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ABSTRACT 

Aim: Prediction of the normal diameter of the left main coronary artery (LMCA) is particularly important in its percutaneous coronary 

intervention (PCI). The objective of this study is to evaluate the four equations (i.e., Murray, Finet, area-preservation (AP) and HK) 

that express a diameter relationship between the three segments of arterial bifurcation for prediction of LMCA diameter from the 

diameters of its branch vessels. Methods: The four models were compared to the observed measurements of the LMCA bifurcation 
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from 100 patients with normal computed tomography coronary angiograms (CTCA) and another 30 patients with normal 

conventional coronary angiographies. Results: All the four models were valid for prediction of LMCA diameter from diameters of its 

branch vessels. Murray equation was the most accurate in that prediction in CTCA (2.9 % error) and AP equation was the most 

accurate in that prediction in conventional coronary angiography. HK and Finet models were comparable and provide a relatively 

accurate prediction of LMCA diameter using both techniques. Conclusions: HK and Finet models provide a comprehensive rule for 

percutaneous reconstruction of LMCA in both conventional and computed tomography coronary angiograms. 

 

Keywords: left main coronary artery, bifurcation diameter relationship, diameter ratio, multislice computed tomography coronary 

angiography. 

 

 

1. INTRODUCTION 

A common problem exists when the LMCA appears subjectively to be diffusely stenotic relative to the diameters of its branch 

vessels, but the severity of such stenosis can't be determined because of the lack of a normal reference (Arnett et al., 1979; White et 

al., 1984; Harrison et al., 1984). It has long been established that within a person’s coronary tree, the sizes of vessels just beyond a 

branch point should exhibit a fixed relationship to the size of the vessel immediately before branching (Seiler Kirhecide and Could 

1987-2003). Table 1 lists the most commonly referenced bifurcation models that provide a mathematical relationship between the 

three segments of a bifurcation. In 1926, Murray was the first to derive a cubed relationship between the mother and two daughter 

vessels based on the minimum energy hypothesis (Murray, 1926); (Dm3 = Dl3 + Ds3). Huo and Kassab (Huo and Kassab, 2009) 

theoretically modified the Murray model as Dm7/3 =Dl7/3 +Ds7/3 (an exponent of 7/3 instead of 3 in the Murray model) which was 

validated in various vascular trees down to the pre-capillary arterioles in different organs and species. Finet et al. (Finet et al., 2008) 

have empirically shown that the mother-daughter diameter ratio Dm/Dl+Ds is 0.678 in the large epicardial coronary arterial tree, 

based on quantitative coronary angiography and intravascular ultrasound measurements. An additional expression stemming from 

area preservation (exponent of 2) has traditionally been invoked for the vasculature (area preservation AP as Dm2 = Dl2 + Ds2) 

(Kamiya and Togawa1972). Dm, Dl and Ds are the diameters of mother, larger and smaller daughters respectively. 

 

Objective 

The objective of this study is to evaluate the four models in Table 1 based on measurements of the LMCA bifurcation in subjects 

with normal coronaries. The most accurate rule based on a physical and physiological principle can then be used to determine the 

desired diameter of the LMCA when the diameters of the two other segments in the bifurcation are known for percutaneous 

reconstruction of diseased LMCA. 

 

2. METHODS 

This is a prospective observational study conducted on 100 adult patients with normal CTCA (group 1) and another thirty adult 

patients with normal conventional coronary angiography (group 2), both diagnosed by at least two experienced operators at a 

private radiology center and the department of cardiovascular medicine, faculty of Medicine, Cairo university in the time period 

between October 2014 till April 2015. 

CTCA (256 slices) was performed using the ECG gated acquisition during a single breath hold. Injection of 70-90 ml of non ionic 

contrast material through an IV line followed by a 50 ml of saline chaser was done at a high flow rate (5.3 ml / sec.) for both contrast 

and saline. Rapid acquisition of constructive ultra – thin sections through the heart to evaluate the coronary arteries. All coronary 

arteries were studied at 75 % and 45 % of the cardiac cycle with selective reconstruction of the improperly visualized coronary 

segments at different phases of the cardiac cycle. The acquired volumetric data was used to reconstruct multi – planar reformatted 

(MPR), maximal intensity projections (MIP) and volume rendering (VR) images. Measurements of the LMCA, LAD and LCX diameters 

in CTCA were done using Vitrea software version 5.2 (Vital images Inc., USA) by constructing curved multi – planar reformatted 

(MPR) images then get a cross-sectional view of the artery and obtain measurements of minimum diameter, maximum diameter and 

cross sectional area of the distal LMCA (immediately before it began its division) and the proximal portion of the LAD and LCX 

(immediately after division was complete and before the origin of any significant branch) Figure 1. In conventional coronary 

angiography, the diameters were measured using the digital analysis program of the QCA (quantitative coronary analysis) system 

and in all cases the angulations of views used were that best showing the LMCA bifurcation. 
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Figure 1 Measurements of LMCA (A), proximal LAD (B) and proximal LCX (C) diameters in MSCT-CA. 

