Z
X

Y



(Hellenic Journal of Cardiology) HJC • 221

Pathophysiological Aspect of Atherosclerosis Topography

MV distribution in the coronary arterial tree

MV manifested higher values in the left coronary ar-
tery system than in the right (0.0027 Pa·s vs. 0.0024 
Pa·s, p<0.001). When atherosclerotic and non-ath-
erosclerotic segments were studied separately, the 
same results occurred in non-atherosclerotic seg-
ments (0.0029 Pa·s vs. 0.0024 Pa·s, p<0.001), while in 
atherosclerotic segments MV was higher in the RCA 
(0.0025 Pa·s vs. 0.0022 Pa·s, p<0.05). When the left 
coronary system was divided into the LAD and LCx, 
LCx was found to have higher values compared to the 
LAD and RCA (0.0054 Pa·s vs. 0.0017 Pa·s vs. 0.0024 
Pa·s, p<0.001). The same results occurred when ath-
erosclerotic and non-atherosclerotic segments were 
studied separately (0.00343 Pa·s vs. 0.0018 Pa·s vs. 
0.0025 Pa·s, p<0.001, and 0.0064 Pa·s vs. 0.0017 Pa·s 
vs. 0.0024 Pa·s, p<0.001, respectively).

WS distribution in the coronary arterial tree

WS had higher values in the right coronary system 
artery than in the left (290 mmHg vs. 251 mmHg, 
p<0.001). When atherosclerotic and non-atheroscle-
rotic segments were studied separately, the same re-
sults occurred in non-atherosclerotic segments (320 
mmHg vs. 278 mmHg, p<0.001), while in atheroscle-
rotic segments WS was found to be higher in the RCA, 
but not statistically significantly so (209 mmHg vs. 199 
mmHg, p=0.115). When the left coronary system was 
divided into the LAD and LCx, WS presented high-
er values in the RCA compared to the LAD and LCx 
(290 mmHg vs. 256 mmHg vs. 235 mmHg, p<0.001), 
while there was a trend for a difference between the 
LAD and LCx (p=0.160). When atherosclerotic and 
non-atherosclerotic segments were studied separate-
ly, the same differences between RCA, LAD and 
LCx were found in non-atherosclerotic segments (320 
mmHg vs. 292 mmHg vs. 237 mmHg, p<0.001). In 
atherosclerotic segments, WS was higher in the RCA 
compared to the LAD (209 mmHg vs. 189 mmHg, 
p=0.073), but the LCx showed higher WS values than 
the RCA (231 mmHg vs. 209 mmHg, p<0.05).

Curvature distribution in the coronary arterial tree

Curvature demonstrated higher values in the left cor-
onary artery system than in the right (0.128 mm-1 
vs. 0.123 mm-1, p<0.001). When atherosclerotic and 
non-atherosclerotic segments were studied separate-
ly, the same results occurred in non-atherosclerot-
ic segments (0.120 mm-1 vs. 0.118 mm-1, p<0.001), 

while in atherosclerotic ones curvature was higher in 
the left coronary system, but to a non-significant de-
gree (0.145 mm-1 vs. 0.136 mm-1, p=0.436). When 
the left coronary system was divided into the LAD 
and LCx, curvature presented higher values in the 
LCx compared to the LAD and RCA (0.145 mm-1 vs. 
0.123 mm-1 vs. 0.123 mm-1, p<0.05), while there was 
no significant difference between the LAD and RCA 
(p=0.994). When atherosclerotic and non-atheroscle-
rotic segments were studied separately, the same dif-
ferences between LCx, LAD and RCA were found in 
non-atherosclerotic segments (0.143 mm-1 vs. 0.112 
mm-1 vs. 0.119 mm-1, p<0.05). In atherosclerotic seg-
ments, curvature was higher in the LCx compared to 
the LAD and RCA, but only to a non-significant de-
gree (0.149 mm-1 vs. 0.143 mm-1 vs. 0.136 mm-1). 

Torsion distribution in the coronary artery tree

Torsion was found not to differ between any coronary 
arteries, whether studied overall or in normal and 
atherosclerotic segments separately. Table 3 summa-
rizes these results.

Discussion

The novelty of this study is the noninvasive assess-
ment of the distribution of ESS, MV, WS, curvature, 
and torsion within the coronary arterial tree in hu-
mans. Hemorrheologic and geometrical factors have 
been calculated for the left and right coronary arter-
ies in vivo, avoiding any distortion by the intravascular 
ultrasound catheter or complications caused by inva-
sive methods. The study of these parameters in rela-
tion to atherosclerosis topography offers a unique op-
portunity to explain the different incidence of athero-
sclerosis in various coronary arteries.

It is well established that the atherosclerotic pro-
cess is associated with low ESS. Low ESS activates 

Table 3. Hemorrheologic and geometrical factors in both athero-
sclerotic and non-atherosclerotic segments.

