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ABSTRACT 

Coronary artery disease is a major cause of morbidity and mortality globally, and it is 

becoming an epidemic in developed as well as developing countries. In South Africa and 

the rest of sub-Saharan Africa, cardiovascular disease is an increasing cause of death and 

disability. An important cause of morbidity and mortality is the formation and rupture of 

atherosclerotic plaque with resultant occlusion of large and medium size arteries. In severe 

obstructive coronary artery disease, coronary collateral arteries serve as alternative 

conduits for blood flow to the myocardial tissue supplied by the obstructed vessel(s). The 

confirmation of the presence of coronary collateral circulation has left several questions 

such as the distribution, histology and anatomy of these vessels unanswered. Hence, there 

is still much to understand in respect of the development, potential for manipulation and 

the haemodynamic effects of the collateral pathways. 

 

The most extensive description of the pathways of the coronary collateral arteries to date 

was reported by Levin in 1974 who recorded 22 pathways. Since this compilation, it is 

apparent that there has been no additional study elucidating the pathways of coronary 

collateral arteries in severe obstruction of the major coronary arteries. Currently, the 

classification of the coronary collateral arterial vasculature is based on several methods and 

has led to difficulty in scientific communication, as well as the assessment of their 

structure and function. Therefore, there is the need for a standardized systematic 

classification of the coronary collateral pathways. 
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In routine coronary angiographic reports, the precise location of atherosclerotic lesions and 

the presence or absence of coronary collaterals is not usually indicated. The aim of this 

study was to document and classify the coronary collateral pathways using angiographic 

imaging techniques in the presence of total obstruction of the coronary arteries; and to 

evaluate the importance of coronary collaterals on left ventricular function.  

The study group was selected from the reviewed angiographic records of 2029 consecutive 

patients that had coronary catheterization performed by interventional Cardiologists for 

symptoms suggestive of coronary artery disease. The coronary angiograms of 286 patients 

(mean age: 59 ± 11 years) that met the inclusion criteria were selected for analysis from the 

angiograms reviewed. The sex distribution of these patients was 21.7% (
62

/286) females and 

78.3% (
224

/286) males. The angiograms were obtained from the cardiac catheterization 

laboratories of hospitals within the private sector in the eThekwini Municipality region of 

KwaZulu-Natal, South Africa. Ethical approval (Ethics number BE 196/13) for the study 

was obtained from the University of KwaZulu- Natal Biomedical Research Ethics 

Committee. 

A total of 329 coronary arterial total obstructions were recorded in the angiograms 

analyzed, and these obstructions were found in the main coronary arteries as follows: 

anterior interventricular branch -76 obstructions, circumflex branch -87 obstructions and 

right coronary artery (RCA) -166 obstructions. In the obstruction of the different segments 

of the main coronary arteries, a total of 115 different collateral pathways were observed as 

follows: anterior interventricular branch - 32, circumflex branch – 46 and RCA- 37. An 

algorithm is proposed in the present study for identifying and labelling the coronary 

collateral pathways. 
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The richest collateral supply was to the RCA and the least was to the circumflex branch. 

The present study found no significant association between patients’ age and sex and the 

development of excellent or well-functioning collaterals. There was a significant 

association between the development of excellent collaterals and the proximal location of 

lesion in the RCA. In addition, a significant association was found between right coronary 

arterial dominant pattern and the development of excellent coronary collaterals in 

circumflex branch and RCA obstructions.  

There was a significant difference (p < 0.001) in the mean ejection fraction (EF) calculated 

for the different grades of coronary collaterals. Thus, the development of excellent 

collaterals has a significant supportive effect on the preservation of left ventricular function 

as compared to patients with absent or poor collateralization. There was also a significant 

positive correlation between coronary collateral grades and mean EF calculated for the 

different collateral grades. Consequently, left ventricular myocardial perfusion was greater 

in patients with well-developed coronary collaterals and resulted in a better recovery of left 

ventricular function in the presence of myocardial ischemia or infarction.  The presence of 

well-developed collaterals may influence decision making in the management of patients 

with coronary arterial obstruction. In the presence of an adequately preserved left 

ventricular function by coronary collaterals in asymptomatic patients, there may be no 

need for coronary angioplasty, stent insertion or surgical intervention. 
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1.1 INTRODUCTION 

  

Coronary artery disease is a major cause of morbidity and mortality globally, and it is 

becoming an epidemic in developed as well as developing countries (Guha et al., 2012). 

In South Africa and the rest of sub-Saharan Africa, cardiovascular disease is an 

increasing cause of death and disability (Reddy and Yusuf, 1998; Mbewu, 2009). In 

addition, there is a rapid increase in the number of patients with coronary arterial or 

peripheral vascular disease (Royen et al., 2000). The main cause of myocardial infarction 

(MI) is coronary artery atherosclerosis, which results from an excessive, inflammatory, 

fibro-proliferative reaction in the arterial wall endothelial lining and smooth muscles 

(Ross, 1981). An important cause of morbidity and mortality is the formation and rupture 

of atherosclerotic plaque with resultant occlusion of large and medium size arteries 

(Myers et al., 2001).  

 

In obstructive coronary artery disease, coronary collateral arteries serve as alternative 

conduits for blood flow to the myocardial tissue supplied by the obstructed vessel(s) 

(Berry et al., 2007). Therefore, they are a “natural coronary arterial bypass” to the region 

supplied by the obstructed vessels (Koerselman et al., 2003; Turgut et al., 2009; Meier et 

al., 2012). The coronary collaterals are anastomotic connections between portions of 

same or different coronary arteries without an intervening capillary bed (Koerselman et 

al., 2003). The confirmation of the presence of coronary collateral circulation has left 

several questions such as the distribution, histology and anatomy of these vessels 

unanswered (Loukas et al., 2009a). The complex mechanism responsible for coronary 
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collateral development is still not properly understood (Sun et al., 2013). Hence, there is 

still much to understand in respect of the development, potential for manipulation and the 

haemodynamic effects of the collateral pathways (Ladwiniec and Hoye, 2013).  

 

The most extensive description of the pathways of the coronary collateral arteries to date 

was reported by Levin in 1974. Some of the collateral arteries in his study were similar, 

being mentioned more than once, because they were identified in patients with different 

coronary arterial obstruction. Since this compilation of the collateral arteries, it is 

apparent that there has been no additional study elucidating the pathways of coronary 

collateral arteries in severe obstruction of the major coronary arteries. Therefore, the 

common patterns and the possible variations of these coronary collateral arteries are still 

not well-outlined (Loukas et al., 2009a). 

 

Currently, the classification of the coronary collateral arterial vasculature is based on 

several methods and has led to difficulty in scientific communication, as well as the 

assessment of their structure and function (Loukas et al., 2009a). Due to the anatomic and 

clinical relevance of these pathways, Levin et al., (1973) stressed that adequate 

knowledge of these pathways goes beyond an ordinary academic exercise. As a 

consequence of the lack of standardization in the system of classification of the coronary 

collateral arteries, there is confusing data about their presence and clinical relevance 

(Loukas et al., 2009a). Therefore, there is the need for a standardized systematic 

classification of the coronary collateral pathways in coronary artery disease. 
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 The precise description of coronary vascular anatomy, location and severity of 

atherosclerotic lesions determines the clinical importance of the myocardial region ‘at 

risk’ in coronary artery disease (Alderman and Stadius, 1992). In addition, reproducible 

interpretation and consistency in the terminologies used during diagnostic and therapeutic 

angiographic procedures are essential in the management of patients with coronary artery 

disease (Alderman and Stadius, 1992). A comprehensive appreciation of the anatomy of 

the coronary arterial system and the coronary collateral pathways is crucial in the 

management of cardiac patients. With the extensive use of radiographic images as 

diagnostic tool and the development of non-invasive treatments, a detailed knowledge of 

the normal coronary anatomy, its variations and/or anomalies and collateral pathways is a 

necessity (Vilallonga, 2003). Are coronary collaterals channels underestimated in clinical 

practice? Should the presence of the coronary collaterals influence clinical decision 

making in patients with coronary arterial obstruction? These are some of the questions 

that the present study hopes to examine.  

 

 Aim        

 

The aim of this study was to document and classify the coronary collateral pathways 

using angiographic imaging techniques in the presence of total obstruction of the 

coronary arteries; and to evaluate the importance of coronary collaterals on left 

ventricular function. This information is important in order to establish a standardized 

anatomic classification system for the coronary collateral pathways and determine the 

precise role of these pathways in preserving ventricular function in cases of total 

coronary artery obstruction. This study will extend the knowledge in the fields of 
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anatomy, angiography and coronary arterial surgery. In particular, it will provide 

information regarding the influence of age and sex on coronary collateral development in 

a South African population that is hitherto unavailable.  

Research objectives  

The objectives of this study are to: 

1.  Document the coronary collateral pathways and their direction of flow in the 

presence of total obstruction of the major coronary arteries [i.e. the right coronary 

artery (RCA), the left coronary artery (LCA), and their branches such as the 

anterior interventricular branch and the circumflex branch]  

2. Determine the influence of age and sex on coronary collateral arterial 

development in total coronary arterial obstruction 

3. Determine the influence of the location of coronary arterial obstruction on the 

development of functional coronary collateral pathways in the presence of severe 

coronary artery disease 

4. Determine the morphologic factors that promote or affect the development of 

coronary collaterals such as the branching patterns of the LCA, closeness of the 

obstructed vessels to other  vessels and coronary arterial dominance 

5. Evaluate the effect of coronary artery collaterals on ventricular function in the 

presence of total coronary artery obstruction 
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2.1 ANATOMY OF THE CORONARY ARTERIES  

2.1.1 HISTORICAL PERSPECTIVE 

The study of the coronary vasculature dates back to the 15
th

 century when Leonardo Da 

Vinci (1452-1519) depicted in his drawings, the heart and the circulatory apparatus. He 

stated that “the coronary vessels nourish the heart” (Figure 1) (Baumgartner, 1932).  

