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Background: To investigate the correlation between left coronary bifurcation angle and coronary stenosis 
as assessed by coronary computed tomography angiography (CCTA)-generated computational fluid 
dynamics (CFD) analysis when compared to the CCTA analysis of coronary lumen stenosis and plaque lesion 
length with invasive coronary angiography (ICA) as the reference method.
Methods: Thirty patients (22 males, mean age: 59±6.9 years) with calcified plaques at the left coronary 
artery were included in the study with all patients undergoing CCTA and ICA examinations. CFD 
simulation was performed to analyze hemodynamic changes to the left coronary artery models in terms of 
wall shear stress, wall pressure and flow velocity, with findings correlated to the coronary stenosis and degree 
of bifurcation angle. Calcified plaque length was measured in the left coronary artery with diagnostic value 
compared to that from coronary lumen and bifurcation angle assessments.
Results: Of 26 significant stenosis at left anterior descending (LAD) and 13 at left circumflex (LCx) on 
CCTA, only 14 and 5 of them were confirmed to be >50% stenosis at LAD and LCx respectively on ICA, 
resulting in sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of 
100%, 52%, 49% and 100%. The mean plaque length was measured 5.3±3.6 and 4.4±1.9 mm at LAD and 
LCx, respectively, with diagnostic sensitivity, specificity, PPV and NPV being 92.8%, 46.7%, 61.9% and 
87.5% for extensively calcified plaques. The mean bifurcation angle was measured 83.9±13.6º and 83.8±13.3º 
on CCTA and ICA, respectively, with no significant difference (P=0.98). The corresponding sensitivity, 
specificity, PPV and NPV were 100%, 78.6%, 84.2% and 100% based on bifurcation angle measurement on 
CCTA, 100%, 73.3%, 78.9% and 100% based on bifurcation angle measurements on ICA, respectively. Wall 
shear stress was noted to increase in the LAD and LCx models with significant stenosis and wider angulation 
(>80º), but demonstrated little or no change in most of the coronary models with no significant stenosis and 
narrower angulation (<80º).
Conclusions: This study further clarifies the relationship between left coronary bifurcation angle and 
significant stenosis, with angulation measurement serving as a more accurate approach than coronary lumen 
assessment or plaque lesion length for determining significant coronary stenosis. Left coronary bifurcation 
angle is suggested to be incorporated into coronary artery disease (CAD) assessment when diagnosing 
significant CAD.
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Introduction

Coronary computed tomography angiography (CCTA) 
is a widely used less-invasive imaging modality for the 
diagnosis of coronary artery disease (CAD) with high 
diagnostic accuracy achieved due to improved spatial and 
temporal resolution (1-5). Despite rapid developments of 
CT scanners and advanced imaging techniques, assessment 
of severely calcified coronary plaques is still challenging. 
Overestimation of the lumen stenosis resulting in high false 
positive rates is commonly seen in the presence of severe 
calcification in the coronary arteries due to blooming and 
beam-hardening artifacts which enlarge plaque volume and 
affect accurate visualization of the coronary lumen (6-8). 
This compromises the diagnostic value of CCTA, resulting 
in low specificity which is reported to range from 18% to 
53% in patients with extensively calcified plaques (9-12).

Some strategies have been developed to improve 
visualization and assessment of calcified plaques, such as 
use of implementation of image processing algorithms 
or subtraction methods (13-15). However, the diagnostic 
accuracy of CCTA is still moderate in the presence of severe 
calcification in the coronary arteries. Another approach to 
overcome this limitation is to measure the left coronary 
bifurcation angle and determine the significance of CAD. 
Diagnostic value of CCTA with use of left bifurcation 
angle has been shown in a number of studies with improved 
diagnostic performance reported when compared to the 
coronary lumen assessment (16-21).

The reason of using bifurcation angle as another 
diagnostic approach is due to the fact that atherosclerosis 
tends to occur in the vascular tree with curved or bifurcation 
regions where wall shear stress is low or decreased, thus 
inducing atherosclerotic changes (22-25). Previous studies 
have showed the direct correlation between wide angulation 
and significant coronary stenosis or high-risk plaques 
(16,21,25). Investigation of hemodynamic changes due 
to different left coronary angulation has been performed 
to confirm the association between wide angulation and 
degree of coronary stenosis with use of CCTA-generated 
computational fluid dynamics (CFD) (25,26). However, 
there is a lack of detailed analysis of hemodynamic changes 
in relation to the characterization of calcified plaques 
such as focally or extensively calcified types, and plaque 
legion length. Thus, the purpose of this study is to further 
extend previous application of CCTA-derived CFD in the 
diagnostic assessment of calcified plaques with the aim of 
determining the clinical value of left coronary bifurcation 

angle for diagnosis of significant coronary stenosis. In 
addition to assessments of coronary lumen stenosis and 
left bifurcation angle, we included another two parameters 
in this study, namely, the type of calcified coronary plaque 
in terms of focal or extensive calcification in relation to 
the extent of CAD, and plaque length with corresponding 
diagnostic value of determining significant stenosis. We 
hypothesized that the criterion of using left bifurcation 
angle for diagnosing significant coronary stenosis still holds 
true when compared to other approaches involving plaque 
morphological feature or coronary lumen analysis.

