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Streszczenie
Wstęp: Miażdżyca tętnic wieńcowych objawia się charakte-
rystycznym wzorem dystrybucji blaszki miażdżycowej pomi-
mo ogólnoustrojowego narażenia na czynniki ryzyka. Autorzy 
przedstawiają hipotezę, że miejscowe siły hemodynamiczne 
wywołane przez skurczowy ucisk wewnątrzmięśniowych per-
foratorów przegrody mogą mieć udział w procesach miażdży-
cowych w  gałęzi międzykomorowej przedniej lewej tętnicy 
wieńcowej (left anterior descending – LAD) w sąsiedztwie odej-
ścia tętnic przegrodowych.
Materiał i metody: Badanie angiograficzne za pomocą 64-rzędo-
wej tomografii komputerowej przeprowadzono u 309 kolejnych 
pacjentów (92 mężczyzn i 217 kobiet), średnia wieku 59,9 roku. 
Przestrzenną dystrybucję blaszki w gałęzi LAD przeanalizowano 
w odniesieniu do miejsca odejścia gałęzi przegrodowych. Omó-
wiono dystrybucję blaszki w całym układzie tętnic wieńcowych.
Wyniki: Dodatni wynik wskaźnika uwapnienia tętnic wieńco-
wych (coronary calcium score – CCS) odnotowano u 164 (53,1%) 
pacjentów. U pacjentów z CCS > 0 zwapnienia były częstsze 
w gałęzi LAD (n = 150, 91,5%) w porównaniu z prawą tętnicą 
wieńcową (RCA) (n = 94, 57,3%), gałęzią okalającą (CX) (n = 76,  
46,3%) czy pniem lewej tętnicy wieńcowej (n = 42, 25,6%). 
Całkowity CCS był wyższy w gałęziach LAD – 46,1 (IQR: 104,2) 
i RCA – 34,1 (IQR: 90,7) niż w gałęzi CX – 16,8 (IQR: 61,3). U pa-
cjentów, u których zwapnienie występowało tylko w  jednym 
naczyniu (n = 54), zmieniona patologicznie była najczęściej ga-
łąź LAD (n = 42, 77,8%). U pacjentów ze zmianami ograniczo-
nymi jedynie do LAD blaszka była najczęściej umiejscowiona 
(n = 37, 88,1%) w sąsiedztwie odejścia tętnic przegrodowych.
Wnioski: Zwapnienia wieńcowe występują najczęściej w gałę-
zi międzykomorowej przedniej LAD w pobliżu odejścia gałęzi 
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Abstract
Introduction: Coronary artery atherosclerosis presents charac-
teristic patterns of plaque distribution despite systemic expo-
sure to risk factors. We hypothesized that local hemodynamic 
forces induced by the systolic compression of intramuscular 
septal perforators could be involved in atherosclerotic pro-
cesses in the left anterior descending artery (LAD) adjacent to 
the septal perforators’ origin. Therefore we studied the spatial 
distribution of atherosclerosis in coronary arteries, especially 
in relation to the septal perforators’ origin.
Material and methods: 64-slice computed tomography angio
graphy was performed in 309 consecutive patients (92 male 
and 217 female) with a mean age of 59.9 years. Spatial plaque 
distribution in the LAD was analyzed in relation to the septal 
perforators’ origin. Additionally, plaque distribution through-
out the coronary artery tree is discussed.
Results: The coronary calcium score (CCS) was positive in 164 
patients (53.1%). In subjects with a CCS > 0, calcifications were 
more frequent in the LAD (n = 150, 91.5%) compared with the 
right coronary artery (RCA) (n = 94, 57.3%), circumflex branch 
(CX) (n = 76, 46.3%) or the left main stem (n = 42, 25.6%)  
(p < 0.001). Total CCS was higher in the LAD at 46.1 (IQR: 104.2) 
and RCA at 34.1 (IQR: 90.7) than in the CX at 16.8 (IQR: 61.3)  
(p = 0.007). In patients with calcifications restricted to a single 
vessel (n = 54), the most frequently affected artery was the 
LAD (n = 42, 77.8%). In patients with lesions limited to the LAD, 
the plaque was located mostly (n = 37, 88.1%) adjacent to the 
septal perforators’ origin.
Conclusions: We demonstrated that coronary calcifications 
are most frequently located in the LAD in proximity to the 
septal branch origin. A possible explanation for this phenom-
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Introduction
Atherosclerotic processes involve endothelial dysfunc-