 

 

Figure 1: Early sketches of the coronary arteries by Leonardo Da Vinci 

(Adapted from Baumgartner, 1932) 

 

Key: LCA –Left coronary artery 
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Shortly after Da Vinci’s description of the heart, there was the treatise on the heart and 

the coronary vasculature written by Raymond Vieussens (1641-1715). He gave the first 

correct description of the coronary vessels and the valve in the large coronary vein 

(Figures 2 and 3) (Major, 1932). 

 

 

Figure 2: Anterior view of the heart illustrating the coronary vessels by Raymond 

Vieussens (Adapted from Major, 1932)  

 

Key: RCA –Right coronary artery, AIB- anterior interventricular branch 
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Figure 3: Posterior view of the heart illustrating the coronary vessels by Raymond 

Vieussens (Adapted from Major, 1932)  

 

Key: PIB- posterior interventricular branch 

 

In the centuries that followed, the study of coronary vasculature progressed and in the 

17
th

 century, Lower (1649) described the anastomosis between the coronary arteries 

(Vilallonga, 2003). In the middle of the 20
th

 century, especially from the 1960s there was 

an increase in the number of investigations on coronary vascular anatomy (Fazliogullari 

et al., 2010). Therefore, in the last four decades, several studies were conducted 

evaluating the embryology of the coronary arteries (Bogers et al., 1989; Bernanke and 

Velkey, 2002; Ando et al., 2004; Kattan et al., 2004), coronary arterial tree anatomy 

(Muriago et al., 1997; Reig and Petit, 2004), variations in coronary arterial vasculature 
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(Vilallonga, 2003; Fazliogullari et al., 2010), coronary collateral pathways (Levin, 1974; 

Rentrop et al., 1985; Werner et al., 2003)  and the effect of coronary arterial anatomy on 

the etiology and evolution of coronary arterial diseases (Saltissi et al., 1979 Dvir et al., 

2003).  

2.1.2 NOMENCLATURE OF CORONARY ARTERIES 

 

For the ease of reference, the coronary arterial terminology used throughout this 

dissertation is recorded in Table 1.  

Table 1: Coronary artery nomenclature 

 

VARIOUS TERMINOLOGIES CURRENT STUDY 

Left main coronary artery (LMCA)/ Left main stem 

(LMS)/ Left coronary artery (LCA) 

 

Left coronary artery (LCA) 

Left anterior descending (LAD) artery/ Anterior 

interventricular branch  

Anterior interventricular 

branch  

Left circumflex branch (LCircumflex)/ Circumflex 

branch  

Circumflex branch  

Obtuse marginal (OM) artery/ Left marginal (LM) artery  Left marginal (LM) artery 

Diagonal artery  Diagonal artery 

Septal perforators/ Septal branches Septal branches  

Ramus medianus / Ramus intermedius, Median branch Median branch 

Left posterolateral branch Left posterolateral branch 

Right coronary artery (RCA) Right coronary artery (RCA) 

Posterior descending artery (PDA)/ Posterior  

interventricular artery (PIB) 

Posterior  interventricular 

artery (PIB) 

Sinu-atrial branch Sinu-atrial branch 

Conal branch Conal branch 

Right ventricular branch Right ventricular branch 

Acute marginal (AM) branch/ Right marginal artery 

(RMA) 

Right marginal artery (RMA)  

Atrioventricular (AV) node branch Atrioventricular (AV) node 

branch 

Right posterolateral branch Right posterolateral branch 
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2.1.3 THE ORIGIN OF THE CORONARY ARTERIES FROM THE 

AORTA 

 

The early segment of the aortic root is occupied by the aortic sinuses, which consist of 

the leaflets of the aortic valve and the bulbous sinus (Fiss, 2007) and it is confined 

distally by the sinutubular junction (Vlodaver et al., 1975) (Figures 4).  

 

 

Figure 4: The aortic root dissected open showing the aortic valve cusps and the ostia of 

the coronary arteries (Adapted from Fiss, 2007) 

 

The major coronary arteries which are the RCA and LCA arise from the anterior and left 

posterior sinuses of the ascending aorta (Standring et al., 2008). These two sinuses are 

adjacent to the pulmonary trunk (Loukas et al., 2009b). There is great variability in the 

origin of these arteries in relation to the sinutubular junction and the region of apposition 

between the aortic valvular leaflets (Muriago et al., 1997). The origin of the coronary 

artery within 1 cm of the sinutubular junction is considered variations of normal, whereas 
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origins greater than 1 cm relative to the junction are regarded as ectopic origins (Loukas 

et al., 2009b). In relation to the origin of the major coronary arteries, the aortic sinuses 

can be termed the right coronary, left coronary and non-coronary sinuses, respectively. It 

is rare for any of the vessels to originate from the sinus farthest from the pulmonary trunk 

(Loukas et al., 2009b) (Figure 5). 

 

 

 

 

 

 

 

 

 

 

Figure 5: Superior view of the heart (with both atria removed) showing origins of the 

right and left coronary arteries from right and left aortic sinuses. 

(Adapted from Gilroy et al., 2008)  

 

The coronary arteries and their major branches are distributed over the surface of the 

heart, lying within the subepicardial connective tissue (Snell, 2008) (Figure 6). The 

coronary arteries only dip into the myocardium at or near their termination (Edwards et 

al., 1956), but sometimes a segment of the epicardial artery can have an intramural 

Right coronary 

artery 
Left coronary 

artery 
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course (Ge et al., 1994) or a band of cardiac muscle crossing over the coronary artery 

(Bandyopadhyay et al., 2010). This shift from the usual anatomy is commonly described 

as a “myocardial bridge” (Soran et al., 2000). 

 

Figure 6: Anterior view of the heart showing the subepicardial course of major coronary 

arteries (Adapted from Drake et al., 2009)  
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2.1.4 MORPHOLOGY OF THE CORONARY ARTERIES 

2.1.4.1 THE LEFT CORONARY ARTERY  

At the atrioventricular groove, the LCA divides mostly into two [anterior interventricular 

branch and circumflex branch] or (sometimes) into three (with an “additional” branch) 

(Standring et al., 2008) or four branches (with two “additional” branches) (Ajayi et al., 

2013a) (Figures 7 and 8). The incidence of the division of the LCA into more than two 

branches in the literature reviewed is 14-60% and 2-10% for three and four branches, 

respectively. The division of the LCA into up to five branches has also been reported in 

the literature (Kalpana, 2003; Bhimalli et al., 2011).  

 

 

Figure 7: Coronary angiogram in the RAO projection showing trifurcation of the LCA into 

anterior interventricular branch, circumflex branch and a median branch of LCA (Adapted 

from Ajayi et al., 2013a) 

Key: LCA - Left coronary artery, Cx - Circumflex branch, AIB- anterior interventricular 

branch, MB – Median branch 
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However, in the literature reviewed, this “additional” branch has been referred to as the 

“ramus diagonalis” (Baptista et al., 1991); “median (or intermedian)” branch (Reig and 

Petit, 2004 and Fazliogullari et al, 2010) and “diagonal branch” (Ortale et al., 2005). In 

clinical textbooks, these “additional” terminal branches are named the “ramus medianus 

artery” (Townsend et al., 2004) or the “ramus intermedius branch” (Topol et al., 2002). 

In this dissertation, these additional branches will be represented by the term median 

branch. The absence of the LCA has been reported with the anterior interventricular 

branch and circumflex branch originating directly from the left aortic sinus (Cankaya et 

al., 2009; Ajayi et al., 2014). 

 

Figure 8: Coronary angiogram in the LAO projection (caudal view) showing the 

quadrifurcation of the LCA into anterior interventricular branch, circumflex branch (Cx) and two 

median branches (MBs)  

(Adapted from Ajayi et al., 2013a) 

Key: LCA - Left coronary artery, Cx - Circumflex branch, AIB- anterior interventricular 

branch, MB – Median branch 
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2.1.4.2 THE RIGHT CORONARY ARTERY 

After leaving the right coronary sinus, the RCA encircles the vestibule of the tricuspid 

valve and continues posteriorly to the region where the interventricular and inter-atrial 

grooves meet - a point referred to as the "crux" of the heart (Standring et al., 2008; Moore 

et al., 2010). The RCA gives off the right conus artery (as its first branch) and usually 

terminates a little to the left of the crux by anastomosing with the circumflex branch in 

about 60% of individuals (Standring et al., 2008; Moore et al., 2010). The RCA also 

gives rise to the sinu-atrial (SA) node and the atrioventricular (AV) node arteries (Fiss, 

2007) and the right marginal artery. In about 90% of the population, having reached the 

crux, the RCA gives rise to the posterior interventricular branch.  

2.1.4.3 CORONARY ARTERIAL DOMINANCE 

There is variation in the blood supply to the diaphragmatic surface of both ventricles. The 

origin, size, and distribution of the posterior interventricular branch are variable (Snell, 

2008). The posterior interventricular branch supplies a variable portion of the 

diaphragmatic wall of the heart (Loukas et al., 2009b). This arrangement is called right 

coronary arterial dominance (Snell, 2008; Standring et al., 2008) (Figure 9).  