 ESS MV WS Curvature Torsion
 (Pa) (Pa·s) (mmHg) (mm-1) (mm-1)

LCA 11.2 0.0027 251 0.128 0.0032
LAD 13.8 0.0017 256 0.123 -0.0591
LCx  3.5 0.0054 235 0.145 0.1879
RCA  3.7 0.0024 290 0.123 -0.0150

LCA – left coronary artery system; ESS – endothelial shear stress; MV – 
molecular viscosity, WS – wall stress. Other abbreviations as in Table 2.
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an atherogenic genotypic profile in endothelial cells 
through special receptors in their membranes, result-
ing in the promotion of atherosclerosis. Vasoconstric-
tive substances are overproduced, vasodilatory sub-
stances are suppressed, low-density lipoprotein cho-
lesterol permeates to the subendothelial layer at a 
higher rate, and various proteases and kinases taking 
part in atherosclerosis are produced.12-13

Epidemiological studies have demonstrated MV 
to be an independent risk factor for atherosclerosis. 
The Edinburgh Artery Study has proposed that MV 
is of the same risk significance as well-known systemic 
risk factors for cardiovascular disease, such as smok-
ing and hypercholesterolemia. This action is medi-
ated through alterations in blood flow and thrombo-
genesis.14-15

There is strong evidence that high WS promotes 
atherosclerosis. Regions associated with high WS 
are more susceptible to developing atherosclerosis. 
Branch origins, which are favorable areas for athero-
sclerosis development, have higher WS values.16

Curvature and torsion have recently been studied 
and are associated with atherosclerosis. High curva-
ture and torsion are considered to boost the athero-
sclerotic process.17-18 

In our study the LCA was associated with higher 
values of ESS, lower values of MV, lower values of 
WS, and smaller curvature than the RCA, while tor-
sion seemed not to differ between them. More specif-
ically, ESS displayed higher values in the LAD com-
pared to the RCA and LCx, while MV showed lower 
values in the LAD. WS was higher in the RCA com-
pared to the LAD and curvature was greater in the 
LCx than in the RCA and LAD. These results sug-
gest that atherosclerosis would favor the right rather 
than the left coronary artery system. However, these 
results do not conform to the epidemiological data, 
based on which atherosclerosis is expected to be more 
frequent in the LAD than in the RCA and LCx. Thus, 
other factors may affect the different topography of 
atherosclerosis in the coronary arterial tree, either in 
isolation or, more likely, in combination with the pa-
rameters studied here.

Displacement and axial strain belong among the 
factors that may affect the difference in topography 
of atherosclerosis between the LCA and RCA. Dis-
placement is the movement of a material point be-
tween two time points. In the case of the coronary 
arteries, displacement refers to the distance spanned 
between end-diastole and end-systole. The displace-
ment of the RCA has been found to be twice as great 

as that of the LCA, meaning that the velocity of the 
vessel’s motion is respectively higher. This reflects 
the different location of each vessel on the cardiac 
surface. This higher displacement of the RCA could 
affect the topography of atherosclerosis, i.e. it could 
limit low-density lipoprotein accumulation in the 
sub-endothelium. Axial strain represents the relative 
length of a segment and refers to the change in length 
of an artery during the cardiac cycle: longer in dias-
tole and shorter in systole. A possible difference be-
tween the LCA and RCA could affect atherosclerosis 
and partly explain the different topography.17-18 

The LCA comprises more branches and bifurca-
tions than the RCA. The well-known preference of 
atherosclerosis for these areas could go some way to 
explaining the high frequency of atherosclerosis in 
the LCA. The more branches and bifurcations in an 
artery, the more likely it is for atherosclerosis to de-
velop. Another potential explanation could be that 
what matters is the relative change in hemorrheolog-
ic and geometric factors, and not the absolute values. 
For example, a higher ESS in a region in the LAD 
could be atheroprotective compared to an adjacent 
region with low ESS, although it might be lower than 
the ESS in the RCA. It is possible that pulsatile flow, 
observed mainly in the LCA, induces low and oscilla-
tory ESS to a greater extent than in the RCA, result-
ing in the onset of atherosclerosis.19

Study limitations

The study calculations were performed for 2-mm long 
segments, and thus did not investigate more subtle 
variations of the study parameters along the coronary 
arteries. The study population was limited, which af-
fects the generalizability of our results; however, this 
study may serve as a proof-of-concept and a demon-
stration of methodological feasibility for subsequent 
large-scale, multiple–time-point analyses. The cross-
sectional nature of our study does not permit the 
demonstration of causal relationships between the as-
sociated variables. 

Conclusions

This study assessed noninvasively the possible differ-
ences in flow dynamics and geometry between the left 
and right coronary arterial system in humans in vivo, 
attempting to explain in a pathophysiological way the 
more frequent appearance of atherosclerosis in the 
LAD. The study revealed significant differences in 



(Hellenic Journal of Cardiology) HJC • 223

Pathophysiological Aspect of Atherosclerosis Topography

ESS, MV, WS, and curvature, but not in a way that 
could explain the heterogeneous distribution pattern 
of atherosclerosis. Other parameters, either alone or 
in combination with those evaluated here, may be im-
plicated in the differences in atherosclerosis topogra-
phy manifested clinically.
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