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Abstract: The impact of the bifurcation angle (BA) between the left main (LM) and the main branch on clinical 
outcomes after single stenting has never been documented. Therefore, the aim of this study was to investigate the 
impact of the BA on clinical outcomes after single cross-over LM to left anterior descending artery (LAD) stenting. 
A total of 170 patients who underwent percutaneous coronary intervention (PCI) in unprotected LM bifurcation 
with successful single cross-over stenting from the LM into the LAD were enrolled. The main vessel angle between 
the LM and the LAD was computed in end-diastole before PCI with three-dimensional (3D) quantitative coronary 
angiography (QCA) software. The patients were classified into three groups according to tertiles of the main vessel 
angle. The cumulative incidence of major adverse cardiac event (MACE: cardiac death, myocardial infarction, any 
revascularization including target lesion revascularization) rates throughout a 12-month period were compared be-
tween the three groups. Baseline patient characteristics were not a significant difference between the three groups. 
Compared to the high angle group, the low angle group had a significantly higher incidence of MACE (p = 0.041). In 
conclusion, this study revealed that low BA between the LM and the LAD had an adverse clinical impact after single 
cross-over LM to LAD stenting. 

Keywords: Coronary artery disease, left main bifurcation lesion, bifurcation angle, percutaneous coronary inter-
vention, three-dimensional quantitative coronary angiography 

Introduction 

Percutaneous coronary intervention (PCI) for 
unprotected left main coronary artery (ULMCA) 
disease is a technically challenging procedure. 
However, reduction in clinical restenosis with 
drug-eluting stents (DES), PCI with DES implan-
tation has been shown to be a feasible and 
safe approach at clinical follow-up [1-4]. 

In the last few years, the largest trial, the SYN- 
TAX (Synergy Between PCI With TAXUS and 
Cardiac Surgery) trial, which compared PCI and 
coronary artery bypass graft surgery (CABG) for 
treating patients with previously untreated 
three-vessel or ULMCA, reported that major 
adverse cardiac or cerebrovascular events 
(MACE) at 1 year were higher in the PCI group 
because of an increased rate of repeat revas-
cularization [5]. 

Previous studies have reported that PCI for dis-
tal bifurcation lesions in ULMCA was associated 
with inferior clinical outcomes than was ostial, 
mid-shaft lesions in ULMCA, largely because 
there is a higher need for repeat revasculariza-
tion in distal lesions [6]. Klaus et al. reported 
that a true bifurcation lesion was an indepen-
dent predictor for in–stent restenosis on the 
outcome of the LMCA itself after DES implanta-
tion [7].

Recently, a number of studies have reported on 
the importance of bifurcation angles (BA) in pre-
dicting the immediate procedural success or 
the long-term outcome [8]. There was also a 
study that predicted that distal BA are affected 
by cardiac motion in left main bifurcation 
lesions with a three-dimensional (3D) QCA algo-
rithm [9, 10]. The latest 3DQCA software has 
been reported to have higher reproducibility in 
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calculating the real BA than 2D QCA which has 
several limitations due to foreshortening and 
vessel overlap [11-13]. However, the studies 
reporting on BA in LM lesions were largely on 
the distal BA. The relationship of the main ves-
sel angle between the LM and the left anterior 
descending artery (LAD) and clinical outcomes 
has never been documented. The purpose of 
this study was to investigate the impact of this 
angle with a 3D QCA algorithm on clinical out-
comes after cross-over single stent strategy. 

Materials and methods

Study population

A total of 170 patients with stable coronary 
artery disease were enrolled in this study from 
January 2006 to May 2011. PCI for de novo 
ULM bifurcation lesions was performed in the 
case of recurrent angina with the development 
of significant coronary stenosis in Kokura 
Memorial Hospital. This study was conducted 

to investigate the impact of the BA on clinical 
outcomes after cross-over single stent strategy 
from LM to LAD in LM bifurcation lesions. 
Treatment strategy of the side branch (SB) was 
dependent on the operator’s discretion. Pro- 
cedural success was defined as a composite of 
the following: residual diameter stenosis < 30% 
of the main vessel, thrombolysis in myocardial 
infarction (TIMI) flow grade 3 in all branches. 
We excluded patients in whom a bail-out sec-
ond stent in SB. Stent type and devices were 
used at the operator’s discretion. For the pur-
pose of this study, we analyzed the cine-angio-
grams of 170 patients who underwent PCI of 
the LM bifurcation. The study was approved by 
the hospital’s ethics committee and conducted 
in accordance with the Declaration of Helsinki. 