Methods

Participants

A retrospective review of patients who were referred for 
undergoing CCTA for diagnosis of CAD was conducted to 
identify CCTA images with only showing calcified coronary 
plaques at the left coronary artery with stenosis confirmed 
by invasive coronary angiography (ICA). Thirty patients 
(22 males, mean age: 59±6.9 years) were selected for this 
study as they had both CCTA and ICA examinations with 
calcified plaques detected at one or more left coronary 
arterial branches.

All patients were scanned with ≥64-detector row CT with 
details of scanning protocols described in previous studies 
(9,27). These latest CT scanners allow for acquisition of 
high-resolution images with isotropic voxel sizes between 
0.4×0.4×0.4 and 0.6×0.6×0.6 mm3, which is essential for 
generation of high quality patient-specific coronary 3D 
models for performing hemodynamic analysis.

Ethical approval was waived in this study due to the 
retrospective nature since CCTA and ICA examinations were 
part of routine diagnostic procedure for these patients. All of 
the images were de-identified with patient’s details removed. 
Thus, informed consent was not required from the patients.

Measurement of coronary stenosis and left bifurcation 
angle

Degree of coronary stenosis was determining by measuring 
the minimal lumen diameter of the two main left coronary 
arteries, namely left anterior descending (LAD) and left 
circumflex (LCx). Measurements were performed on 
multiplanar reformatted images with the views showing the 
highest degree of stenosis due to calcified plaques. This has 
been described in our previous study (9).
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Left coronary artery branches form different bifurcation 
angles, including bifurcation angles between left main 
stem and LAD/LCx, and bifurcation angle between LAD 
and LCx. The bifurcation angle between LAD and LCx 
was used in this study as this is most commonly used to 
assess the CAD (Figure 1) (9,16-19). Measurements were 
performed on CCTA and ICA images by a radiologist with 
more than 10 years of experience in cardiac CT imaging.

Calcification of coronary plaques in the left coronary 
arteries was analyzed in terms of focal or extensive 
calcification based on measurement of the plaque length. The 
whole calcium length of more than 3.0 mm is considered 
to affect diagnostic accuracy of coronary CT angiography 
according to a recent study (28). Thus, the cut-off value of 
whole plaque length of 3.0 mm was implemented in this 
study to determine whether the calcified plaques belong to 
focal or extensive types as shown in Figure 2. Plaque length 
was measured in all patients with presence of calcified 
plaques at either LAD or LCx with the aim of determining 
diagnostic value of detecting significant coronary stenosis 

when compared to the reference method ICA.

Image postprocessing for generation of left coronary artery 
model

CCTA images were segmented using automatic and semi-
automatic approaches to remove unwanted structured 
while keeping only the left coronary artery tree for flow 
dynamic analysis. Image processing and analysis of 3D 
volume datasets of CCTA were performed using Analyze 
12.0 (Analyze Direct, Inc., Lexana, KS, USA) with details 
having been described in previous studies (25,26,28). In 
brief, the 3D objects were created to segment coronary 
artery tree from the cardiac CT volume data through the 
‘Object Separator’ function that is available with Analyze 
12.0. Figure 3A-D shows the step of image segmentation 
to extract coronary artery tree from the volume data, while 
Figure 3E is the 3D left coronary artery surface model 
which was saved in binary STL (stereolithography) format 
for generation of computational models.

Figure 1 Curved planar reformatted images showing measurement of left bifurcation angle between left anterior descending and left 
circumflex, with wide and narrow angles measured in two different cases (A and B).

A B

Figure 2 Coronary calcium length measurements to determine focally and extensively calcified plaques. (A) 2D axial image shows focal 
calcification in the left anterior descending (LAD) coronary artery with calcium length 2.89 mm; (B,C) coronary reformatted images show 
extensive calcifications at the LAD and left circumflex with calcium length measured 9.9 and 12.3 mm, respectively.