 

Statistical analysis 

The measured diameters of LMCA in both groups were used to assess the four models in the following steps: 

1 - Predicted diameters of LMCA using the four models were correlated to that measured in both groups by the Pearson correlation 

coefficient. 

2 - Method comparison analysis using Bland-Altman plots were used to show the agreement between the predicted diameters of 

LMCA using the four models and that measured in both groups.  

3 - Predicted diameters of LMCA using the four models were compared to that measured in both groups (We determined the 

mother-daughter ratio (Dm/ Dl+Ds) as a function of the daughter diameter ratio (Ds / Dl)(DDR) for the four theoretical models). 

Then at the end, regression analysis was conducted to derive two equations that predict LMCA diameter from diameters of its 

branch vessels in both CTCA and conventional coronary angiography. Variables were presented as mean ± standard deviation (SD) 

and error (SE).We also determined the relative error between the predictions of the four models and the measurements. A two-way 

ANOVA was performed on the population of samples between theoretical models and the measurements, where p <0.05 

represented statistically significant differences. 

 

Ethical approval 

The study was approved by the ethical committee of faculty of medicine, Cairo University. 

 

3. RESULTS 

Table1 shows the mother-daughter diameter ratio determined by the Murray, HK and AP models. This is in comparison with the 

Finet model that predicts a constant value of 0.678. 

 

Table 1 Mother to daughter diameter ratio of Murray, HK and AP equations.  

 Minimum Maximum 
Mean ± standard 

error 

Standard 

deviation 

Mother to daughter 

diameter ratio Murray 
0.63 0.70 0.639 ± 0.0014 0.01 

Mother to daughter 

diameter ratio HK 
0.67 0.73 0.679 ± 0.0010 0.01 

Mother to daughter 

diameter ratio AP 
0.71 0.75 0.712 ± 0.0008 0.01 

 

For group 1 using CTCA 

Murray equation was the most correlated with the measured diameters of LMCA (r=0.628, p˂0.001 for Murray, r=0.620, p˂0.001 for 

Huo and Kassab, r=0.600, p˂0.001 for Finet and r=0.616, p˂0.001 for AP). Figure 2 shows Bland-Altman plot for Murray model which 

isthe most accurate and agreed well with the measured LMCA diameters as it showed the smallest difference (0.08 ± 0.5 mm) 

between measured and predicted LMCA diameters. Figure 3 shows the comparison of the four bifurcation diameter models with 

observed measurements of LMCA diameters and it shows that Murray model agrees well with the observed measurements of LMCA 

diameters, Finet and HK are comparable and AP model is the least accurate. Table 2 shows the relative error as a function of the 

daughter diameter ratio after dividing the daughter diameter ratio (DDR) into six categories and both are showing that Murray 

model is the most accurate model in prediction of LMCA diameter (± 2.75total percent error),HK and Finet are quite comparable; 

while AP tends to give a larger value. 
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Figure 2 Bland-Altman plot for Murray equation in group 1. 

 

 

 

 

 

Figure 3 Comparing predicted measurements using the four models with observed measurements of group 1. Mother/daughter 

diameter ratio Vs daughter diameter ratio. 

 

Table 2 Relative errors between predictions of bifurcation diameter models and measurements of LMCA diameters in group 1 

throughout the six categories of daughter-diameter ratio. 