BA analysis method

BA parameters were computed in end-diastole 
before PCI with a validated program of 3D angi-
ographic analysis [11-13]. We defined the angle 
between the LM and the LAD as the Main ves-
sel angle [14]. Other types of BA are presented 
in accordance with the European Bifurcation 
Club consensus document [15]; the distal BA 
was delineated between the LAD and the left 
circumflex artery (LCX), whereas the proximal 
BA was defined as the angle between the LM 
and the LCX (Figure 1). 3D images required two 
different cine-angiograms, which were sepa-
rated by more than 30 degrees. 3D reconstruc-
tion was performed offline by two experienced 
operators with the Cardiovascular Angiography 
Analysis System (CASS) 5, 3-D QCA software 
(CAAS 5 version 5.9.2, Pie Medical BV, Maas- 
tricht, The Netherlands) [16]. 

Study design

The patients were followed from January 2006 
to May 2012. The average follow-up period was 
894 ± 596 days (range, 14-365 days).

The primary endpoint was the cumulative inci-
dence of MACE, that is, cardiac death, myocar-
dial infarction (MI) including fatal/non-fatal MI, 
and any repeat revascularization including tar-
get lesion revascularization (TLR), onto the 
main vessel and, or side branch. MI was defined 
as elevated cardiac enzymes (CK-MB) above 
the upper limit of the normal range with isch-
emic symptoms or electrocardiography findings 
indicative of ischemia not related to the index 

Figure 1. Bifurcation angle analysis. Percutaneous 
coronary intervention (PCI) was performed single 
cross-over stenting from the left main (LM) into the 
left anterior descending artery (LAD) (A). Bifurcation 
angle (BA) parameters were computed in end-diasto-
le before PCI with 3D QCA software. Three BA ware 
defined as follows; the main vessel angle is defined 
as the angle between the LM and the LAD, the distal 
BA is delineated between the LAD and the left cir-
cumflex (LCX), whereas the proximal BA is defined as 
the angle between the LM and the LCX (B).
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Table 1. Baseline clinical characteristics 
Low angle group (n = 57) Middle angle group (n = 57) High angle group (n = 56) P value

Mean age (years) 70.9 ± 10.2 72.6± 9.6 72.1 ± 11.5 0.65
Male (%) 44 (77.2%) 39 (68.4%) 39 (69.4%) 0.53
Hypertention (%) 37 (64.9%) 37 (64.9%) 40 (71.4%) 0.70
Diabetes Mellitus (%) 21 (36.8%) 20 (35.1%) 19 (33.9%) 0.69
Dyslipidemia (%) 28 (49.2%) 23 (40.3%) 28 (50%) 0.52
Current smoker (%) 13 (22.8%) 8 (14.0%) 10 (17.9%) 0.48
Dialysis (%) 6 (10.5%) 5 (8.8%) 5 (8.9%) 0.94
OMI (%) 17 (29.8%) 12 (21.1%) 19 (33.9%) 0.42
Prior PCI (%) 27 (47.4%) 27 (47.4%) 28 (50%) 0.95
Prior CAGB (%) 3 (5.3%) 1 (1.8%) 0 0.17
Emergency (%) 5 (8.8%) 6 (10.5%) 5 (8.9%) 0.94
LVEF < 35% (%) 3 (5.3%) 4 (7.0%) 4 (7.1%) 0.87
LM bifurcation + RCA 15 (26.3%) 16 (28.1%) 11 (19.6%) 0.61
SYNTAX Score 20.6 ± 4.8 21.2 ± 4.4 20.0 ± 3.8 0.36
    < 22 46 (80.7%) 36 (63.2%) 41 (73.2%) 0.11
    23-32 12 (21.1%) 21 (36.8%) 17 (30.4%) 0.18
    > 33 3 (5.3%) 2 (3.5%) 0 0.24
Values are mean ± SD or n (%). OMI = old myocardial infarction; PCI = percutaneous coronary intervention; CABG = coronary 
artery bypass graft; LVEF = left ventricular ejection fraction; LM = left main; RCA = right coronary artery; SYNTAX = Synergy 
Between Percutaneous Coronary Intervention With Taxus and Cardiac Surgery. 