In left coronary arterial dominance, the posterior interventricular branch is from the 

circumflex branch of the LCA. Therefore, the arterial supply to the anterior and posterior 

walls is from the LCA, and the occlusion of this vessel may cause severe complications 

of myocardial infarction. 
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Figure 9: Posterior view of the heart showing the posterior interventricular branch in 

right coronary dominance. (Adapted from Gilroy et al., 2008) 
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2.2 ANGIOGRAPHIC ANATOMY OF THE CORONARY ARTERIES 

 

Coronary angiography is a significant diagnostic procedure in the assessment of the 

magnitude and severity of coronary artery disease (Alderman and Stadius, 1992). 

Analyzing coronary arteries in the clinical environment requires an appreciation of the 

anatomy of the coronary arteries as exhibited on an angiogram. An adequate 

understanding of the arterial patterns of the coronary arteries from this point of view is 

essential for an accurate clinical interpretation. The introduction of newer treatment 

modalities such as thrombolysis and angioplasty in the management of coronary artery 

disease patients requires comprehensive consideration of coronary angiographic features 

that might predict the possible outcome (Alderman and Stadius, 1992). 

 

2.2.1 OBSERVATION OF THE CORONARY ARTERIES IN THE LEFT 

LATERAL PROJECTION 
 

 

Left Coronary Artery 

In this projection, the LCA is seen virtually end-on, so it is significantly fore-shortened 

and no conclusion may be drawn about it. The anterior interventricular branch and 

circumflex branch are clearly spread out in this view. The anterior interventricular branch 

courses anteriorly, giving off septal branches or septal perforators that appear to move 

away from the camera and diagonal branches that appear to move toward the camera. 

Characteristically, the anterior interventricular branch may be identified in this view as it 

is the most anterior vessel (Figures 10 and 11). The circumflex branch runs posteriorly in 

a curve that bulges anteriorly and has variable termination, but at the crux of the heart, it 

is seen giving off a branch to the AV node (Raphael et al., 1980). The branches that arise 

from it, project laterally onto the free ventricular wall. Often, these left marginal arteries 
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may distort the view of the circumflex branch. In this instance, the circumflex branch 

may be recognized by its tighter curve and by its pattern of termination. 

 

 

 

Figure 10:   Cast of the heart showing the LCA and branches in the left lateral view 

(Adapted from Raphael et al., 1980) 

Key: LCA- left coronary artery, AIB- anterior interventricular branch, Cx- circumflex 

branch, PIB- posterior interventricular branch, LM- left marginal, D- diagonal, RV- right 

ventricle, S- septal, LV- left ventricle, AVG- atrioventricular groove, LA- left atrium 
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Figure 11:   Schematic diagram of the LCA and branches in the left lateral view 

(Adapted from Gaze, 2013) 

Key: LCA- left coronary artery, AIB- anterior interventricular branch, Cx- circumflex 

branch, LM- left marginal, D- diagonal, AVCx- atrioventricular branch of circumflex, S- 

septal, LAC- left atrial circumflex 

 

2.2.2 OBSERVATION OF THE CORONARY ARTERIES IN THE LEFT 

ANTERIOR OBLIQUE (LAO) VIEW 
 

 

a) Left Coronary Artery 

The proximal part of the anterior interventricular branch is very foreshortened until after 

the first septal and diagonal branches have been given off. This projection is not optimal 

for viewing the anterior interventricular branch and circumflex, but it is useful in 

distinguishing the diagonal branches from the septal branches of the anterior 

interventricular branch (Figures 12 and 13). The septal branches run to the left (and 

backwards) to enter the interventricular septum, while the diagonal branches pass to the 

right (and forwards) to supply the left ventricular free wall (Raphael et al., 1980). The 
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LAO-caudal angulation (“spider view”) shows the angle of division of the LCA better, 

however, the LCA length is shortened in this view.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12:   LCA and branches in the LAO view (Adapted from Netter, 2003) 

Key: AIB- anterior interventricular branch, Cx- circumflex branch. 
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Figure 13:   Schematic diagram of the LCA and branches in the left anterior oblique 

(LAO) view (Adapted from Gaze, 2013) 

Key: LCA- left coronary artery, AIB- anterior interventricular branch, Cx- circumflex 

branch, LM- left marginal, D- diagonal, AVCx- atrioventricular branch of circumflex, S- 

septal, LAC- left atrial circumflex 

 

b) Right Coronary Artery 

Raphael et al. (1980) described the LAO view of the RCA as follows: In this projection, 

the ostium and proximal part of the RCA are well appreciated. The RCA passes in the 

right atrioventricular groove (AVG) descending on the right heart border onto the 

undersurface of the heart. It makes an inverted ‘U’ loop marking the position of the crux 

with the artery to the AV node originating from its apex. Sometimes, it continues in the 
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AVG beyond the crux and terminates as a large posterolateral left ventricular artery. In 

this view, fore-shortened right ventricular branches may be recognized as they pass to the 

left towards the camera. The atrial artery and its SA node branches would pass to the 

right, as it is going backwards to supply the left atrium. There is shortening of the small 

right marginal artery and the right ventricular branch as it courses towards the camera to 

supply the acute margin” (Figures 14 and 15). 

 

 
 

 

Figure 14:   Cast of the heart showing the RCA and branches in the left anterior oblique 

(LAO) view (Adapted from Raphael et al., 1980) 

Key: RCA- right coronary artery, RMA- right marginal artery, PIB- posterior 

interventricular branch, CB- conus branch, RVB- right ventricular branch, S- septal, 

AVN- atrioventricluar node branch 
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Figure 15:   Schematic diagram of the RCA and branches in the left anterior oblique 

(LAO) view (Adapted from Gaze, 2013) 

Key: RCA- right coronary artery, A- atrial branch, AM- acute marginal (RMA- right 

marginal artery), PIB- posterior interventricular branch, CB- conus branch, RV- right 

ventricular branch, S- septal, AVN- atrioventricluar node branch, LV- left ventricular 

branch, SN- sinoatrial node branch 

 

 

2.2.3 OBSERVATION OF THE CORONARY ARTERIES IN THE RIGHT 

ANTERIOR OBLIQUE (RAO) VIEW 
 

 

a) Left Coronary Artery 

The LCA may be identified in this projection using the points of origin of the anterior 

interventricular branch and circumflex branch. The circumflex branch has a characteristic 

straight appearance in this view. The circumflex branch is seen clearly in this view as it 
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continues around the atrioventricular groove and the anterior interventricular branch is 

most clearly observed in this projection. A certain degree of overlapping of the diagonal 

branches by the anterior interventricular branch may result when these diagonal branches 

lie in a similar position. This confusion may be limited by applying a cranio-caudal 

angulation in this view and the origin of the diagonals may be identified. The anterior 

interventricular branch may be characterized in this position and further recognized by 

the straight septal branches that arise from it, and by the curved pathway it takes to reach 

the inferior surface of the heart (Figures 16 and 17). 

  

 

 

 

 

 

 

 

 

 

Figure 16:   LCA and branches in the right anterior oblique (RAO) view (Adapted from 

Netter, 2003) 

Key: AIB- anterior interventricular branch, Cx- circumflex branch. 

Cx 
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Figure 17:   Schematic diagram of the LCA and branches in the right anterior oblique 

(RAO) view (Adapted from Gaze, 2013) 

Key: LCA- left coronary artery, AIB- anterior interventricular branch, Cx- circumflex 

branch, LM- left marginal, D- diagonal, AVCx- atrioventricular branch of circumflex, S- 

septal, LAC- left atrial circumflex 

 

b) Right Coronary Artery 

 

The RCA is seen in a good profile as it descends in the right AVG over the right side of 

the heart. It then turns in the AVG on the undersurface of the heart and recedes from the 

camera, becoming distorted by foreshortening. The ‘U’ loop of the crux with the AV 

node artery rising from its apex into the septum is recognized, but no detail is seen 

because of overlapping. In this view, the right marginal branch, the posterior 

interventricular branch and posterolateral left ventricular branches are all also seen in 

good profile as they run in, or parallel to the posterior interventricular groove which is 
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virtually parallel to the film. The posterior interventricular branch may be identified by its 

septal branches (Raphael et al., 1980) (Figures 18 and 19). 

 

 

 

Figure 18:   Cast of the heart showing the RCA and branches in the RAO view (Adapted 

from Raphael et al., 1980) 

Key: RCA- right coronary artery, RMA- right marginal artery, PIB- posterior 

interventricular branch, CB- conus branch, RVB- right ventricular branch, S- septal, 

AVN- atrioventricluar node branch  
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Figure 19:   Schematic diagram of the RCA and branches in the RAO view (Adapted 

from Gaze, 2013) 

Key: RCA- right coronary artery, RA- right atrial branch, AM- acute marginal 

artery (RMA- right marginal artery), PIB- posterior interventricular branch, CB- 

conus branch, RV- right ventricular branch, S- septal, AVN- atrioventricluar node 

branch, LV- left ventricular branch, SN- sinoatrial node branch 

 

2.2.4 CORONARY ARTERIAL SEGMENTS 

In order to correctly report coronary arteriographic findings, the standardization of the 

nomenclature with respect to the assessment and description of the coronary arterial tree 

is required (Scalon and Faxon, 1999). Standardized systems of coronary arterial 

classification have been presented by clinical investigators of the Coronary Artery 

Surgery Study (CASS), Thrombolysis in Myocardial Infarction (TIMI) and Bypass 

Angioplasty Revascularization Investigation (BARI) trials. The BARI coronary artery 

map (Figure 20) was derived from the CASS map (Killip et al., 1981) with the inclusion 
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of additional branch segments for the median branch of the LCA, and the possibility of 

branching of the diagonal, marginal artery and median branch of the LCA (Alderman and 

Stadius, 1992). The BARI coronary arterial map was also endorsed by the American 

College of Cardiology/American Heart Association guidelines for coronary angiography 

(Scalon and Faxon, 1999).  