tion and local infiltration of fatty deposits with a  subse-
quent intimal calcification resembling osteogenesis [1, 2]. 
Coronary artery calcifications occur almost exclusively in 
atherosclerotic plaques. Moreover, the amount of calcium 
correlates with the overall magnitude of atherosclerotic 
plaque burden [2, 3].

Despite the fact that risk factors are systemic, athero-
sclerotic plaques develop in a  non-random manner. Pre-
ferred locations are lateral walls of the bifurcations, areas 
near to the side branches and branch ostia. Atherosclerotic 
plaques, particularly at the early stage, are eccentric, and 
in segments where vessels have no side branches, they 
emerge from the inner curvature. Plaque distribution in the 
“risk points” indicates the influence of blood flow conditions 
on the initiation and development of atherosclerosis [4, 5]. 

Atherosclerotic plaques are not uniformly distributed 
throughout the coronary artery tree. Lesions are predomi-
nantly located in the left coronary artery [6-9]. Necropsy 
studies and cardiac computed tomography angiography 
(CCTA) have demonstrated the highest plaque and calcium 
deposit burden in the left anterior descending artery (LAD) 
followed by the right coronary artery (RCA), circumflex 
branch (CX) and left main stem (LM) [10-15]. The distribu-
tion of calcifications tends to cluster within the proximal 
third of the LAD and CX, except in the RCA, where plaques 
are more uniformly distributed [16, 17].

The purpose of the present study was to demonstrate 
the spatial distribution of coronary calcifications and plaque 
locations using a coronary calcium score (CCS) and coronary 
CCTA evaluation. We hypothesized that the predominant lo-
cation of coronary atherosclerosis in the proximal LAD may 
be linked to septal perforators (SP). Septal branches run 
within the heart muscle; therefore systolic compressions of 
SP may induce retrograde blood flow in the adjacent LAD 
segment, especially in patients with left ventricular hyper-
trophy, which has been demonstrated in patients with hy-
pertrophic cardiomyopathy [18, 19]. Therefore, similarly to 
myocardial bridging, septal perforators may be considered 
a predisposing factor for coronary atherosclerosis at least in 
patients with left ventricular hypertrophy.

Material and methods

Study population
We prospectively recruited 309 consecutive patients (92 

male and 217 female; mean age 59.9 years) who underwent 
a CCTA and concomitant coronary calcium scoring (64-slice 

CT scanner; Siemens Somatom Sensation, Germany) be-
cause of a  definite or suspected coronary artery disease 
in our department (Silesian Center for Heart Diseases, Po-
land) between January and December 2012. Patients with 
history of a  previous percutaneous coronary intervention 
and/or coronary artery bypass grafting, myocardial bridg-
ing or coronary vascular anomalies were excluded from 
the study. The following cardiac risk factors were recorded 
in the database: hypertension (history of hypertension or 
antihypertensive therapy), diabetes mellitus (fasting blood 
glucose level > 7 mmol/l or use of oral antidiabetic therapy 
or insulin), smoking (defined as current smoker or previous 
smoker within the last year) and a positive family history 
(presence of CAD in first-degree relatives < 55 years of age 
if male and < 65 years of age if female). Laboratory tests 
were performed for total cholesterol, fasting glucose, full 
blood count, C-reactive protein (CRP) and estimated glo-
merular filtration rate. The study has been approved by the 
local Ethics Committee.