Table 2. Angiographic and procedural characteristics
Low angle group 

(n = 57)
Middle angle group 

(n = 57)
High angle group 

(n = 56) P value

Medina classification 10 (17.5%) 9 (15.8%) 6 (10.7%) 0.55
    1, 1, 1 12 (21.1%) 8 (14.0%) 16 (28.6%) 0.17
    1, 1, 0 22 (38.6%) 21 (36.8%) 16 (28.6%) 0.49
    0, 1, 1 0 1 (1.8%) 3 (5.4%) 0.16
    1, 0, 0 3 (5.3%) 5 (8.9%) 8 (14.3%) 0.25
    0, 1, 0 19 (33.3%) 20 (35.1%) 13 (23.2%) 0.34
    1, 0, 1 1 (1.8%) 2 (3.5%) 0 0.37
Dimension of proximal LCX (mm) 2.1 ± 0.4 2.2 ± 0.5 2.2 ± 0.7 0.75
Reference diameter LAD/LCX ratio 1.0 ± 0.3 0.9 ± 0.2 0.9 ± 0.6 0.92
Bifurcation angles
    Diastolic distal BA 84.4 ± 27.4 84.4 ± 23.6 88.1 ± 28.2 0.68
    Diastolic proximal BA 110.8 ± 24.9 115.0 ± 26.3 95.7 ± 32.1 0.0008
IVUS Guided 40 (70.2%) 39 (68.4%) 38 (67.9%) > 0.99
Rotablation 6 (10.5%) 2 (3.5%) 6 (10.7%) 0.29
Post- stenting KBT 30 (52.6%) 28 (49.1%) 30 (53.6%) 0.84
Main vessel stent type 0.06
    BMS 22 (38.6%) 10 ( 17.5%) 13 (23.2%)
    SES 16 (28.1%) 10 (17.5%) 12 (21.4%)
    PES 7 (12.3%) 8 (14.0%) 11 (19.6%)
    ZES 1 (1.8%) 1 (1.8%) 1 (1.8%)
    EES 11 (19.3%) 28 (49.1%) 19 (33.9%)
Total Stent Length (mm) 20.2 ± 4.8 19.1 ± 4.7 21.6 ± 6.0 0.10
Stent Diameter (mm) 3.3 ± 0.3 3.3 ± 0.4 3.3 ± 0.3 0.37
Values are mean ± SD or n (%). LCX = left circumflex artery; LAD = left anterior descending artery; BA = bifurcation angle; IVUS 
= intravascular ultrasound; KBT = kissing balloon technique; BMS = bare-metal stent; SES = sirolimus-eluting stent; PES = 
paclitaxel-eluting stent; ZES = zotarolimus-eluting stent; EES = everolimus-eluting stent.
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procedure. The predictors of MACE were also 
analyzed using logistic models.

3D reconstruction was performed before PCI. 
To evaluate the effect of the main vessel angle 
on the LM bifurcation angulation and clinical 
outcome, patients were stratified into three 
groups according to tertiles of the main vessel 
angle in end-diastolic frames, and the inci-
dence of MACE was analyzed. 

Statistical analysis

Continuous data was expressed as the mean ± 
SD and compared between groups by unpaired 
Student t tests. Categorical variables were pre-
sented as counts and, or percentages; compar-
isons were performed with the chi-square test. 
The cumulative probability of MACE was esti-
mated using the Kaplan-Meier method and 
compared among three groups divided with the 
tertile of pre-PCI main vessel angle with a log-
rank test. The relationship between all param-
eters and the incidence of MACE was also 
investigated using Cox’s proportional hazards 
model. Independent predictors of 1-year MACE 
were sought among variables significant 
beyond the level of p = 0.05 in univariable anal-
ysis. Statistical analyses were performed using 
Stat View-J 5.0. All reported p-values were 
2-sided, and p < 0.05 was regarded as statisti-
cally significant.