 
 

Figure 20: The Bypass Angioplasty Revascularization Investigation coronary artery 

map. Right coronary artery: 1-proximal; 2-middle; 3-distal; 4-posterior interventricular 

branch; 5-right posteroatrioventricular; 6-first posterolateral; 7-second posterolateral; 

8-third posterolateral; 9-inferior septal artery; 10- right marginal artery. Left coronary 

artery: 11-left main; 12-proximal anterior interventricular branch; 13-middle anterior 

interventricular branch; 14-distal anterior interventricular branch; 15-first diagonal; 

15a-first diagonal branch; 16-second diagonal; 16a-second diagonal branch; 17-

anterior septals; 18-proximal circumflex; 19-middle circumflex; 19a-distal circumflex; 

20, 21, 22- first, second and third left marginal; 20a, 21a, 22a-first, second and third left 

marginal branches; 23-left atrioventricular; 24, 25, 26-first, second and third 

posterolaterals; 27-left posterior interventricular branch; 28-Ramus; 28a-Ramus 

branch; 29-third diagonal; 29a-third diagonal branch  

(Adapted from Alderman and Stadius, 1992). 

 

Key: LCA- Left Coronary Artery; RCA- Right Coronary Artery; Cx- Circumflex branch. 
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2.3 CORONARY ARTERY ATHEROSCLEROSIS 

 

Atherosclerosis is the main cause of MI and it results from an excessive, inflammatory, 

fibro-proliferative reaction to various forms of insult or injury to the arterial wall 

endothelial lining and smooth muscles (Ross, 1981). Although, atherosclerotic lesion 

development is associated with many systemic risk factors such as hypertension, 

smoking, diabetes mellitus, and hyperlipidemia, atherosclerosis is mostly a focal disease 

(Dermibag and Yilmaz, 2005). This is because of the intravascular hemodynamic stress, 

which is related to the geometry of the vessel (Kirpalani, 1999; Dvir et al., 2003) and the 

anatomic variations in the arterial wall are important focal factors in atherosclerosis 

(Ross, 1981).  

2.3.1 DISTRIBUTION OF ATHEROSCLEROTIC LESIONS IN THE 

CORONARY ARTERIES 

Atherosclerotic lesions are not usually randomly distributed and are preferentially 

situated at branch ostia, bifurcation points, and the proximal segments of the resulting 

daughter vessels (Asakura and Karino, 1990; Park and Park, 2009). The morphology of 

the LCA has also been reported to influence the distribution of atherosclerotic lesions in 

its branches (Ajayi et al., 2013b). The presence of atherosclerotic lesions in main 

coronary arteries such as the RCA, anterior interventricular branch or circumflex branch 

is regarded as single, double and triple vessel coronary artery disease when one, two or 

all three of these vessels are affected, respectively. 
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2.4 CORONARY COLLATERAL PATHWAYS 
 

2.4.1 HISTORICAL PERSPECTIVE 

 

In the 17
th

 century, as the study of the circulatory system progressed, Lower (1631-1691) 

was the first to demonstrate the presence of anastomosis between different branches of 

the same or different coronary arteries (van Royen et al., 2001; Vilallonga, 2003). 

Albrecht von Haller, a Swiss anatomist in the 18th century, corroborated Lower’s 

observation. In the following century, investigators using human cadaveric dissections 

declared that the coronary arteries were end arteries, and hence, do not anastomose with 

one another (Loukas et al., 2009a). Therefore, traditionally, the myocardium had no 

regions of overlapping coronary arterial supply (Traupe et al., 2010).  

 

This belief continued until the 20th century when Spalteholtz (1924) demonstrated the 

presence of coronary anastomoses in a post-mortem angiographic study (Loukas et al., 

2009a). Subsequently, studies using cadaveric hearts corroborated these findings. Baroldi 

et al. (1956) demonstrated the presence of coronary collaterals in normal human hearts at 

autopsy and showed that the number of coronary collaterals was increased in hearts with 

the presence of coronary artery disease (Koerselman et al., 2003; Schaper, 2009). Their 

study provided the best evidence that the human coronary arteries are not end-arteries; 

however, an arteriolar network interconnects them (Schaper, 2009). In a post-mortem 

examination, Fulton (1964) later supported this finding and reported that a higher number 

of large-caliber coronary collaterals were associated with a longer history of angina 

(Koerselman et al., 2003).  
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2.4.2 DEVELOPMENT OF THE CORONARY COLLATERAL 

PATHWAYS 

 

Coronary collateral arteries have their origin from the same embryonic precursor as the 

native coronary arteries during embryogenesis; therefore the foundation of these 

collateral arterial network is laid down during embryonic life (Loukas et al., 2009a) and 

are present in the newborn (Schaper, 2009). The normal human heart contains 

interconnecting channels (Levin, 1974), hence, coronary collateral pathways are present 

in both normal and diseased hearts (Meier et al., 2012). These channels exist as 

microvessels whose function are not clear (Rockstroh and Brown, 2002) and are not 

demonstrable angiographically when coronary circulation is normal or mildly obstructed 

(Levin, 1974).  

 

Functional collaterals were suggested to have developed from hypertrophic evolution of 

the vessels present in the normal heart (Koerselman et al., 2003). This evolutionary 

process is triggered by myocardial ischaemia and/or an increase in the pressure gradient 

in the collateral network (Sasayama and Fujita, 1992; Schaper, 2009; Chilian et al., 

2012). Due to this pressure gradient, there is an increase in the volume of blood propelled 

through these channels. They progressively dilate and are eventually angiographically 

visible as coronary collateral channels (Levin, 1974). The pressure gradient also results in 

an increased fluid shear stress in the vessel (Landwiniec and Hoye, 2013). This fluid 

shear stress is a primary morphogenic physical factor that determines the size of the 

developing collateral vessel (Schaper, 2009).  
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The most potent stimulus and important predictor for the development of coronary 

collaterals is coronary arterial stenosis (Seiler, 2003; Meier et al., 2012) and the resultant 

change in pressure gradient between the high pre-occlusive and the low post-occlusive 

pressure regions interconnected by coronary collaterals (Schaper, 2009). However, there 

are other factors that also contribute to this process, and these include the size and 

condition of the distal segmental lumen of the vessel, blood viscosity, myocardial 

contractility, coronary vascular resistance (Levin, 1974), and physical activity of the 

subject (Senti et al., 1998). Medical condition such as diabetes mellitus has been reported 

to adversely affect the development of functional coronary collateral circulation (Abaci et 

al., 1999; Tatli et al., 2007). Contrary to the latter finding, Zbinden et al. (2005) found 

that there was no difference in the coronary collateral flow between diabetic and non-

diabetic patients.   

 

2.4.3 MECHANISM OF CORONARY COLLATERAL GROWTH 

 

ARTERIOGENESIS VERSUS ANGIOGENESIS 

Vasculogenesis refers to the earliest events in vascular growth during which endothelial 

cell precursors (angioblasts) move to distinct locations, differentiate and assemble into 

solid endothelial cords. These cords later form a vascular plexus with the endothelial 

tubes (Figures 22 and 23) (Conway et al., 2001).  Therefore, the term vasculogenesis is 

strictly reserved for the development of new blood vessels during embryogenesis 

(Buschmann and Schapper, 2000).    
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Angiogenesis is the process by which these primitive vascular cords are transformed into 

mature vascular networks through their growth, expansion and remodelling (Conway et 

al., 2001). In this process, pre-existing capillaries multiply and develop new capillary 

networks and these newly formed capillary tubes are devoid of vascular smooth muscles 

(Figures 22 and 23) (Buschmann and Schapper, 2000).    

 

Arteriogenesis is the process of development of new capillaries by growth and 

intussusception of pre-existing capillaries after an arterial occlusion with the maturation 

of arteries from pre-existing interconnecting arterioles (Cai and Schaper, 2008) (Figures 

21 and 22). Although it has some similar features with angiogenesis, its pathway is 

different. An occluded artery can potentially be totally replaced through arteriogenesis, 

whereas, angiogenesis cannot achieve this (Cai and Schaper, 2008). The development and 

maturation of collateral vessels results in channels that are capable of carrying a 

significant amount of blood (Annex and Simons, 2005), therefore, coronary collateral 

vessels develop through arteriogenesis (Meier et al., 2013). 
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Figure 21: Schematic diagrams showing the processes of vascular growth in an embryo, 

endothelial precursors (angioblasts) assemble in a primitive network (vasculogenesis), 

that expands and remodels (angiogenesis). Smooth muscle cells cover endothelial cells 

during vascular myogenesis, and stabilize vessels during arteriogenesis.  

(Adapted from Carmaliet, 2000) 

 

Key: SMC- smooth muscle cell, CL- collagen, EL- elastin, Fib- fibrillin, VEGF –

Vascular endothelial growth factor, VEGFR- Vascular endothelial growth factor 

receptor, Ang - Angiopoietin  
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Figure 22: Schematic diagrams showing the processes of pathological vascular growth 

in an adult, vasculogenesis (angioblast mobilization), angiogenesis (sprouting) or 

arteriogenesis (collateral growth). (Adapted from Carmaliet, 2000) 

Key: SMC- smooth muscle cell, MØ- macrophage 
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2.4.4 MORPHOLOGY OF THE CORONARY COLLATERAL PATHWAYS  

 

Coronary collateral arterial pathways are abundant in the heart and serves as an “innate 

coronary arterial bypass” within the main coronary arteries (Loukas et al., 2009a). These 

channels are of variable sizes and allow for bi-directional flow between the main 

coronary arteries (Miyamoto et al., 2000). The coronary collaterals have a number of 

definable pathways unlike collaterals in other regions of the body such as the thigh and 

the knee; therefore, these vessels do not wander randomly through the myocardium 

(Levin et al., 1973). From the literature reviewed, the most extensive description of the 

pathways of the coronary collaterals to date was reported by Levin in 1974. In this study 

conducted in North America, a list of 22 collateral pathways was compiled. Some of 

these identified collateral arterial pathways were similar, being mentioned twice because 

they were visualized in patients with different coronary arterial occlusions.  