A B C
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The binary STL files were then imported into ANSYS 
ICEM CFD version 12 (ANSYS, Inc., Canonsburg, PA, 
USA), and the hexahedral meshes were configured to 
range approximately 3×105 to 1×106 for all computations 
with steps having been described in previous studies 
(25,29). The meshes were transferred to ANSYS CFX 
version 12 (ANSYS, Inc.) using the CFX5 format for CFD 
computations.

CFD simulation for hemodynamic analysis

The actual simulation of in vivo conditions of blood flow 
in the left coronary artery was considered using realistic 
human physiological information for initial conditions 
of three-dimensional numerical computations. The time 
dependent computations were performed for calculations 
of hemodynamic changes using accurate hemodynamic 
rheology and material properties, as used in previous 

studies (25,26). Pulsatile physiological conditions were 
configured as inlet and outlets of left coronary bifurcation 
artery branches, and 1,060 kg/m3 of blood density and 
0.0035 Pa·s of blood viscosity was also configured for 
appropriate rheological parameters (25,26). Blood flow was 
modeled as laminar flow with no-slip condition at arterial 
walls with assumed rigid wall model. Incompressible fluid 
and Newtonian blood were configured for the blood flow 
simulation. Navier Stokes equations were used to govern 
calculation of flow hemodynamics by ANSYS CFX version 
12 on a 32-bit Microsoft Windows 7, 6 GB RAM, Xeon 
W3505 CPU 2.53 GHz. The CFD calculations were run at 
0.0125 seconds per time step for 80-time steps representing 
one cardiac cycle. The residual targets were setup at less 
than 1×10−4 for each computation and the calculated 
simulations were converged using total time around  
3–8 hours, depending upon the size of meshing element 
models. Post-processing computational results were done 

Figure 3 Segmentation steps showing the use of automatic and semi-automatic methods to extract coronary artery tree. (A) 3D volume 
rendering shows coronary arteries, ascending aorta, descending aorta and left ventricle; (B) part of aortic structures has been removed after 
applying automatic segmentation; (C) further image processing is performed to segment left ventricle and other structures (highlighted in 
pink color) while keeping the coronary artery tree; (D) coronary tree is segmented from other structures for modelling; (E) 3D coronary 
object model is viewed in stereolithography format.

A C

D

B

E
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in ANSYS CFD-Post version 12 (ANSYS, Inc.), and wall 
shear stress, flow velocity and wall pressure were calculated 
and analyzed for computational assessment of left coronary 
bifurcation angle with hemodynamic changes.

Statistical analysis

Data were entered into SPSS software for statistical 
analysis (SPSS 24.0, IBM Corporation, Armonk, NY, 
USA). Continuous variables were expressed as mean ±  
standard deviation, while categorical variables were 
presented as percentages. Chi-square test was used for 
analysis of categorical variables. One sample t-test was used 
to determine the differences in left coronary bifurcation 
angle measured between CCTA and ICA. Diagnostic value 
in terms of sensitivity, specificity, positive predictive value 
(PPV) and negative predictive value (NPV) was calculated 
and compared based on coronary lumen assessment and 
plaque length measured on CCTA, and bifurcation angle 
measured on CCTA and ICA with ICA as the reference 
standard to determine significant stenosis. A P value of 
<0.05 was considered statistically significant.

Results

Patient characteristics with inclusion of plaque type and 
location in the left coronary arteries with corresponding 
degree of lumen stenosis and left bifurcation angle are 
shown in Table 1. The mean left bifurcation angle between 
LAD and LCx was measured 83.9±13.6°, and 83.8±13.3º, 
on CCTA and ICA images, respectively with no significant 
difference (P=0.98).

Calcified plaques were found in at least one of the left 
coronary arteries, with significant stenosis detected in 
26 LAD and 13 LCx on CCTA images. However, only 
14 (53%) and 5 (38%) of them were confirmed to be 
>50% stenosis on ICA, resulting in diagnostic sensitivity, 
specificity, PPV and NPV of CCTA of 100%, 52%, 49% 
and 100%. When the cut-off value of >3.0 mm was used 
to determine extensive calcification/or significant stenosis, 
21 (72%) and 7 (35%) of them were extensively calcified 
plaques at LAD and LCx, respectively. The mean calcified 
plaque length was measured 5.3±3.6 and 4.4±1.9 mm at 
LAD and LCx. The sensitivity, specificity, PPV and NPV 
were 92.8%, 46.7%, 61.9% and 87.5% for extensively 
calcified plaques, showing slight improvements in PPV but 
decreased specificity when compared to those from lumen 
assessment.

