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Introduction

Compared with other lesion sites, vessel bifurcations 
are  a t  a  higher  r isk of  a therosclerot ic  plaque 
accumulation.[1] Approximately, 15–20% of percutaneous 
coronary interventions (PCIs) involve bifurcation lesions. 
Coronary bifurcation lesions represent a technical 
challenge for PCI and always include a relatively high 
rate of restenosis, risk of myocardial infarction, and 
risk of stent thrombosis, even in the era of drug‑eluting 
stents. Accurately, characterizing plaques is critical for 
selecting the optimal intervention strategy for the left main 

coronary artery  (LMCA) bifurcation. An angiographic 
classification scheme for bifurcation lesions was previously 
suggested based on the features of plaque distribution. This 
classification is helpful clinically for intervention strategies 
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and discussion among colleagues;[2,3] however, coronary 
angiography (CAG) cannot precisely assess the location or 
nature of plaques in bifurcation lesions.[4,5] Therefore, the 
proposed CAG classification of plaque distribution is likely 
to be inaccurate. Sometimes, plaque accumulation that can 
be observed by intravascular ultrasound (IVUS) cannot be 
detected by CAG.[6] A medina classification scheme based 
on angiography for bifurcation lesions has been generally 
validated but it is still unreliable for the assessment of plaque 
characteristics, particularly for LMCA bifurcation lesions.[7] 
Oviedo et al. proposed an IVUS classification scheme for 
distal LMCA bifurcation lesions. However, only 33.5% of 
true bifurcation lesions were reported in his study.[5] Thus, 
we aimed to analyze the features of plaque distribution in 
unprotected LMCA true bifurcation lesions by IVUS in order 
to develop a new IVUS classification.

A limited number of studies have examined plaque composition, 
particularly that of left main bifurcation lesions, thus far. 
Atherosclerosis begins with fatty streak formation in an 
atherogenic milieu that is created by the interplay of systemic 
cardiovascular risk factors, vascular biology, and local 
hemodynamic forces, including wall shear stress  (WSS). 
According to Parham’s findings,[8] segments within bifurcations 
are more likely to have low WSS, and low WSS is associated 
with the necrotic core and calcium content of plaques. 
For LMCA bifurcations, the ostium of the left anterior 
descending  (LAD) coronary artery has been demonstrated 
to have lower WSS. The purpose of this study was to detect 
plaque composition at LMCA bifurcation lesions by IVUS.

Methods

Study population
We enrolled 58 patients with LMCA true bifurcation lesions 
as documented by CAG from Guangzhou Red Cross Hospital  
and Gansu Provincial People's  Hospital between 2012 and 
2015. Among these 58 patients, there were twenty patients 
with a Medina classification score of 1, 1, 1; 14 with 1, 0, 
1; 15 with 1, 1, 0; and 9 with 0, 1, 1. Patients with acute 
myocardial infarctions, in‑stent restenosis, giant ramus 
intermedius coronary artery, or thrombosis were excluded 
from this study. There were 46 males and 12 females in this 
study, and the average age was 69.4 ± 13.1 years.

Intravascular ultrasound and analysis
A 0.014 inch guide wire was inserted into the distal LAD and 
the left circumflex (LCX) coronary artery through a 6–7 F left 
coronary artery guide catheter. Before coronary intervention, 
intracoronary nitroglycerin  (200 μg) was administered to 
prevent coronary artery spasm. Commercially available IVUS 
systems (2.7 F and 40‑MHz IVUS catheter [Boston Scientific 
Corp., CA, USA] and iLab [Boston Scientific Corp., USA]) 
and an IVUS detection meter were used along with Sonos 
Intravascular off‑line image analysis software (Hewlett-
Packard Development Company, USA). IVUS assessments 
focused primarily on plaque distributions at the ostial LAD and 
LCX and the distal LMCA via manual pullback at a constant 

speed. All of the IVUS images were saved on 0.5‑ins‑VHS 
tapes and CD‑Rs for off‑line analyses, which were performed 
by three independent observers according to the criteria of the 
American College of Cardiology Clinical Expert Consensus 
Document on Standards for Acquisition, Measurement 
and Reporting of Intravascular Ultrasound Studies.[9] The 
measured parameters included the maximum and minimum 
thickness of the plaque; the site of major plaque on the vessel 
cross‑section, such as laterally, toward the pericardium, or 
toward the myocardium; and involvement of the carina.