Coronary artery calcium score analysis
Coronary calcium score (CCS) was assessed by a non-

contrast CT scan with a 3.0 mm slice using the following 
acquisition: 24 x 1.2 mm, gantry rotation time of 330 ms, 
pitch of 0.2, maximum effective tube current of 190 mAs, 
tube voltage of 120 kV with an automated dose modula-
tion. Calcified foci were defined as regions of opacification 
with a  density of > 130 Hounsfield units and an area of  
≥ 3 contiguous pixels (1.0 mm2) based on the scoring algo-
rithm of Agatston et al. [20]. The images for the CCS were 
analyzed with a commercially available software package 
(Siemens Calcium Score, Siemens, Germany). The number 
of calcium deposits and total coronary calcium score were 
separately evaluated in the LAD, CX branches, LM and RCA. 
Calcifications located in the intermediate artery were clas-
sified as CX lesions.

Cardiac computed tomography angiography 
imaging protocol
In patients with heart rate > 60 beats/min, metopro-

lol (2.5 mg to 10 mg) was administered intravenously to 
reduce the heart rate. For coronary vasodilatation, all pa-
tients with systolic blood pressure ≥ 110 mmHg received 
nitroglycerin sublingually. Contrast timing was tested 
using an initial bolus-timing scan with an acquisition 
of 64 mm × 0.6 mm, gantry rotation time of 330 ms, 
pitch of 0.2, slices of 0.6 mm, tube voltage of 120 kV and 
maximum effective tube current of 900 mAs. An electro-
cardiography-gated tube current modulation was used 

enon could be the dynamic compression of the tunneled sep-
tal branches, which may result in disturbed blood flow in the 
adjacent LAD segment (milking effect).
Key words: atherosclerosis, coronary arteries, computed to-
mography angiography. 

przegrodowej. Wyjaśnieniem tego zjawiska może być dyna-
miczny ucisk wewnątrzmięśniowych tętnic przegrodowych, 
który może powodować zaburzenia przepływu w sąsiadującym 
segmencie gałęzi LAD.
Słowa kluczowe: miażdżyca, tętnice wieńcowe, angiografia 
tomografii komputerowej.
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in patients with stable sinus rhythm to reduce radiation 
exposure. In the whole studied group CCTA data were re-
corded using an offline workstation (Leonardo, Siemens, 
Germany). Images were reconstructed in mid-diastole 
with an individually optimized position of the recon-
struction window. Plaques were identified as obstructive 
if diameter stenosis was 50% or greater. Coronary artery 
segments were classified according to the 15-segment 
AHA classification [21].

Statistics
A Shapiro-Wilk goodness-of-fit test was used for nor-

mality testing. The results are shown as mean ± SD or me-
dian with (interquartile range – IQR). Group comparisons 
were tested by the unpaired Student’s t-test and the one-
way ANOVA for continuous variables and the Mann-Whit-
ney or the Kruskal-Wallis test for non-parametric testing. 
Qualitative variables are expressed as number of patients 
(n) and percentage (%) and were compared using the χ2 
test. P values < 0.05 were considered statistically signifi-
cant. All calculations were performed using the commer-
cially available statistical package Statistica 10 (StatSoft 
Inc., Tulsa, Oklahoma).

Results
The CCS computed by the Agatston method was posi-

tive in 164 patients (53.1%). Patients with a  positive CCS 
were older than subjects with a CCS = 0 (64 years [IQR 13] 
vs. 57 years [IQR 11]; p < 0.001). Hypertension was more 
common in patients with a CCS > 0 (77% vs. 41%; p < 0.001). 
There was a significant difference in fasting blood glucose, 
diabetes prevalence and CRP concentrations, but there was 
no difference in total cholesterol and its fractions (Table I). 