 

There is great variability in the pattern and the extent of these coronary collateral 

pathways among different population groups (Loukas et al., 2009a). Variability also 

exists in an individual’s ability to develop coronary collateral arteries, some individuals 

develop functional collateral vessels, while others do not (Turgut et al., 2009; Ladwiniec 

and Hoye, 2013; Meier et al., 2013). From the literature reviewed, it is apparent there is 

no study documenting the systematic identification of the anatomic pathways and grading 

of coronary collateral vessels. Some researchers have assessed the effect of age and sex 

on the development of functional coronary collateral vessels. However, the relationship 

between the morphological properties of the coronary arteries and the development of 

functional coronary collateral vessels has not been evaluated. 
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Wustman et al. (2003) reported the presence of adequately functional collaterals in 20-

25% of patients with angiographically normal coronary arteries, while Pohl et al. (2001) 

found these collaterals in 33% of patients with coronary artery disease. The reason for 

this is not understood (Meier et al., 2013), and presently, there is no explanation for the 

differences between the capabilities of individuals to develop a sufficient collateral 

circulation (Koerselman et al., 2003). However, genetic factors may affect the 

development of functional collaterals (Chittenden et al., 2006) with the possibility of 

up/down regulation of the genes involved in the formation of these collateral vessels prior 

to the occurrence of coronary artery disease (Seiler, 2003) . Nevertheless, the potential of 

an individual to develop coronary collateral circulation is thus far not adequately 

examined (Koerselman et al., 2003). 

 

2.4.5 ASSESSMENT OF THE CORONARY COLLATERAL PATHWAYS 

 

I. Coronary angiography 

Cineangiographic coronary arterial images have been the major method for the 

determination of coronary arterial luminal stenosis (Scanlon and Faxon, 1999). The 

easiest and most commonly used method of coronary collateral assessment is by coronary 

angiography (Werner et al., 2003; Meier et al., 2013). Coronary collateral circulation can 

be visualized during coronary angiography (Koerselman et al., 2003), therefore, it is a 

helpful diagnostic technique for demonstrating the coronary collaterals (Husanović et al., 

2005). Most studies have assessed coronary collaterals using coronary angiography and 

this method has been used in determining the presence and grading of the coronary 
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collateral pathways (Figure 23). In the absence of total occlusion of the vessel, the 

assessment of recruitable coronary collaterals can be performed by the insertion of two 

coronary catheters; one is for balloon occlusion of the collateral receiving stenosed 

vessel, while the second is for the injection of contrast dye into the normal collateral 

supplying vessel (Seiler, 2003).  

 

 

Figure 23: Coronary angiogram with injection of radiographic contrast medium into the 

RCA and complete filling of the proximally occluded (red circle) anterior interventricular 

branch via collateral channels (red arrows) (Adapted from Seiler et al., 2003) 

 

Key: AIB= anterior interventricular branch, RCA= right coronary artery 

II. Collateral flow index (CFI) 

There are two methods available for the assessment of coronary collaterals using the CFI: 

one depends on intra-coronary Doppler velocity measurement, while the other depends 

on intra-coronary pressure measurement (Meier et al., 2013). The CFI is an expression of 

the flow through the collaterals as a fraction of the flow in the normally patent vessel 
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(Seiler et al., 1998). Poor collateralization of the obstructed vessel was defined by a CFI 

of < 0.25 (Meier et al., 2012). 

a) Velocity-based CFI (CFIv) 

The measurement of collateralization of a stenosed coronary artery was done by the 

placement of a Doppler sensor tipped guide wire distal to the stenosis. The anterograde 

flow through the stenosed coronary artery was blocked with an angioplasty balloon 

(Figure 25). Therefore, the flow velocity measured with the Doppler sensor distal to the 

occluded vessel is from coronary collaterals. Afterwards, angioplasty of the stenosed 

vessel was performed, thereby removing the lesion. The flow velocity was subsequently 

re-measured, which represented the flow through the normal vessel. The collateral flow 

velocity measured was then compared to the flow velocity recorded through the open 

coronary artery. This indicated a fraction of normal blood flow that can be supplied 

through the collateral circulation in case of a sudden occlusion of the vessel (Meier et al., 

2013). 

b) Pressure-based CFI (CFIp) 

The CFIp is measured with the aid of a pressure sensor tipped coronary guide wire, which 

is placed distal to the stenotic lesion in the diseased vessel (Figure 24). The collateral 

flow index was calculated from the pressure measured after the occlusion of the vessel 

(Poccl) by inflation of the catheter balloon and the pressure proximal to the balloon 

occlusion (mean aortic pressure [Pao]). The central venous pressure (CVP) was subtracted 

from these two pressures to correct for the back pressure: CFI = (Poccl - CVP) ÷ (Pao - 

CVP) (Meier et al., 2012). The CFIp theoretically corresponds to the CFIv (Seiler et al., 

1998). 
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Figure 24: Schematic diagram of the coronary collateral circulation with an inflated 

angioplasty balloon and a Doppler and pressure guidewire located distal to the stenosis. 

 (Adapted from Seiler et al., 1998)  

 

III. Positron emission tomography  

Demer et al. (1990) demonstrated the use of positron emission tomography as a non-

invasive method of quantify coronary collateral circulation to the myocardial region 

subtended by a vessel with coronary artery disease. The study evaluated the effect 

coronary collaterals on myocardial perfusion in patients with well-developed collaterals 

as compared to those without collateralization. The study concluded that non-invasive 

evaluation of myocardial perfusion may be beneficial in investigating the clinical 

importance of coronary collaterals and thereby improving clinical decision making. 
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IV. Echocardiography 

The introduction of new generation echo contrast agents and advanced ultrasound 

techniques such as myocardial contrast echocardiography (MCE) has led to an indirect 

assessment of collateral derived myocardial perfusion (Baroldi et al., 2005). MCE is an 

ultrasound imaging technique that utilizes physiologically inert gas-filled microbubbles. 

The microbubbles being biologically inert are safe and remain entirely within the 

vascular space. They have an intravascular rheology that is very similar to that of the red 

blood cells and respond nonlinearly to ultrasound (Kaul, 2008). MCE was used to track 

the course of collateral growth, and was suggested as a powerful tool for non-invasively 

mapping coronary collateral development through therapeutic angiogenesis (Mills et al., 

2000). Vogel et al. (2006) with the use of MCE during angioplasty validated the use of 

pressure-derived CFI to determine collateral-derived myocardial blood flow. 
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2.4.6 CLASSIFICATION OF THE CORONARY COLLATERAL 

PATHWAYS 

 

2.4.6.1 ANATOMIC CLASSIFICATION 

Several authors have used different methods in describing and defining the coronary 

collateral pathways. May (1960) classified the coronary collateral vessels based on the 

relationship of these vessels with other coronary vessels and the area of MI. These 

vessels were classified anatomically into four categories as follows:- 

a)  Bypass collaterals: They are channels that extended around a segment of 

atheromatous occlusion of a vessel. These channels connect the proximal portion 

of the obstructed vessel to its distal portion and are most visible where the 

obstruction is of short length (Figure 25). 

 

 

Figure 25: Bypass collaterals in the total occlusion of the anterior interventricular and 

the circumflex branches (Adapted from May, 1960)  

Key: AIB= anterior interventricular branch, Cx= circumflex branch 
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b) Interarterial collaterals: These are anastomotic channels that joined the 

secondary branches of the same coronary artery (Figure 26). 

 

 

Figure 26: Interarterial collaterals between RCA branches in the occlusion of the RCA 

(Adapted from May, 1960)  

Key: RCA= right coronary artery 

 

 

 

 

 



43 
 

c) Transarterial collaterals: They are those channels that connect the RCA and 

LCA in the septal region at either the anterior or posterior interventricular regions 

(Figure 27).  

d)  Scar collaterals: They originated from adjacent vessels near an area of 

infarction, are numerous and course into and through the scar area. They are 

regarded as newly formed vessels and not the enlargement of previously formed 

vessels. 

 

 

Figure 27: Transarterial collaterals between RCA and LCA branches in the occlusion of 

the RCA (Adapted from May, 1960)  

Key: AIB= anterior interventricular branch, RCA= right coronary artery 
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Some years after the description of the coronary collaterals by May (1960), Paulin (1967) 

in a coronary angiographic study of patients with advanced coronary arterial obstruction 

described more pathways of the coronary collaterals.  In his study, 10 different pathways 

of the coronary collateral arteries were documented. 