Definitions
Eccentric plaque was defined as a ratio of major plaque 
thickness to minor plaque thickness of  >3. If the ration 
was <3, the plaque was defined as concentric. Soft plaque 
was defined as a no echo or low echo area in comparison 
with the adventitia, whereas fibrotic plaque was described as 
a strong echo without an acoustic shadow. Mixed plaque was 
defined as more than one echo image, and calcium plaque was 
defined as a strong echo with an acoustic shadow (patients 
with a calcium arch of >90° were excluded).

Coronary angiography and analysis
CAG was performed on all of the patients before IVUS. 
Several angiographic projections were required to show 
the bifurcation lesions. Three independent intervention 
cardiologists utilized the Medina classification system for 
the qualitative analysis of the LMCA bifurcation lesions. 
In the Medina system, 0 indicates the absence of stenosis 
and 1 indicates the presence of stenosis in three segments 
separated by commas (LMCA, LAD, and LCX).

Illustrative diagrams
After IVUS examination along the distal LAD and LCX 
to the LMCA, the plaque location and spatial position 
on cross‑sections were visualized by creating simulated 
drawings of the distal LM, ostial LAD, and ostial LCX 
separately according to the IVUS findings. The plaque 
location was classified, a longitudinal simulated divider 
was established to represent an LMCA bifurcation, and the 
plaque location was drawn at the bifurcation area.

Statistical analysis
Categorical variables are described as counts and proportions. 
SAS 9.0 (SAS Institute Inc., Cary, NC, USA) was used to 
analyze the plaque composition data. Because the 25% 
lattice frequency was <5, categorical data were compared 
by Fisher’s exact probability test. P < 0.05 was considered 
statistically significant.

Results

Features of ostial left anterior descending and left 
circumflex plaque distribution detected by intravascular 
ultrasound
The incidence rate of stenotic lesions was 100% (58/58) at the 
ostial LAD with eccentric plaques; 96.6% (56/58) at the ostial 
LCX, with 96.4% (54/56) eccentric plaque; 93.1% (54/58) 
at both the LAD and LCX with eccentric plaques [Figure 1a 
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and 1b]; and 3.5% (2/58) at the LAD with eccentric plaques 
and at the LCX with concentric plaques [Figure 1c]. In total, 
5.6% (3/54) of the plaque maximum thickness at the ostial 
LCX was toward the myocardium with eccentric plaque 
located at the lateral wall of the LAD [Figure 1d], while 
3.7% (2/54) of the plaque maximum thickness at both the 
ostial LAD and LCX was toward the myocardium [Figure 1e].

Features of the distal left main coronary artery plaque 
distribution detected by intravascular ultrasound
There were five cases with concentric plaques (8.6%) 
[Figure 2a], 49 with eccentric plaques oriented toward the 
ostial LAD  (84.5%)  [Figure 2b], and four with eccentric 
plaques oriented toward the ostial LCX (6.3%) [Figure 2c].

Intravascular ultrasound classification of the left main 
coronary artery true bifurcation lesions
The LMCA true bifurcation lesions were classified into four 
types [Figure 3]: Type A (50/58; 86.2%), with continuous 

plaque from the distal LM to the ostial LAD with eccentric 
plaque oriented laterally and to the ostial LCX with 
eccentric plaque oriented laterally; Type B  (4/58; 6.9%), 
with concentric plaques at the distal LMCA, eccentric 
plaques oriented laterally at the ostial LAD, and no plaques 
at the ostial LCX; Type C  (2/58; 3.5%), with continuous 
involvement from the distal LMCA to the ostial LCX, with 
eccentric plaques oriented laterally, and to the ostial LAD, 
with eccentric plaques oriented laterally; and Type D (2/58; 
3.5%), with continuous lesions from the distal LMCA to the 
ostial LAD, with eccentric plaques oriented laterally, and to 
the ostial LCX, with concentric plaques.