BA < 128.0 degree (n = 57), the middle BA = 
128.0-151.6 degree (n = 57), and the high BA > 
151.6 degree (n = 56) (Figure 2). Diastolic prox-
imal BA was low in the high angle group. No dif-
ference was found between the 3 groups in the 
distribution of bifurcations based on the 
Medina classification. SYNTAX scores were well 
balanced between the 3 groups. The mean 
SYNTAX score in this study population was 
approximately 20 in all groups. The number of 
case with high SYNTAX scores was few in the 3 
groups. There was no difference in the rate of 
the kissing balloon technique after stenting 
between the 3 groups. 

Impact of BA on MACE

The outcome data at 12 months is reported in 
Table 3. The TLR rate was higher in the lower BA 
group. Free survival rate from MACE using the 
Kaplan-Meier method and compared across 
the tertile values of the main vessel angle 
parameter with the log-rank test showed signifi-
cant statistical difference between the three 
groups (p = 0.041). At 12 months, free survival 
rates from MACE was 66.7% in the low BA 
group, 85.7% in the middle BA group and 91.1% 
in the high BA group (Figure 3).

Multivariate analysis in MACE

Based on the strong correlation between the 
main vessel angle parameters, a multivariate 

Figure 2. Main vessel angle values distribution. Median of the main vessel 
angle was 141.4 degree. The patients were classified into three groups ac-
cording to tertiles of the main vessel angle. PCI = Percutaneous coronary 
intervention; LM = left main; LAD = left anterior descending artery; LCX = left 
circumflex; BA = bifurcation angle. 

Results

Baseline characteristics

A total of 170 patients with LM 
bifurcation lesions were en- 
rolled and were analyzed by 
3D QCA. The baseline clinical 
characteristics were well ma- 
tched between the 3 groups 
(Table 1). There were no sig-
nificant differences in the 
angiographic and procedural 
characteristics between the 3 
groups (Table 2). The median 
of the bifurcation angles were 
follows: main vessel angle; 
141.4 degrees, distal BA; 
86.3 degrees and proximal 
BA; 106.9 degrees. The 
patients were classified into 
three groups according to ter-
tiles of the main vessel angle, 
which was defined as the low 
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analysis of MACE prevalence was performed. At 
12 months after PCI, multivariable analysis is 
reported in Table 4. Bare-Metal Stent (BMS) 
use (hazard ratio [HR], 3.9; 95% confidence 
interval [CI], 1.75-8.68, p = 0.0008) was an 
independent predictor of MACE. And a higher 

3) The TLR rate is significantly higher in the 
lower BA group (p = 0.016), which suggests 
high dependence of MACE rate on the TLR rate.

Advantage of 3D QCA analysis

Recently, to provide solutions to the limitations 
associated with 2D QCA because of the vessel 
tortuosity, vessel overlap and foreshortening, 
3D reconstruction software algorithms have 
been developed [17, 18]. In terms of LM bifur-
cation, a 3D QCA algorithm was employed in a 
recent sub-study of the SYNTAX trial and its 
impact on mid and long term clinical outcome 
was described [9, 10].

Impact of BA on outcome

The impact of distal BA on immediate proce-
dural success or long-term outcome has been 
discussed in many studies. The outcome of the 

Table 3. Major Adverse Cardiac Events at 12 month
Low angle 

group (n = 57)
Middle angle 
group (n = 5)

High angle 
group (n = 56) P value

MACE 19 (33.3%) 8 (14.0%) 5 (8.9%) 0.0041
cardiac death 3 (5.3%) 0 1 (1.8%) > 0.99
MI 1 (1.8%) 1 (1.8%) 2 (3.6%) > 0.99
TLR 15 (26.3%) 8 (14.0%) 3 (5.4%) 0.016
Values are mean n (%). MACE = major adverse cardiac events; MI = myocardial 
infarction; TLR = target lesion revascularization. 