 

i) Septal collaterals: These are anastomotic vessels in the interventricular 

septum creating arterial connections between anterior interventricular branch 

and the posterior interventricular branch (Figure 28i). 

ii) Epicardial collaterals of right ventricular wall: They are connections 

between the largest branch of the RCA near the right ventricular wall  and the 

anterior interventricular branch (Figure 28ii). 

iii) Collaterals in the moderator band: These are channels which run in the 

moderator band connecting the largest septal branch of the anterior 

interventricular branch to the largest branch of the RCA at the right 

ventricular wall (Figure 28iii). 

iv) Collaterals in the crista supraventricularis: They are anastomotic channels 

arising from the second or third branch of the RCA and are connected to 

already present septal collaterals or AV node artery. These vessel move either 

through the superior or inferior region of the interventricular septum (Figure 

28iv). 

v) Epicardial collaterals of pulmonary conus: These are anastomoses similar 

to the arterial ring of Vieussens, located around the root of the pulmonary 
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trunk. They are communications between the conal branches of the RCA and 

the anterior interventricular branch (Figure 28v). 

vi) Direct-bypass collaterals at site of occlusion: These are channels connecting 

the proximal part of an obstructed artery with the distal part of the same artery 

(Figure 28vi). 

vii) Epicardial collaterals at apex: Anastomoses between the distal extension of 

the anterior interventricular branch and the posterior interventricular branch at 

the apical region (Figure 28vii). 

viii) Collaterals of the left ventricular wall: Small vessels connecting the distal 

extension of the circumflex branch with either branches of the anterior 

interventricular branch or the RCA (Figures 28viii and ix). 

ix) Collaterals in the atrial walls: Collateral connection between the proximal 

RCA and circumflex branch dorsal to the aorta at the level of the atrial walls. 

They include SA node arteries of either side from which a small-calibre vessel 

branch off and moved toward the contralateral side of the heart (Figure 28x). 

x) Collaterals from bronchial arteries: Branches from bronchial areteries 

extending to the region of the atria, however, unequivocal connection between 

these vessels and the coronary arteries was not established.     
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Figure 28 (i-x): The different collateral connections (highlighted in red) in the presence 

of significant coronary arterial obstruction (Adapted from Paulin, 1967)  

Key: AIB= anterior interventricular branch, RCA= right coronary artery, Cx= circumflex 

branch 
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The most extensive description of the coronary collateral pathways to date was done by 

Levin in 1974. In this study, coronary angiograms obtained from patients with significant 

coronary artery disease and total coronary arterial obstructions were used. A total of 22 

coronary collateral pathways were described. In the obstruction of the RCA, ten pathways 

were documented as follows:- 

i) Collateral channels from the anterior interventricular branch to the  posterior 

interventricular branch of the RCA via septal branches (Figure 29i). 

ii) Collaterals between distal circumflex branch and the distal RCA (Figure 29ii) 

iii) Arteries joining the left marginal branch of the circumflex branch to posterior 

left ventricular branch of RCA (Figure 29iii). 

iv) Collateral arteries connecting the proximal right marginal branch or CB to 

distal right marginal branch of the RCA (Figure 29iv). 

v)  Kugel's artery, which connects either the proximal part of the RCA or LCA to 

the AV node branch of the distal RCA by running along the anterior margin of 

the atrial septum (Figure 29v). 

vi) Collateral arteries joining the distal anterior interventricular branch extending 

around the cardiac apex to posterior interventricular branch of the RCA 

(Figure 29vi). 

vii)  An anastomosis from the distal segment of the circumflex branch or its left 

atrial circumflex branch to AV node branch of the RCA (Figure 29vii). 

viii) Vessels from the right marginal branch of the RCA to posterior 

interventricular branch of the RCA through the diaphragmatic surface of the 

right ventricle (Figure 29viii). 
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ix) Anastomotic channels from the SA node branch of the RCA which runs 

around the lateral wall of the left atrium to left atrial circumflex branch and  

then to the distal segment of the RCA (Figure 29ix). 

x) Coronary collateral channels between the right ventricular branch of the 

anterior interventricular branch and the right marginal branch of the RCA 

(Figure 29x). 

 

 

Figure 29(i-x): Collateral pathways in RCA obstruction (Adapted from Levin, 1974)  

Key: LAO= left anterior oblique projection, RAO= right anterior oblique projection, LC 

= left coronary artery, RC = right coronary artery, AIB= anterior interventricular branch, 

C= left  circumflex branch (Cx= circumflex branch), AM= acute marginal (RMA= right 

marginal artery); PD= posterior descending branch of the right coronary artery (PIB= 

posterior interventricular branch), PLV= posterior left ventricular branch right coronary 

artery, A-V atrioventricular node artery, LM= left marginal branch circumflex branch 
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In the patients with total occlusion of the anterior interventricular branch in this study by 

Levin (1974), seven collateral pathways were recorded as follows: 

i) Arteries joining the AM branch of the RCA to the anterior interventricular 

branch (Figure 30i). 

ii) Anastomotic channels between the proximal septal branch of the anterior 

interventricular branch and  a more distal septal branch of the anterior 

interventricular branch (Figure 30ii). 

iii) Collateral vessels between the left marginal branch of the circumflex branch 

and the anterior interventricular branch (Figure 30iii). 

iv) Vessels joining the CB of the RCA to the anterior interventricular branch 

(Figure 30iv). 

v) Anastomosis between the diagonal branch of the anterior interventricular 

branch and the distal segment of the anterior interventricular branch (Figure 

30v). 

vi) Collateral channels moving around the cardiac apex that joins the posterior 

interventricular branch of the RCA to the anterior interventricular branch 

(Figure 30vi). 

vii) Anastomoses between the posterior interventricular branch of the RCA and 

the anterior interventricular branch  via septal branches (Figure 30vii). 
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Figure 30(i-vii): Collateral pathways in anterior interventricular branch obstruction 

(Adapted from Levin, 1974)  

Key: LAO= left anterior oblique projection, RAO= right anterior oblique projection, LC 

= left coronary artery, RC = right coronary artery, AIB= anterior interventricular branch, 

C= left  circumflex branch, AM= acute marginal (RMA= right marginal artery); PD= 

posterior descending branch of the right coronary artery (PIB= posterior interventricular 

branch), PLV= posterior left ventricular branch right coronary artery, A-V 

atrioventricular node artery, LM= left marginal branch circumflex branch, D= diagonal 

branch of the left anterior descending (diagonal branch of the anterior interventricular 

branch). 
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The least number of stenotic lesions were observed in the circumflex branch, five 

collateral pathways were documented in cases of the obstruction of this artery. These 

collateral pathways are listed below.  

i) The union of left atrial circumflex branch to the distal segment of the 

circumflex branch (Figure 31i).  

ii) Connection of the proximal left marginal branch of the circumflex branch to a 

more distal left marginal branch by collaterals (Figure 31ii). 

iii) Collateral vessels joining the diagonal branch of the anterior interventricular 

branch to the left marginal branch of the circumflex branch (Figure 31iii). 

iv) Channels connecting the distal RCA to the distal circumflex branch (Figure 

31iv). 

v) Collaterals between the posterior left ventricular branch of the RCA and the 

left marginal branch of the circumflex branch (Figure 31v). 
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Figure 31(i-v): Collateral pathways in circumflex obstruction (Adapted from Levin, 

1974)  

Key: LAO= left anterior oblique projection, RAO= right anterior oblique projection, LC 

= left coronary artery, RC = right coronary artery, AIB= anterior interventricular branch, 

C= left  circumflex branch, AM= acute marginal (RMA= right marginal artery); PD= 

posterior descending branch of the right coronary artery (PIB= posterior interventricular 

branch), PLV= posterior left ventricular branch right coronary artery, A-V 

atrioventricular node artery, LM= left marginal branch circumflex branch, D= diagonal 

branch of the left anterior descending (diagonal branch of the anterior interventricular 

branch). 

 

Rockstroh and Brown (2002) used a different system of classification in which the 

collateral arteries divided into four anatomical types. The arteries were named according 

to the flow from the donor to the recipient artery, and the diameter of the vessels was 

graded on a numerical scale from one to three. The coronary collaterals were classified as 

follows: - septal, atrial, ventricular free wall branch and bridging vessels (Figure 32).  
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Figure 32: Schematic diagram showing the classification of coronary collaterals by 

Rockstroh and Brown (2002) (Adapted from Rockstroh and Brown, 2002) 

Key: AT= atrial, BL= bridging, BR = ventricular free wall, SE = septal 
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2.4.6.2 FUNCTIONAL GRADING OF CORONARY COLLATERAL VESSELS  

Functionally, different grading systems have been developed for the coronary collaterals. 

These grading systems were used to evaluate the significance of the collateral vessels in 

preserving vascular supply to the myocardial region subtended by a stenosed or an 

obstructed coronary artery.  

(a) Using the swiftness and intensity of opacification 

Wainwright et al. (1980) angiographically graded coronary collateral vessels based on the 

swiftness and intensity of opacification of the vessels with the contrast medium. The 

collateral vessels were graded as follows:- 

Grade 0: absence of coronary collateral vessels 

Grade 1: poorly developed coronary collateral vessels with no prominent distal channel 

visualized during angiography 

Grade 2: moderate coronary collaterals giving faint but delayed opacification of a 

prominent distal channel 

Grade 3: good coronary collaterals giving clear opacification of a prominent distal 

channel 

Grade 4: excellent coronary collaterals giving full and brisk opacification of prominent 

distal vessels. 

 

(b) Using collateral filling of the obstructed vessel 

The most commonly used grading system by researchers is the Rentrop classification 

(Seiler et al., 2001) which is based on the collateral filling of the epicardial artery. This 

grading system was proposed by Rentrop et al. (1985). However, Werner et al. (2003) 
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reported a weak correlation between this grading system and invasive parameters of 

collateral function. Collateral filling of the obstructed vessel was graded as follows:-  

Grade 0: no filling  

Grade 1: filling of side branches only without visualization of the epicardial segment  

Grade 2: partial filling of the epicardial segment of the obstructed vessel 

Grade 3: complete filling of the epicardial segment of the obstructed vessel. 

 

(c) Using quality of flow into the segment of the vessel distal to the lesion 

The Bypass Angioplasty Revascularization Investigation (BARI) group defined coronary 

collateral function in terms of the quality of flow into the vessel distal to an obstructing 

lesion (Alderman and Stadius, 1992). The collaterals were graded as follows: 

No visible flow: where the contrast did not flow distal to the region of obstruction 

Poor: the presence of small amount of flow and incomplete opacification of the distal 

vessel. 