Plaque composition of the distal left main coronary 
artery and ostial left anterior descending and left 
circumflex
The four categories of plaque composition significantly 
differed between the LMCA, LAD, and LCX (P = 0.0004). 
A total of 51.7% of the plaques at the ostial LAD were soft, 
which was significantly higher than the percentage of soft 
plaques in the LMCA and LCX. In total, 44.8% and 44.6% of 
the plaques were fibrous in the distal LMCA and ostial LCX, 
respectively, and were significantly more common than those 
in the ostial LAD [Table 1]. Illustrations of the categories of 
plaque composition detected by IVUS are shown in Figure 4.

Discussion

In this study, we designed a new IVUS classification for 
LMCA true bifurcation lesions according to plaque features. 
LMCA true bifurcation lesions were classified into four 
types: Type A, with continuous plaques from the distal 
left main (LM) to the ostial LAD, with eccentric plaques 
oriented laterally, and to the ostial LCX, with eccentric 
plaques oriented laterally; Type B, with concentric plaques 
at the distal LMCA, eccentric plaques oriented laterally at 
the ostial LAD, and no plaques at the ostial LCX; Type C, 
with continuous involvement from the distal LMCA to the 
ostial LCX, with eccentric plaques oriented laterally, and to 
the ostial LAD, with eccentric plaques oriented laterally; and 
Type D, with continuous lesions from the distal LM to the 
ostial LAD, with eccentric plaques oriented laterally, and to 
the ostial LCX, with concentric plaques. In this study group, 

Figure 3: Schematic diagram of the IVUS classification for LMCA true bifurcation lesions. LMCA: Left main coronary artery; IVUS: Intravascular 
ultrasound. LAD: Left anterior descending; LCX: Left circumflex.

Figure 1: Schematic diagram of ostial LAD and LCX plaque distribution 
(a-e). Left: Ostial LAD; right: Ostial LCX. LAD: Left anterior descending; 
LCX: Left circumflex.
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Figure 2: Schematic diagram of distal LMCA plaque distribution (a-c). 
LMCA: Left main coronary artery. LAD: Left anterior descending; LCX: 
Left circumflex. 
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86.2% of LMCA true bifurcation lesions were Type A, 6.8% 
were Type B, 3.4% were Type C, and 3.4% were Type D.

The rates of major adverse cardiac events are higher 
in LMCA bifurcation lesions compared to non‑LMCA 
bifurcation lesions  (20–30% vs. 10–20%). In addition, 
restenosis rates for the ostial LCX are higher with LMCA 
bifurcation lesions; this phenomenon is related to the 
distinct peculiarity of plaque distributions in LMCA and 
non‑LMCA bifurcation lesions.[10] The LMCA diameter 
is approximately 6.97 ± 0.47 mm, as measured by IVUS, 
which is broader than other coronary arteries.[11] Moreover, 
LMCA bifurcation varies from non‑LMCA bifurcation in its 
angle of LAD and LCX. The usual angle of LAD and LCX 
is >90°, whereas the angle between the main branch and the 
side branch in a non‑LMCA bifurcation lesion is <90°.[12‑14] 
Thus, homeostasis and shear stress in bifurcation lesions 
differ from those of LMCA bifurcations in contrast to 
non‑LMCA bifurcations.[15] Previous IVUS studies have 
demonstrated differences between plaque features and 
locations in LMCA bifurcation lesions and LAD/diagonal 
branches.[7] Therefore, it is crucial to study plaque features 
in LMCA true bifurcation lesions. Oviedo et al. proposed 
an IVUS classification scheme for distal LMCA bifurcation 
lesions. However, only 33.5% of true bifurcation lesions 
were reported in their study, and their classification was 
unreliable because two‑third of the bifurcation lesions in 
the sample were nontrue.[5]