Figure 3. Cumulative free survival curves of MACE in three main vessel angle 
groups. The cumulative probability of MACE was estimated using the Ka-
plan–Meier method and compared among three groups divided with the ter-
tile values of the main vessel angle parameter with the log-rank test. MACE 
= major adverse cardiac event; PCI = percutaneous coronary intervention.

diastolic main vessel angle 
(HR, 0.99; 95% CI, 0.98-1.00, 
p = 0.048) and a bigger stent 
diameter (HR, 0.20; 95% CI, 
0.07-0.55, p = 0.002) were 
found to be significantly asso-
ciated with a lower incidence 
of 1-year MACE.

Discussion

This study is the first report on 
clinical outcome in patients 
undergoing coronary LM bifur-
cation PCI with single stent 
strategy from LM to LAD ana-
lyzed main vessel angle using 
3D QCA. The use of BMS was 
the most significant predictive 
risk factor of MACE, however, 
several key results regarding 
BA were revealed.

The main findings of this study 
are as follows:

1) There is a large variation in 
the main vessel angle in LM 
bifurcation lesion;

2) MACE rates throughout 12 
months after PCI are signifi-
cantly affected by the pre-PCI 
main vessel angle values (p = 
0.041);

Table 4. Predictive risk factors of MACE: multi-
variate analysis

Multivariate
HR 95% CI P value

BMS use 3.90 1.75-8.68 0.0008
Diastolic main vessel angle 0.99 0.98-1.00 0.048
Diastolic distal BA 0.99 0.97-1.00 0.10
Diastolic proximal BA 1.01 0.99-1.02 0.35
Rotablation 2.70 0.95-7.68 0.063
Stent Diameter (mm) 0.20 0.07-0.55 0.002
Values are mean ± SD or n (%). MACE = major adverse car-
diac events; BA = bifurcation angle; BMS= bare-metal stent.
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subgroups of the SYNTAX subgroup trial analy-
sis, treated with single stent in LM bifurcation, 
did not differ across distal BA values [9]. 
However, there were no reports on main vessel 
angle after single stent strategy of bifurcation 
lesions.

In previous studies, the single stent technique 
with provisional side branch intervention was 
simple and is currently regarded as the stan-
dard technique for most bifurcation lesions [19, 
20]. Moreover, more alterations in the BA were 
observed after double stenting of bifurcation 
lesions than after single stenting [21]. In this 
study, we selected patients treated with the 
single-stent technique. To our knowledge, this 
is the first study of 3D QCA-derived angulation 
data analyzing MACE treated with cross-over 
single stent strategy from LM to LAD. 

The bifurcation angulation pattern changes 
after stent implantation in the main vessel. 
Dobrin et al. reported that stent implantation 
caused straightening of the main vessel and 
significantly increased the angle between the 
main vessel and the main branch [22]. This has 
led us to believe that pre-procedural main ves-
sel angle would have an impact on the clinical 
outcome after cross-over single stent strategy 
from LM to LAD in LM bifurcation lesions. 

In this study, the TLR rate was significantly high-
er in the low pre-procedural main vessel angle 
group. We have estimated several mechanisms 
of a highly incidence of in-stent restenosis (ISR) 
in low BA including mechanical stress, flow bio-
mechanics and pathological findings.

BA and mechanical stress

Several mechanisms are believed to the main 
factors of the results. One of them is stent frac-
ture. Coronary stent fracture has been identi-
fied as one of the reasons for ISR, causes of 
which are proposed to be excessive mechani-
cal stress due to extrinsic compression or 
extreme flexion of the vessel [23]. The BA is 
assumed to be one of the contributing factors 
of stent fracture vulnerability [24]. Ino et al. 
reported that the maximal angulation at the 
hinge points in the target lesion might play a 
role in stent fracture [25]. Even when not visible 
by angiography, the mechanical constraints 
might result in micro-fracture of the stent strut. 
Besides those mechanisms, it was reported 

that the angulation of the bifurcation plays an 
important role due to the degree of stent bend-
ing [26]. Several studies have suggested that 
stent fracture after sirolimus-eluting stent 
implantation cause a decrease in local drug 
delivery at the fracture site, resulting in binary 
restenosis [27-31]. In previous study assessed 
by optical coherence tomography, it was report-
ed that in coronary bifurcation lesions, strut 
malapposition were frequent and severe at the 
level of the side branch origin and its hinge 
points at the bifurcation lesion that might play 
a role in the high incidence of TLR [32]. Another 
mechanism of TLR possibly associated with BA 
is stent recoil. Excessive mechanical stress on 
hinge point of the stent leads to stent recoil. We 
speculate that the degree of stent bending 
depends on the main vessel angle, treated with 
cross-over single stenting, and hence plays an 
important role in the mechanical stent recoil. 