Although the bifurcation angle measured on extensively 
calcified plaques was larger than that measured on focally 
calcified plaques, there was no significant difference 
between these two types of calcified plaques on both CCTA 
and ICA measurements (88.4±13.3° and 89.0±13.7° for 
extensively calcified plaques on CCTA and ICA; 81.2±13.4° 
and 81.3±12.6° for focally calcified plaques on CCTA and 
ICA) (P=0.13 to 0.16). With use of >80° as a cut-off value 
to determine significant stenosis, diagnostic specificity 
and PPV were 78.6% and 84.2% based on bifurcation 
angle measured on CCTA, 73.3% and 78.9% based on 
bifurcation angle measured on ICA, respectively, while the 
sensitivity and NPV of 100% remained the same for these 
two approaches.

Table 1 also shows the hemodynamic changes related to 
the coronary plaques and bifurcation angles. In comparison 
with coronary lumen assessment, WSS was found to have 
a direct correlation with bifurcation angle, with wider 
angulation (>80°) and significant stenosis showing increased 
WSS, while in contrast, in the coronary models with 
narrower angulation, WSS remained no significant changes 
in most of the cases. Wall pressure was noted to decrease 
in coronary stenosis with wide angulation and flow velocity 
was increased at post-stenotic lesions at the LAD and 
LCx with significant stenosis. Figures 4 and 5 are examples 
showing CFD analysis of hemodynamic changes in patients 
with narrow and wide angulations.

Discussion

This study extends our previous report to further analyze 
the hemodynamic changes in relation to the type of calcified 
plaque, lumen stenosis and bifurcation angle. There are 
three findings arising from this study which are considered 
to contribute to the current literature: first, coronary lumen 
stenosis is not reliable in assessing calcified plaques due 
to high false positive rates resulting in low specificity and 
PPV. Second, left coronary bifurcation angle is associated 
with significant coronary stenosis with subsequent 
hemodynamic changes, in particular, the WSS changes in 
these stenotic lesions, showing more accurate assessment of 
calcified coronary lesions. Third, although detailed plaque 
characterization of calcification in the coronary arteries 
enables determination of significant coronary stenosis with 
extensively calcified plaques showing improved PPV, the 
diagnostic value is still low in detecting calcified plaques, 
further confirming the limited accuracy with use of plaque 
morphology assessment.
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Figure 4 Correlation between wider angulation and hemodynamic changes by CCTA-derived computational fluid dynamic (CFD) analysis. 
Left coronary bifurcation angle was measured 105º between the two main arterial branches, left anterior descending (LAD) and left 
circumflex (LCx) with significant stenosis (>70%) at LCx on CCTA and ICA in a 58-year-old man. CFD analysis shows increased wall shear 
stress and flow velocity at the stenotic site of LCx (A,B), while decreased wall pressure at the same location (C). Arrow refers to the stenotic 
region at LCx, while arrowheads point to the pre- and post-stenotic locations. Reprint with permission under the open access from (26).

Figure 5 Correlation between narrower angulation and CCTA-derived computational fluid dynamic (CFD) analysis. Left coronary 
bifurcation angle was measured 53º and 55.7º between LAD and LCx on CCTA and ICA in a 65-year-old male, respectively. Significant 
stenosis (>60%) was noticed at LAD and LCx on CCTA, but no significant stenosis (42–48%) was confirmed on ICA (images not shown). 
No significant change was observed with wall shear stress, flow velocity and wall pressure (A-C). Arrow refers to the mild stenotic site of 
LAD, while arrowheads point to the pre- and post-stenotic locations. Reprint with permission under the open access from (26).

A B C

A B C

Use of 50% stenosis as a cut-off value to determine 
coronary stenosis is known to be unreliable in predicting 
functional significance. This has led to the increasing use 
of CCTA-derived hemodynamic analysis in the diagnosis 
of CAD, with CCTA-derived fractional flow reserve 
(FFRCT) as a hot topic in the current literature (30-32). 
Multicenter studies have showed the superiority of FFRCT 
over CCTA for diagnosis of ischemic coronary lesions 
with overall improved diagnostic accuracy (33-36). The 
recently published FFRCT RIPCORD study has shown that 
the routine use of FFRCT has changed patient management 

when compared to CCTA alone (36). FFRCT was calculated 
in 200 patients with stable chest pain undergoing CCTA for 
clinical diagnosis. With FFRCT incorporated into diagnostic 
approach, there was a change in patient management in 
36% cases. The discrepancy between FFRCT and CCTA 
is due to discordance in the assessment of lesion severity, 
with FFRCT found >0.8 in nearly 30% cases which were 
determined as significant stenosis of >90% by CCTA. 
This further emphasizes the enhanced value of using 
hemodynamic analysis for assessment of coronary lesions.