The four standard angiographic classifications used for 
the bifurcation lesions include the Lefèvre classification, 
the Sanborn classification, the Duke classification, and the 
Safian classification. Recently, the Medina classification has 
become commonly used; however, the Medina classification 
has some limitations compared to other IVUS classification 
schemes. Bifurcation carina lesions were demonstrated in 

most of these angiographic classifications. By contrast, 
IVUS studies of non‑LMCA bifurcation lesions revealed 
that most of the bifurcation lesions presented laterally were 
not bifurcation carina lesions, which further demonstrates 
the inexactness of angiographic classification.[16] In fact, the 
carina is seldom affected by plaque accumulation, which is 
in line with our present findings.

Our results showed that only 6.8% of concentric plaques 
were present in distal LMCA lesions and that most lesions 
were eccentric plaques oriented toward the ostial LAD. There 
were four cases with distal LM eccentric plaques oriented 
toward the ostial LCX in this study. In addition, eccentric 
plaques opposite the flow divider were more common than 
concentric plaques in the ostial LAD and ostial LCX with 
a spared flow divider. The angle was approximately 180° 
between the ostial LAD lesions and the ostial LCX lesions. 
Ostial LAD lesions and ostial LCX lesions were rarely 
located in the same direction (pericardium) or in a diagonal 
opposite direction with an angle <180° (ostial LCX plaque 
oriented toward the pericardium). There was only one case 
with an ostial LCX concentric plaque.

Local hemodynamics of vessel bifurcation are an essential 
determinant of atherosclerosis formation.[17] According to 
physics and fluid mechanics theory, there are variations 
in blood flow velocity, tension forces and shear stresses 
between vessel bifurcations and other segments. These 
factors increase the susceptibility of vessel bifurcations to 
plaque accumulation.

Prior studies utilizing reconstructive technology have shown 
that atherosclerotic plaques are present on the opposite sides 
of flow dividers in analog living vessels with bifurcation.[18] 
In this study, only 3.4% involvement of the carina had 
plaques. An IVUS study of LAD lesion distribution revealed 
that 94% of plaques were located close to the LMCA 
bifurcation and that most plaques were distributed opposite 
of the ostial LCX.[19] Perktold et al. showed that regardless 
of which method is used to measure the ostial velocity, the 
results will differ when blood flows from the LMCA to the 
ostial LAD and LCX.[20] Although the axial velocity does not 
change much, this flow change will still cause a variation in 
shear stress between the lateral wall and the inside wall. The 
ratio of shear stress of the inside wall to that of the lateral wall 
could be as high as 1.4–1.7. Lateral walls with lower shear 
stress are at higher risk for injuries and plaque accumulation. 

Figure 4: Plaque composition at the distal LMCA and ostial LAD and LCX as detected by IVUS. LMCA: Left main coronary artery; IVUS: Intravascular 
ultrasound; LAD: Left anterior descending; LCX: Left circumflex.

Table 1: Plaque composition at the distal LMCA and at 
the ostial LAD and LCX, n  (%)