Good: there was slowed distal filling, but the distal vessel was completely opacified. 

Excellent: there was prompt flow into the vessel with rapid clearing of the contrast. 

(d) Washout collaterometry 

Seiler et al. (2001) described an angiographic method of assessing the function of 

coronary collaterals using washout of contrast dye. In this method, a contrast dye was 

injected into the stenosed vessel prior to the occlusion of the vessel with a balloon. The 

number of heart beats needed to wash out the contrast dye injected into the coronary 

artery immediately after occlusion was determined. The contrast dye caught distal to the 

occlusive balloon was washed out by collateral flow and a cut of value of 11 heart beats 
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for contrast washout was used to differentiate the presence of sufficient and insufficient 

collaterals.  

(e) Using collateral connections 

Werner et al. (2003) devised another system of grading coronary collaterals and proposed 

a grading system based on collateral connections between the donor and the recipient 

vessels.  The collateral connections were graded as follows: 

Grade 0: collateral arteries showing no continuous connection between the donor and 

recipient arteries. This was referred to as CC0 (collateral connection grade 0) (Figure 33) 

 

 

Figure 33: Angiography of collateral connections in a patient with occluded RCA and 

filling of posterior interventricular branch (arrowheads) through septal branches from 

anterior interventricular branch with discontinuation of connections (white arrows: 

CC0) (Adapted from Werner et al., 2003) 

Key: AIB= anterior interventricular branch, LCA= left coronary artery 
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Grade 1: the presence of continuous threadlike connections between the donor and 

recipient arteries. This was referred to as CC1 (collateral connection grade 1) (Figure 34).   

Grade 2: the presence of continuous connections between the donor and recipient 

arteries. The collateral artery also has small side branches throughout its course. This was 

referred to as CC2 (collateral connection grade 2) (Figure 34). 

Their study also estimated the size of the collateral connections and a diameter of ≤ 0.3 

mm was for grade 1 connections and ≥ 0.4 mm for grade 2 connections. In addition, the 

diameter of the collateral connections was correlated to the function of the vessels. 

 

 

Figure 34: Angiography of collateral connections in a patient with occluded proximal 

anterior interventricular branch collateralized from right ventricular branch of the RCA 

(white arrows: CC2) and additional septal and proximal connections (white arrowheads: 

CC1)  

(Adapted from Werner et al., 2003) 

Key: AIB= anterior interventricular branch, RCA= right coronary artery 



58 
 

2.4.7 SHORTFALLS OF THE CURRENT CLASSIFICATION SYSTEMS 

 

As noted earlier, it is apparent from the literature reviewed that Levin’s (1974) report on 

coronary collateral pathways is the most extensive anatomic description of these 

pathways. In addition, in the various reports on the anatomic and functional grading of 

the coronary collaterals, the collateral vessels were evaluated using different methods and 

references. Furthermore, to date, there is no consensus on the method of assessing and 

reporting the coronary collateral vessels in patients with coronary arterial obstruction. 

Hence, it may be deduced that there is no unified system for the anatomic and functional 

classification of the coronary collateral pathways.  

 

Consequently, this has resulted in conflicting results with respect to the anatomy, 

function and clinical significance of the coronary collateral pathways. From the literature 

reviewed, there appears to be no report that has evaluated the anatomic pathways and 

functional importance of the coronary collaterals in the same study. The lack of a unified 

system for coronary collateral vessels assessment has led to difficulty in communication 

amongst researchers and clinicians with respect to the significance of these vessels 

(Loukas et al., 2009a). Therefore, it is essential to have a system of coronary collateral 

artery evaluation that incorporates the anatomic and functional parameters of these 

vessels.  
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2.5 CLINICAL IMPORTANCE OF CORONARY COLLATERALS 

 

Controversy has existed for decades with regard to the functional significance of 

coronary collaterals in humans (Traupe et al., 2010), and this has been compounded by 

the lack of a reference method for determining the coronary collateral flow in man 

(Wainwright et al., 1980; Baroldi et al., 2005). These collateral arteries are reported to 

have a protective effect on myocardial perfusion, contractile function (Heaps and Parker, 

2011) and prevent left ventricular aneurysm formation (Hirai et al., 1989) in the presence 

of severe coronary artery obstruction. Coronary collaterals have also been documented to 

protect the ventricle from aneurysm formation in cases of unsuccessful reperfusion 

(Sasayama and Fujita, 1992). The presence of collateral vessels may play a major role in 

the determination of myocardial vulnerability and subsequent damage (Koerselman et al., 

2003). 

 

The use of coronary angiography has allowed the correlation of the anatomic appearance 

of the coronary collaterals with the severity of the coronary arterial disease (Gensisni and 

Bruto da Costa, 1969; Sasayama and Fujita, 1992). An adequately developed coronary 

collateral vasculature has been shown to have a protective role on the myocardium in 

cases of severe coronary artery occlusion (Meier et al., 2007). Meier et al., (2007) in their 

study concluded that “A well-functioning coronary collateral circulation saves lives in 

patients with chronic stable coronary artery disease”. The presence of functional 

collateral vessels may be of good prognosis (Loukas et al., 2009a) and may also 

determine the need for surgical intervention such as coronary artery bypass graft (Levin 

et al., 1973). In addition, the development of a functional coronary collateral vasculature 
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has been correlated with relief of anginal pain in patients with coronary artery disease 

(Rockstroh and Brown, 2002).  

 

Meier et al. (2013) in an analysis of previous studies on the effect of coronary collaterals 

on mortality reported that well developed collaterals reduced mortality by about 35%. 

The presence of adequately developed collateral supply limits the degree of MI during 

myocardial ischemia (Cohen and Rentrop, 1986; Sasayama and Fujtia, 1992). The area at 

risk of MI is inversely related to the collateral supply to that region, and therefore 

becomes zero in the presence of well-developed functional collaterals (de Marchi et al., 

2005; Gloekler and Seiler, 2007; Choi et al., 2013) (Figure 35).  

 

In cases of  unsuccessful intra-coronary thrombolytic therapy after the onset of symptoms 

in acute MI, the improvement in ventricular function and wall motion in the infarct 

region have been associated with the presence of collateral flow to the region perfused by 

the obstructed vessel (Schwartz et al., 1985; Hirai et al., 1989). Habib et al. (1991) 

recorded a higher ejection fraction before treatment and at discharge from hospital in 

patients with angiographically demonstrated collaterals than those without collaterals in 

acute MI.  

 

There is an improvement in the success of coronary artery bypass graft surgery in the 

presence of good flow to the distal segment of an obstructed coronary artery by antegrade 

filling or collateral circulation or both. Although, the surgical significance of collateral 

circulation has not yet been properly investigated, it has been reported that the 
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preservation of left ventricular contractility and the patency of the distal segments of 

obstructed arteries by the collateral circulation is favorable for the successful construction 

of coronary artery bypass grafts (Levin 1974). 

 

 

Figure 35: Coronary angiogram showing the complete filling of the anterior 

interventricular branch obstructed at its origin (ring) from the posterior interventricular 

branch (white arrows) of the RCA  

(Adapted from Gloekler and Seiler, 2007) 

Key: AIB= anterior interventricular branch, RCA= right coronary artery 

 

Conversely, it has been reported that the preservation of left ventricular function do not 

differ in patients with or without good coronary collaterals. In addition, the incidence of 

left ventricular aneurysm formation was not lowered by the presence of coronary 

collaterals (Banerjee et al., 1993). Ilia et al. (1998) also reported that there was no 

difference in the characteristics of coronary collaterals in the presence or absence of left 
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ventricular systolic functional abnormality in patients with significant coronary artery 

disease. Furthermore, Turgut et al. (2009) stated that coronary collaterals do not have a 

protective role on left ventricular function preservation in the presence of severe anterior 

interventricular branch stenosis. It was also reported that the development of good 

coronary collaterals increased the risk of re-stenosis after percutaneous coronary 

intervention (Meier et al., 2012). 

2.5.1 THERAPEUTIC POTENTIALS 

Therapeutic arteriogenesis is part of the new approach for the development of collateral 

vessels (‘‘natural bypasses’’) for the revascularization of the myocardial tissue during 

ischaemia (Seiler, 2003). This approach has a prospect for clinical utility, especially in 

patients with refractory angina not suitable for revascularization, or in the desire to 

enlarge coronary collaterals to aid retrograde attempt at angioplasty in chronic total 

coronary occlusion (Ladwiniec and Hoye, 2013). 

 

However, there are still gaps in the knowledge of coronary collateral growth (Chilian et 

al., 2012). So far, attempts at pharmacological stimulation of coronary collateral growth 

have been met with limited success (Ladwiniec and Hoye, 2013). Therefore, an adequate 

understanding of the detailed process and regulatory mechanism of arteriogenesis as 

opposed to vasculogenesis is necessary for designing such method of therapy (Seiler, 

2003). Agents such as vascular endothelial growth factors and heparin have been used in 

the stimulation of arteriogenesis for developing coronary collaterals. These methods have 

been employed in the treatment of patients with occlusive coronary artery disease (van 

Royen et al., 2001).  
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2.5.2 RETROGRADE ANGIOPLASTY 

Chronic total occlusion (CTO) of the coronary vessel is defined as an occlusion present 

for at least three months (Shah, 2011). It has been reported that re-opening of the 

occluded vessel improves patients’ survival if the myocardial region supplied by the 

vessel is still viable (Valenti et al., 2008; Hsu et al., 2009). Traditionally, the anterograde 

approach was used to get to the point of occlusion. In recent times, different Japanese 

groups (Saito, 2008; Rathore et al., 2009a) have innovated and perfected the retrograde 

approach to the point of occlusion in the affected vessel via coronary collaterals from an 

unobstructed coronary artery (Ozawa, 2006; Fernández-Díaz et al., 2010). The method is 

intricate; however, some groups have reported a success rate of about 90% (Rathore et 

al., 2009b). 