Among the subjects with a CCS > 0, the predominant 
location of calcifications was the LAD (91.5%), followed 
by the RCA (57.3%), CX (46.3%) and LM stem (25.6%)  
(p < 0.001). The number of coronary calcified deposits fol- 
lowed the same pattern (397 vs. 226 vs. 157 vs. 49; p < 0.001).  
Total CCS was higher in the LAD at 46.1 (IQR: 104.2) and 
RCA at 34.1 (IQR: 90.7) compared to the CX at 16.8 (IQR: 
61.3) (p = 0.007). In patients with a single vessel calcifica-
tion (n = 54), the most frequently affected artery was the 
LAD (n = 42, 77.8%) (Table II). Obstructive plaques were also 
more common in the LAD. In patients with calcifications 
limited to the LAD only, plaques were located in segments 
6 and/or 7 adjacent to the septal perforators’ origin in 37 
subjects (88.1%) (Fig. 1, panels A and B).

Tab. I. �Baseline characteristics

Whole population, n = 309 CS = 0, n = 145 CS > 0, n = 164 p

Sex – female, n/% 217/70 116/80 101/62 0.005*

Age (years) 60 (13) 57 (11) 64 (13) < 0.001†

BMI (kg/m2) 27.7 (6.6) 27.3 (7.7) 28.1 (6.4) 0.26†

Waist (cm) 91 ± 13 89 ± 12 93 ± 13 0.07‡

Hip (cm) 105 ± 10 105 ± 9 106 ± 11 0.7‡

Heart rate (1/min) 67 ± 9 67 ± 7 67 ± 10 0.9‡

SBP (mmHg) 142 ± 18 139 ± 18 146 ± 18 0.09‡

DBP (mmHg) 84 ± 9 84 ± 10 84 ± 9 0.9‡

Hypertension (%) 60 41 77 < 0.001*

Diabetes type 2 (%) 13 6 19 0.005*

Smoking (%) 19 18 19 0.86*

Family history (%) 52 53 52 0.89*

Hb (mmol/l) 8.6 ± 0.7 8.6 ± 0.7 8.6 ± 0.7 0.8‡

PLT (x 103/mm3) 217 (76) 233 (80) 205 (68) 0.3†

Fasting glucose (mmol/l) 5.4 (1.0) 5.3 (0.8) 5.7 (1.2) 0.008†

Total cholesterol (mmol/l) 5.3 ± 1.1 5.4 ± 1.1 5.1 ± 1.1 0.3‡

LDL (mmol/l) 3.1 ± 1.0 3.1 ± 1.0 3.1 ± 1.1 0.7‡

HDL (mmol/l) 1.5 ± 0.4 1.5 ± 0.3 1.5 ± 0.4 0.6‡

Triglycerides (mmol/l) 1.4 ± 0.7 1.5 ± 0.8 1.3 ± 0.5 0.1‡

CRP (mg/dl) 1.3 (1.7) 0.9 (1.4) 1.6 (1.7) 0.025†

eGFR (ml/min x 1.73 m2) 95 (32) 95 (39) 93 (30) 0.6†

* – χ2 test, † – Mann-Whitney test, ‡ – Student’s t-test 
BMI – body mass index, SBP – systolic blood pressure, DBP – diastolic blood pressure, PLT – platelet count, CRP – C-reactive protein, eGFR – estimated glomerular 
filtration rate (Cockcroft-Gault), LDL – low-density lipoprotein, HDL – high-density lipoprotein
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Discussion
Plaque distribution patterns  
in the coronary artery tree
According to a retrospective analysis of the largest cor-

onary angiographic database, in 34.7% of a total of 13,305 
patients plaques were observed only in the left coronary 
artery compared with 6.5% exclusively in the right coro-
nary artery [9]. Necropsy and CCTA studies revealed that 
the highest average amounts of atherosclerosis and calci-

fied lesions accumulate in the proximal segments of the 
LAD, followed by the RCA, CX and LM stem [6, 10, 11]. Our 
results are in agreement with previous findings from nec-
ropsy protocols and angiographic studies. They confirm the 
predominance of atherosclerosis in the LAD artery over 
the RCA, CX and LM stem [5-9, 17] (Table II). Enrico et al. 
demonstrated in a group of 73 patients with a total of 282 
plaques detected by CCTA that 46.3% of the atherosclerotic 
lesions were located in the LAD, 25.9% in the RCA, 18.3% in 
the CX and 8.1% in the LM [14]. The same pattern of high-