Flow biomechanics and pathological findings

Recent data generated from computational 
fluid dynamics (CFD) models suggest that the 
vascular geometry created by implanted stents 
cause local alterations in wall shear stress 
(WSS) or endothelial shear stress (ESS) related 
neointimal hyperplasia [33]. It had been pro-
posed that low WSS or low ESS and elevated 
WSS gradients are associated with neointimal 
hyperplasia. Thus, theoretically deleterious 
variations in WSS distribution may occur in 
stent deformation, leading to substantial de- 
grees of foreshortening. A previous study sug-
gested that stent strut angle influences cellular 
adhesion in vitro. La Disa et al. reported that 
the change in incident stent strut angle caused 
progressive degrees of stent foreshortening 
that increased the intrastrut area of the luminal 
surface exposed to low WSS and elevated WSS 
gradients [34]. Hence, progressive degrees of 
stent foreshortening were also associated with 
strut misalignment relative to the direction of 
blood flow as indicated by analysis of near–wall 
velocity vectors. A recent study found that 
stenting of the main branch lowered WSS on 
the vessel wall, especially downstream of the 
bifurcation [35]. Chen et al. discussed that 
local thrombosis may occur when the flow is 
reduced [36]. 

Pathology studies have shown that arterial 
branch points are foci of low shear and low flow 
velocity, and are sites predisposed to the devel-
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opment of atherosclerosis plaque and throm-
bus [37]. Yiannis S. et al. reported in vivo that 
low ESS induced endothelial discontinuity and 
accumulation of activated inflammatory cells, 
thereby augmenting the expression and elasto-
lytic activity of extracellular matrix degrading 
proteases in the intima and shifting the bal-
ance with their inhibitors toward matrix break-
down [38]. Moreover, previous in vitro experi-
mental bifurcation models demonstrated that 
deployment of stents can alter boundary layer 
separation of the lateral wall, producing distur-
bances at the carina, especially at larger angles 
of bifurcation, causing greater turbulence [39]. 

Our data demonstrated the impact of 3D pre-
procedural main vessel angle on 1-year out-
comes of post PCI stenting LM to LAD patients 
for LM bifurcation lesions. In this study, 3D QCA 
analysis may provide new insight into LM bifur-
cation lesions and may serve as an important 
tool for planning interventional procedures. The 
lower main vessel angle is, the steeper it is, 
consequently the greater the stent deformation 
to be implanted from the LM into LAD, and the 
lower the WSS on inner curve. Hence, all 
mechanical and bioengineering effects would 
be pronounced. In high and low shear stress 
areas that are supposed in low BA, platelet acti-
vation and stasis might be promoted, and these 
phenomena would possibly lead to increase 
rates of thrombosis and restenosis. 

Study limitations

First, the angulation parameters calculated by 
3D QCA software have some limitations. To use 
this software in this study, it was important dur-
ing each procedure to take two separate imag-
es with the least overlap. This might have pos-
sibly induced a bias for BA parameters. 

Second, the side branch, LCX, stenosis at fol-
low-up was estimated visually, and operator 
bias must be taken into consideration. Planned 
revascularizations of the side branch could like-
ly be underestimated. 

Third, the number of patients in the present 
single-center study was too small to determine 
the cut-off value for the ratio and to adequately 
examine its relationship with other low inciden-
tal cardiac events. A large-scale study should 
therefore be performed to adequately evaluate 
the relationship between BA parameters and 

other low incidental cardiac events including 
cardiac death, MI etc.

Conclusion

The low pre-procedural main vessel angle had 
an adverse impact on clinical outcomes after 
single cross-over LM to LAD stenting.
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