 Mean 
Standard 

deviation 
Standard error 

Percent error Finet for 

the six categories of DDR 

<0.5 -16.4207 1.00779 0.71261 

0.5-<0.6 -9.8597 18.28640 9.14320 

0.6-<0.7 -0.0727 11.77818 4.16421 

Daughter diameter ratio (DDR) 
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0.7-<0.8 8.4963 11.22703 2.51044 

0.8-<0.9 10.0104 11.16617 2.03865 

0.9-1 14.2897 12.85721 2.14287 

Total 9.1180 13.55387 1.35539 

Percent error AP for the 

six categories of DDR 

<0.5 -7.4813 0.78900 0.55791 

0.5-<0.6 -2.4247 19.76936 9.88468 

0.6-<0.7 6.4131 12.56886 4.44376 

0.7-<0.8 14.3533 11.84414 2.64843 

0.8-<0.9 15.0630 11.71191 2.13829 

0.9-1 19.2733 13.43656 2.23943 

Total 14.5944 13.74581 1.37458 

 Mean 
Standard 

deviation 
Standard error 

Percent error HK for the 

six categories of DDR 

<0.5 -10.4173 0.68509 0.48443 

0.5-<0.6 -6.0767 19.02296 9.51148 

0.6-<0.7 1.9441 12.05211 4.26106 

0.7-<0.8 9.2028 11.31569 2.53026 

0.8-<0.9 9.6089 11.16742 2.03888 

0.9-1 13.5362 12.79625 2.13271 

Total 9.3004 12.98354 1.29835 

Percent error Murray for 

the six categories of DDR 

<0.5 -13.5495 0.54407 0.38472 

0.5-<0.6 -10.2185 18.17391 9.08696 

0.6-<0.7 -3.3609 11.44793 4.04746 

0.7-<0.8 2.9108 10.67479 2.38696 

0.8-<0.9 2.8003 10.49388 1.91591 

0.9-1 6.3289 11.99520 1.99920 

Total 2.7521 12.00490 1.20049 

 

Regarding group 2 using conventional coronary angiography  

Table 3 shows the differences between observed and predicted LMCA diameters for the four models derived from Bland-Altman 

plots and figure 4 shows Bland-Altman plot for AP equation which was the most accurate and agreed well with the measured LMCA 

diameters as it showed the smallest difference (0.09 ± 0.56) between measured and predicted LMCA diameters. HK and Finet are 

quite comparable; while Murray tends to give a smaller value. 

Regression analysis was used to derive two equations for prediction of LMCA diameter from diameters of its branch vessels 

depending on measured diameters of LMCA, LAD and LCX arteries in our study in CTCA and conventional coronary angiography as 

following: LMCA diameter = 1.2 + 0.7 LAD + 0.2 LCX in CTCA and LMCA diameter = 0.9 + 0.45 LAD + 0.7 LCX in conventional 

coronary angiography. 

 

Table 3 Differences between observed and predicted LMCA diameters using the four equations derived from Bland-Altman plots for 

group 2. 

 Minimum Maximum Mean ± standard deviation 

Difference between observed 

and predicted LMCA diameters 

for "Murray" (mm) 

-1.51 0.51 -0.39 ± 0.54 

Difference between observed 

and predicted LMCA diameters 

for "Huo and Kassab" (mm) 

-1.20 0.82 -0.12 ± 0.55 
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Difference between observed 

and predicted LMCA diameters 

for "Finet" (mm) 

-1.19 0.83 -0.13 ± o.56 

Difference between observed 

and predicted LMCA diameters 

for "Area preservation" (mm) 

-.95 1.07 0.09 ± 0.56 

 

 

 

 

Figure 4 Bland-Altman plot for AP equation in group 2. 

 

4. DISCUSSION 

Data on the "true" normal diameter of human coronary arteries are not available in a systematic format. The four models (i.e., Mur-

ray, Finet, area-preservation and HK models) that express a diameter relationship of the three segments of a bifurcation have been 

proposed to predict the normal diameter of LMCA from the diameters of the proximal LAD and LCX and provide a comprehensive 

rule for its percutaneous reconstruction. In a study done by Yunlong Huo et al. (Yunlong Huo and Gérard Finet 2012) the four 

models were compared with measurements of epicardial coronary bifurcations of patients and swine quantitatively determined by 

angiography, intravascular ultrasound and casts respectively. They found that HK and Finet models agree well with the measure-

ments for coronary bifurcations of larger daughter diameter ratios (˃0.75) while the HK, Murray and AP models agree well with the 

experimental results for coronary bifurcations of smaller daughter diameter ratios (˂0.25) and they concluded that the HK model is 

the only rule that accurately describes bifurcations of all daughter diameter ratios in the normal swine and human epicardial 

coronary arterial tree. In our study we compared the four models with measurements of LMCA bifurcation only which usually has a 

DDR˃0.75. If we considered both groups in our study, we can deduce that HK and Finet models are relatively comparable to the 

observed LMCA in both MSCT-CA and conventional coronary angiography. In another trial done by Lawerence Laslett (Lawerence 

Laslett, 1995) for prediction of LMCA diameter from diameters of its branch vessels, twenty coronary angiograms demonstrating no 

evidence of disease were quantitatively analyzed to determine the normal ratio of LMCA diameter to the sum of the diameters of its 

immediate branches and concluded that for bifurcating left mains, the mean ratio of diameter of LMCA to sum of diameters of its 

two immediate branches was 0.65±0.04. In group 2 in our study the normal ratio of LMCA diameter to the sum of the diameters of 

its immediate branches (LAD and LCX) was 0.7±0.08. 