Plaque LMCA (n = 58) LAD (n = 58) LCX (n = 56)
Soft 16 (27.6) 30 (51.7) 17 (30.4)
Fibrous 26 (44.8) 11 (19.0) 25 (44.6)
Calcification 16 (27.6) 19 (32.8) 11 (19.6)
Mixture 0 8 (13.8) 3 (5.4)
LMCA: Left main coronary artery; LAD: Left anterior descending; 
LCX: Left circumflex.
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In addition, vessel wall vibrations caused by blood flow 
pulsation are related to plaque distribution. He and Ku 
modeled the pulsatile hemodynamics of LMCA bifurcation 
in vivo under anatomical and physiological environments 
utilizing the spectral element technique[21] and concluded 
that arterial WSS was markedly lower in the bifurcation area 
and the side walls compared to the nonbifurcation area. The 
highest oscillatory nature was confined to the outer wall of 
the LCX, and the highly restricted distributions of flow and 
oscillatory shear stress along the walls firmly corresponded 
with the principal locations of atheroma in the left coronary 
artery; hence, the rates of atherosclerosis in LCX are, in 
theory, higher. This study, along with some previous studies, 
demonstrated a higher incidence of ostial LAD lesions. One 
possible explanation could be that the hemodynamics differ 
between LMCA bifurcations and non‑LMCA bifurcations. 
Previous studies have shown that the three‑dimensional wall 
pressure gradient (WPG) is lower in proximal left coronary 
artery regions, where atherosclerosis often develops, in 
contrast to distal segments. Low WPG exists at bifurcations 
in areas opposite the apexes, which are susceptible to 
plaque formation.[22] Indeed, the anatomical region with 
the least WPG in the bifurcation region is the outer wall of 
the side branch below the ostia, close to the main branch 
in non‑LMCA bifurcation, and the outer wall of the ostial 
LAD and LCX in LMCA bifurcation. In addition, the angle 
between the side branch and the main branch is another 
essential aspect that influences plaque distribution. Plaques 
are always deposited across the side branch, which vertically 
separates from the main branch. Plaques in the main branch 
or in nonvertically separated side branches usually occur at 
the opposite of the side branch oriented toward the acute 
angle side and away from the obtuse angle side.[23] This 
finding strongly indicates that LMCA bifurcation carinas 
are always free from lesions as presented in this study and 
other previous studies.

To date, limited data about the plaque composition of 
LMCA bifurcation lesions have been reported. Plaque 
composition has been suggested to be associated with WSS. 
Low WSS is associated with the necrotic core and calcium 
content of plaques,[8] which suggests a link between WSS 
and coronary plaque phenotypes. For LMCA bifurcations, 
the LAD has been demonstrated to have lower WSS and 
thus has always been considered to be the main branch. 
A significant body of experimental literature supports that 
low WSS results in alterations in endothelial cell signaling, 
low‑density lipoprotein uptake, and proinflammatory gene 
expression, all of which lead to an activated endothelial 
phenotype.[24‑26] Although these studies do not precisely 
refer to LMCA bifurcations, our finding of soft plaques 
mainly located at the ostial LAD is partially coincident 
with previous studies. The ostial LAD, an area with low 
WSS, tends to develop plaques with a more lipid core. 
Another finding of this study was that fibrous plaques 
mainly located at the ostial LCX were demonstrated to 
have higher WSS compared to those in the ostial LAD. We 
hypothesized that relatively high WSS was associated with 

fibrous plaque development, but we prefer the hypothesis 
that there must be multiple factors that can influence the 
plaque composition of LMCA bifurcations.

The major limitation of this study was its small sample size. 
In addition, our preferred method of IVUS cannot accurately 
observe the angle of the side branch and the main branch, 
which should be considered by the intervention cardiologist. 
We described plaque composition only by IVUS findings 
but did not combine other detection methods or analyze 
other potentially influential factors, including blood flow 
velocity, tension forces, and wall stress, among others. Other 
instruments and methods, for example, optical coherence 
tomography, can be used to describe plaque components 
more accurately.

Our IVUS classification scheme for LMCA true bifurcation 
lesions differs from conventional angiographic classifications. 
The primary features of our IVUS classification include 
lower frequencies of lesions in the bifurcation carina and 
more eccentric plaques in the lateral wall of the ostial LAD 
and the LCX. Second, distal LMCA plaques were eccentric 
and oriented toward the ostial LAD. Plaques at the ostial 
LAD tended to be soft, whereas those at the LCX and LMCA 
tended to be fibrous.

The selection of interventions for unprotected LMCA 
bifurcation lesions is still difficult, and angiographic 
classifications are prone to errors in assessing plaque 
distribution for this condition.[27] IVUS classification is 
generally accepted because it provides more information 
about plaques. In this study, we described detailed plaque 
information for unprotected LMCA true bifurcation lesions, 
and we proposed a new IVUS classification for these lesions. 
This new classification scheme may aid in managing this 
condition.
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