Tab. II. �Comparison of calcium deposition and plaque distribution in coronary artery segments in 164 patients with coronary calcium 
score > 0

LAD, n = 150 RCA, n = 94 CX, n = 76 LM, n = 42 p

Number of calcium deposits (n) 397 226 157 49 < 0.001†

Total calcium score (median [IQR]) 46.1 (104.2) 34.1 (90.7) 16.8 (61.3) 35.1 (77.2) 0.007*

Localization of calcium calcifications (%) 91.5 57.3 46.3 25.6 < 0.001†

Stenosis > 50% (n/%) 37/24.6 14/14.9 7/9.2 3/7.1 < 0.001†

Patients (n = 54) with single vessel calcifications (n/%) 42/77.8 4/7.4 5/9.3 3/5.6 < 0.001†

* – Kruskal-Wallis test, † – χ2 test

A

B

Fig. 1. Panel A and B. Multiplanar reconstructed images of the left anterior descending artery (LAD) and the septal branch. Diagram 
illustrating plaque location in the proximal segment of the LAD artery. Note the anatomy of the septal branch and its intramyocardial 
course. In proximity to the septal branch ostium, the LAD endothelial cells are exposed to atherogenic low oscillatory shear stress, which 
leads to plaque formation (left panel). On the right, the corresponding region of the plaque location (myocardial bridging effect)
LAD – left anterior descending artery, OSS – oscillatory shear stress, SB – septal branch 
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est CCS in the LAD and lower CCS in the RCA, CX and LM 
stem was reported by Erciyes et al. [15]. Saur et al. [22] and 
Ehara et al. [17] demonstrated a non-uniform distribution 
of plaques not only throughout the coronary vasculature 
but also along segments of the same vessel, with a pre-
dominance of atherosclerosis in the proximal LAD. Our re-
sults extend previous observations, and we revealed that 
coronary plaques are most frequently located not only in 
the LAD but also in proximity to the septal branch origin.

Wall shear stress and atherosclerosis
Blood vessels are constantly subjected to various types 

of hemodynamic forces, including wall shear stress (WSS) 
induced by blood flow. Wall shear stress is the tangential 
drag force of circulating blood onto the endothelial surface 
of the artery. The pathophysiology of the wall shear stress 
and its role in the genesis of atherosclerosis have been ex-
tensively studied [23]. It is hypothesized that the accumu-
lation of atheromatous material in the artery “risk points”  
is the result of prolonged residence time of circulating pro-
atherogenic particles in the disturbed flow field. Prolonged 
residence time may promote mass transport into the ves-
sel wall, especially in cases of increased wall permeability 
due to an abnormal WSS. Additionally, it is well established 
that the initiation and development of atherosclerosis are 
also attributed to complex mechanotransduction pathways 
regulated by WSS, including the activation of numerous pro-
atherogenic genes and up-regulation of pro-inflammatory 
mediators that are engaged in osteogenic signaling and dif-
ferentiation of vascular cells [24, 25].

Myocardial bridging and atherosclerosis
Myocardial bridging (MB) is a  congenital abnormality 

and most often involves the LAD. The intramural and distal 
segments of the bridged vessels remain free from athero-
sclerosis, contrary to the proximal segments, which are more 

susceptible to the development of atherosclerotic lesions 
(Fig. 2) [26, 27]. Retrograde blood flow observed in a segment 
proximal to MB is the result of intramural vessel compres-
sion during systole. It may lead to time-varying bidirectional 
flow formations generating atherogenic low oscillatory WSS 
[26-29]. Advanced atherosclerosis in the segment proximal 
to MB occurs when a myocardial bridge is longer and thicker, 
which may affect the hemodynamics of the blood flow dur-
ing systolic vessel compressions [26, 30-32]. Non-tortuous, 
non-branching arteries are exposed to uniform unidirection-
al flow and are exposed to a relatively high WSS. Thus, wall 
shear stress within a normal range is atheroprotective, which 
may explain the absence of atherosclerosis in the bridged 
coronary artery segments and septal perforators. However, 
plaques can occasionally be found in the septal branch os-
tium before its entry to the myocardium [33-35].