In our study the mean of observed DDR ratio of LMCA bifurcations was 0.83 ± 0.12 SD in both CTCA and conventional coronary 

angiography and the mean of mother-daughter diameter ratio was 0.6 in CTCA and 0.7 in conventional coronary angiography (as 

the observed diameters of LMCA in CTCA were smaller than the observed diameters of LMCA in conventional coronary 

angiography), while the predicted mother-daughter diameter ratio for each of the four equations is 0.63 for Murray, 0.67 for both 

HK and Finet and 0.71 for AP equations. Murray model was found to be the most accurate in prediction of LMCA in group 1as it had 

a mother-daughter diameter ratio of 0.63 and mean of mother-daughter diameter ratio in that group was 0.6. Murray model was 
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also found to have the least percent error (2.7 percent error) in bifurcations with DDR between 0.8 and 0.9 and DDR ratio in group 

1was 0.83.In group 2, AP equation was found to be the most accurate in prediction of LMCA as it had a mother-daughter diameter 

ratio 0.71 and mean of mother-daughter diameter ratio in that group was 0.7.The major findings in our study are that all the four 

models are valid for prediction of LMCA diameter from the diameters of its branch vessels in both conventional and computed 

tomography coronary angiograms and Murray equation is the most accurate in that prediction in CTCA while AP equation is the 

most accurate in conventional coronary angiography. HK and Finet models were comparable and provide a relatively accurate 

prediction of LMCA diameter using both techniques. The Murray, Finet, and Huo and Kassab (HK) relations should be kept in mind 

when evaluating reference sizes of bifurcating vessels (Murray, 1926). 

An implication of these relations is that, when performing bifurcation lesions PCI as the LMT bifurcation, there is always a step 

down in reference diameter from the proximal MV to the distal MV. The relation between the bifurcation vessels segments may be 

used for estimating optimal reference sizing for a vessel, knowing the size of the two other vessels. This is of value when the 

reference diameter for one vessel cannot be estimated directly. The HK model has been found to be in agreement with all 

bifurcation types and is recommended (Yunlong, 2012). In our study we found that Murray equation was the most accurate when 

sizing the reference diameters in MSCT-CA and AP equation was the most accurate when sizing the reference diameters in 

conventional coronary angiography. 

 

5. CONCLUSION 

This study confirmed the following conclusions:  

1) All the four models are valid for prediction of LMCA diameter from the diameters of its branch vessels in both conventional and 

computed tomography coronary angiograms. 

2) Murray equation is the most accurate in that prediction in CTCA. 

3) AP equation is the most accurate in prediction of LMCA diameter in conventional coronary angiography. 

4) HK and Finet models are comparable and provide a relatively accurate prediction of LMCA diameter using both techniques. 

5) Two equations were derived for use for prediction of LMCA diameter; LMCA diameter = 1.2 + 0.7 LAD + 0.2 LCX in CTCA and 

LMCA diameter = 0.9 + 0.45 LAD + 0.7 LCX in conventional coronary angiography. 
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List of Abbreviations 

Area preservation AP                                  

Coronary artery disease CAD                                   

Computed tomography CT                                       

First diagonal, second diagonal  D1,2                                    

Daughter diameter ratio DDR                                   

Large daughter diameter Dl                                        

Mother diameter Dm                                      

Small daughter diameter Ds                                       

Huo and Kassab HK                                  

Hounsfield unit HU                                      

Left anterior descending artery LAD                               

Left circumflex artery LCX                                   

Left main coronary artery LMCA                            

Main branch MB                                    

Maximum intensity projection MIP                                   

Multi – planar reformatted MPR                      

Multi-slice computed tomography coronary angiography MSCT-CA                     

Main vessel MV                                    

Percutaneous coronary intervention PCI                                   

Quantitative coronary analysis QCA                                 

Right coronary artery RCA                                  
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Side branch SB                                     

Standard deviation SD                                    

Standard error SE                                     
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