Use of left coronary bifurcation angle as another 
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criterion in diagnosing CAD has been increasingly reported 
in the literature with improved diagnostic accuracy when 
compared to conventional CCTA (16-21). A cut-off value 
of 80° is recommended by these studies to decide the 
significance of coronary stenosis. This is also confirmed 
in this study with wider angulations (>80°) associated 
with hemodynamic changes when compared to narrower 
angulations. This is in accordance with previous reports 
based on realistic and patient-specific coronary models 
showing the direct correlation between coronary angulation 
and corresponding hemodynamic changes (25,26,37-40). 
In their recent study, Park et al. analyzed hemodynamic 
features in relation to different types of coronary plaques 
based on CCTA-generated CFD models in 80 patients with 
plaques distributed at the left coronary artery (40). Their 
results showed that WSS offers additional information than 
coronary lumen stenosis in determining plaque features, 
in particular, differentiating high-risk plaques from stable 
ones. Findings of this study are consistent with their results 
showing that WSS changes in coronary arteries in wide 
angulation are associated with significant coronary stenosis, 
indicating hemodynamic significance. This study focuses 
on analysis of calcified coronary plaques because this is a 
challenging area for CCTA due to high false positive rates 
resulting from blooming artifacts. Thus, results add valuable 
information to the existing literature.

Although CCTA is an excellent imaging modality in 
the detection and diagnosis of CAD, its diagnostic value is 
hindered by presence of severe calcification in the coronary 
arteries, which leads to low specificity and PPV (9-12). 
Despite use of different strategies to suppress the effect 
of heavy calcification on coronary lumen stenosis (13-15), 
heavily calcified plaques still present a major challenge in 
CCTA. This is also confirmed in this study with specificity 
and PPV around 50% (49–52%) based on analysis of 
calcified plaque in the left coronary arteries. However, 
when analyzing plaque distribution in the coronary arteries, 
the PPV of CCTA in extensively calcified plaque was 
slightly improved from 52% to 61.9%, but with decreased 
other values when compared to that from coronary lumen 
assessment. The low diagnostic value of CCTA (<70% for 
specificity and PPV) based on plaque morphology is in 
agreement with a recent study (30). Tesche et al. compared 
morphological parameters of coronary plaques with 
functional significance of coronary plaques for determining 
lesion-specific ischemia with invasive FFR as the reference 
standard (30). No significant correlation was found between 

calcified plaque volume/lesion length and hemodynamically 
significant coronary stenosis, highlighting that plaque 
feature analysis, especially for calcified plaques is not a 
reliable parameter (30,41). Use of bifurcation angle to assess 
coronary stenosis has further improved the specificity and 
PPV to nearly 80% as shown in our studies through a head-
to-head comparison between CCTA and ICA (9,27). Results 
of this study further justify the use of bifurcation angle to 
predict significant coronary stenosis due to its association 
with hemodynamic changes.

There are some limitations in this study that should be 
acknowledged. First, the sample size is relatively small, in 
particular, the number of cases with significant stenosis 
confirmed in ICA is small. In addition, we only focused on 
calcified plaques in this study, while excluding other types 
of plaques. Thus, results of this study need to be interpreted 
with caution with regard to the improved diagnostic value 
of CCTA using bifurcation angle measurements. Further 
studies with inclusion of more cases with inclusion of all 
types of plaques are desirable. Second, CCTA-derived 
CFD modeling was based on coronary artery models with 
rigid wall. Fluid-structure interaction with consideration of 
coronary wall change during cardiac cycles is considered to 
provide insights into elucidating the relationship between 
calcified plaques with different angles and coronary 
hemodynamics. Finally, as discussed previously, FFRCT 
represents a new direction in identifying lesion-specific 
ischemia, and this was not performed in this study due to 
the lack of correlation with invasive FFR which is the gold 
standard. More robust conclusion could be drawn with 
FFRCT added to the analysis of calcified plaques in relation 
to bifurcation angles.

In conclusion, this study further advances previous 
research on the improved diagnostic value of using left 
coronary bifurcation angle for more accurate assessment 
of coronary stenosis. Calcified coronary plaques with 
wider angulation are associated with significant stenosis as 
represented by hemodynamic changes, mainly with increased 
wall shear stress and flow velocity. Coronary lumen stenosis 
on CCTA is associated with low specificity and PPV. 
Although characterization of calcified plaques shows slight 
improvements in PPV with extensively calcified plaques 
based on plaque length analysis, the corresponding diagnostic 
specificity and positive predictive value still remain low. 
Further research on a large cohort with incorporation of 
CCTA-derived CFD analysis into characterization of plaque 
types and left bifurcation angle is warranted.
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