The anatomy of the septal perforating 
arteries
The interventricular septum is the most densely vascu-

larized part of the heart. It receives two-thirds of its blood 
supply from penetrating septal branches originating from 
the proximal part of the LAD. The remaining one-third of 
the inferior portion of the septum is irrigated by relatively 
short septal branches from the posterior descending artery 
[36-38]. Infrequently, septal perforators arise from the di-
agonal branch, RCA or LM [39-42]. The first septal perfo-
rator is usually the largest [43]. The length of the septal 
perforators ranges from 40 to 80 mm and tends to become 
shorter as they reach the apex [44]. Generally, intramus-
cular septal branches are resistant to atherosclerosis [33, 
34]. Ultrasound studies evaluating plaque distribution in 
the LAD have shown that in the LAD segments adjacent to 
the first septal perforator, mean atheroma area and mean 
intimal thickness were substantially greater on the septal 
than the antiseptal side [45].

A B

Fig. 2. Multiplanar reconstructed image of the left anterior descending artery (LAD). Diagram illustrating plaque location in the LAD in 
patient with myocardial bridge. At the segment adjacent to the myocardial bridge, retrograde coronary blood flow occurs at the systole 
and the endothelial cells are exposed to atherogenic low oscillatory shear stress (left panel). On the right, the corresponding region of 
the plaque location (myocardial bridging effect). The intramyocardial segment of the coronary artery is free of plaques
LAD – left anterior descending artery, OSS – oscillatory shear stress, MB – myocardial bridge 
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Left ventricular hypertrophy
Left ventricular hypertrophy is an important risk fac-

tor for subclinical atherosclerosis and calcifications [46]. In 
a study of 2,724 young adult subjects positive for coronary 
artery calcium, left ventricular mass and wall thickness 
were associated with an increased CCS [47]. On the other 
hand, absence of left ventricular hypertrophy was a prereq-
uisite for a CCS of zero [48]. According to Erciyes et al., CCS 
of the LAD has been found to be higher in hypertensive 
patients compared with normotensive subjects [15]. Abnor-
mal patterns of coronary flow velocity and flow reversal in 
the LAD have been observed in patients with left ventricu-
lar hypertrophy in conditions such as aortic stenosis and 
systemic hypertension [49]. Using a  Doppler catheter to 
assess flow pattern, Akasaka et al. noticed a flow reversal 
in the LAD in subjects with asymmetric left ventricular hy-
pertrophy [18]. Transthoracic color flow and pulsed Doppler 
echocardiography revealed that abnormal flow in the LAD 
simply reflected the systolic flow reversal in a septal perfo-
rator in the hypertrophied muscle [19].

Conclusions
The data from our study demonstrate non-uniform 

calcium deposits and plaque distribution in the coronary 
tree. The most common location for plaques is the proximal 
LAD, followed by the RCA, CX and LM. Bearing in mind that 
a hemodynamic milieu could be involved in the genesis of 
atherosclerosis, we conclude that the proximal LAD seg-
ment susceptibility to atherosclerosis can be attributed to 
the milking effect of septal perforators. In our opinion, sys-
tolic compression of the septal intramural branch segment 
can lead to disturbed flow in the adjacent LAD segment 
at the side of the septal origin [50]. To confirm our find-
ings, further research, including blood flow simulation by 
computed fluid dynamics analysis and in vitro ultrasound 
measurements, is warranted to visualize the flow pattern 
in the LAD segment adjacent to the septal perforator.
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