 

The retrograde access to the point of occlusion was initially introduced via bypass graft 

(Khan et al., 1990) and later through epicardial collaterals (Sumerly et al., 2007). 

However, the preferred route is through the septal collaterals because of their 

intramuscular course which is safer than the epicardial collaterals in case of vessel 

perforation (Sumerly et al., 2007; Fernández-Díaz et al., 2010). Due to the high success 

rate achieved using this technique, the retrograde approach is regarded as a safe and 

effective procedure in CTO management (Fernández-Díaz et al., 2010). 



 

 

 

 

 

 

 

CHAPTER 3 
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3.1 MATERIALS 

3.1.1 REVIEWED CORONARY ANGIOGRAMS 

The study group was selected from the retrospectively reviewed angiographic records of 

consecutive patients (n= 2029) (mean age: 59 ± 12 years) that had coronary 

catheterization performed by interventional Cardiologists for symptoms suggestive of 

coronary artery disease. The patients consisted of 37.1% (
753

/2029) females (mean age: 61 

± 11 years) and 62.9% (
1276

/2029) males (mean age: 57 ± 12 years). The angiograms were 

obtained from the cardiac catheterization laboratories of hospitals within the private 

sector in the eThekwini Municipality region of KwaZulu-Natal, South Africa. Ethical 

approval (Ethics number BE 196/13) for the study was obtained from the University of 

KwaZulu- Natal Biomedical Research Ethics Committee. 

 Coronary arteriography was performed via the percutaneous trans-femoral approach by 

injecting radio-opaque contrast agent into the coronary blood vessels and the images were 

obtained by using fluoroscopic method. These images were recorded on digital media in 

DICOM (Digital Imaging and Communication in Medicine) format and stored in the 

cardiac catheterization laboratories. 
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3.1.2 SELECTED CORONARY ANGIOGRAMS 

Of the coronary angiograms reviewed (n=2029), the coronary angiograms of the patients 

(n=286) (mean age: 59 ± 11 years) that met the inclusion criteria for the study were 

selected for analysis. 

Inclusion Criteria 

The coronary angiograms with the total obstruction of any of the following coronary 

arteries: LCA, RCA anterior interventricular branch, circumflex branch and their 

branches.  

Exclusion Criteria 

Criteria for exclusion were: i) patients without total obstruction of any of the main 

coronary arteries or their branches; ii) patients who already had coronary artery bypass 

surgery, coronary stent placement and/or coronary angioplasty; iii) coronary angiograms 

with unsatisfactory visualization of the coronary arteries or poor images. 
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3.2 METHODS 

Coronary angiograms with the presence of total obstruction of the coronary arteries were 

analyzed using Phillips DICOM viewer 3.0 software. These angiograms were examined 

in the LAO, RAO and lateral projections with various degrees of cranial and caudal 

angulations. The coronary collateral pathways formed in these angiograms were observed 

and documented. All the connections within the same vessel and between different 

vessels were documented, grouped and classified. The influence of the patients’ sex and 

age (divided into two age group which are ≤ 60 years and > 60 years based on the 

patients’ mean age)  on the development of the collaterals was examined. The coronary 

collateral pathways were shown with “plates” in the result section of this dissertation. 

Ideally, each collateral pathway would have been represented with a plate, however, 

because the plates were obtained from fluoroscopic images, only the images with clearly 

shown collateral pathways were included.  

The following morphologic parameters were documented:- 

 Branching patterns of the LCA 

 Coronary arterial dominance 

 Location of the coronary arterial obstruction 

 Origin and termination of collateral arteries 

 Direction of flow of the coronary collateral vessel 

 Non-coronary collateral vessels (if present) 

 

 



67 
 

3.2.1 CORONARY ARTERIAL SEGMENTATION 

 

The location of coronary arterial obstruction, origin and termination of collateral arteries 

were identified and documented by dividing the coronary arterial tree into segments using 

the BARI coronary arterial map (Figure 20; Image repeated below for ease of reference).  

 
 

Figure 20: The Bypass Angioplasty Revascularization Investigation coronary artery 

map. Right coronary artery: 1-proximal; 2-middle; 3-distal; 4-posterior interventricular 

branch; 5-right posteroatrioventricular; 6-first posterolateral; 7-second posterolateral; 

8-third posterolateral; 9-inferior septal artery; 10- right margina artery. Left coronary 

artery: 11-left main; 12-proximal anterior interventricular branch; 13-middle anterior 

interventricular branch; 14-distal anterior interventricular branch; 15-first diagonal; 

15a-first diagonal branch; 16-second diagonal; 16a-second diagonal branch; 17-

anterior septals; 18-proximal circumflex; 19-middle circumflex; 19a-distal circumflex; 

20, 21, 22- first, second and third left marginal; 20a, 21a, 22a-first, second and third left 

marginal branches; 23-left atrioventricular; 24, 25, 26-first, second and third 

posterolaterals; 27-left posterior interventricular branch; 28-Ramus; 28a-Ramus 

branch; 29-third diagonal; 29a-third diagonal branch  

(Adapted from Alderman and Stadius, 1992). 

 

Key: LCA- Left Coronary Artery; RCA- Right Coronary Artery; Cx- Circumflex branch. 
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In addition, in the present study, the segments of the coronary arteries (anterior 

interventricular branch, circumflex branch and RCA) were also grouped into three main 

regions viz. proximal, middle and distal regions of each vessel (Figure 36) as follows:- 

(a) Right coronary artery 

Proximal region – Segment 1, Middle region- Segments 2 and 10, and Distal region- 

Segments 3, 4 and (when present) 5, 6, 7 and 8. 

(b) Anterior interventricular branch 

Proximal region– Segments 12, 15 and 15a, Middle region - Segments 13, 16, 16a and 

29, and Distal region - Segment 14. 

(c) Circumflex branch 

Proximal region – Segments 18 and 20, Middle region - Segments 19 and 21, and Distal 

region - Segments 19a, 22 and (when present) 23, 24, 25 and 26. 
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Figure 36: Division of the Bypass Angioplasty Revascularization Investigation coronary 

artery map into regions. Proximal regions of the anterior interventricular branch, 

circumflex branch and RCA (Colour coded black), middle regions of the anterior 

interventricular branch, circumflex branch and RCA (Colour coded green), distal regions 

of the anterior interventricular branch, circumflex branch and RCA (Colour coded blue) 

Key: LCA- Left Coronary Artery; RCA- Right Coronary Artery; Cx- Circumflex branch. 

3.2.2 GRADING OF STENOTIC LESIONS 

 

As noted earlier, the coronary angiograms selected for analysis are those with total 

coronary artery obstruction. From a hemodynamic viewpoint, the presence of coronary 

arterial stenosis of between 75% and 90% produce moderate myocardial ischemia and 

anginal pain, therefore, they are not practically accompanied by angiographically 

detectable collateral circulation (Levin et al., 1974). In addition, functional coronary 

collaterals are better shown in coronary arterial obstruction than in high-grade coronary 
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arterial stenosis (Trappe et al., 1989). Clinically, angiographic method of coronary 

collateral grading remains the standard reference (Fujita et al., 1999).  

 

The severity of coronary stenosis was evaluated in the present study using the method 

designed by the BARI study group (Alderman and Stadius, 1992).  In their study, the 

severity of coronary stenosis was determined by a combination of continuous scale and 

discrete categories. The continuous scale ranged from 1% to 90%, while the discrete 

categories were for 95%, 99% and 100% stenosis. The BARI study group defined the 

discrete group as follows:   

Ninety-five percent stenosis: Severe lesion in which the contrast column, though visible 

within the lesion, is so narrow and faint that reproducible measurement using caliper is 

extremely difficult.  

Ninety-nine percent stenosis: Severe lesion in which there is anterograde flow of the 

contrast, however, the contrast column through the lesion is not visible and therefore 

cannot be measured by caliper.  

One hundred percent stenosis: corresponds to total vessel obstruction 

3.2.3 TYPES OF OBSTRUCTIVE VESSEL DISEASE 

The presence of obstructive atherosclerotic lesions in main coronary arteries such as the 

RCA, anterior interventricular branch or circumflex branch in the angiograms analyzed 

was regarded as single, double and triple vessel obstructive coronary artery disease. The 

angiograms were recorded as single, double and triple vessel obstructive coronary artery 

disease when one, two or all three of these vessels were obstructed, respectively. 
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3.2.4 GRADING OF CORONARY COLLATERALS 

The Rentrop grading system (Rentrop et al., 1985) is the most widely used grading 

system for coronary collaterals by most researchers. However, this system has been 

reported not to be very useful in patients with total coronary occlusion (van der Hoeven 

et al., 2013). The grading of the functional capacity of the coronary collaterals in the 

present study was based on the grading system used by Werner et al. (2003) (Page 56). 

This system centered on the collateral connection between the donor and the recipient 

arteries. In addition, this grading of collaterals is applicable during diagnostic 

angiography and was shown to have a close association with clinical determinants of 

collateral adequacy (Werner et al. 2003). Therefore, in the present study, Werner et al.’s 

(2003) grading of the coronary collateral connections was modified by the addition of a 

grade for absent coronary collaterals and the coronary collaterals were graded as:  

Grade 0 (absent collateralization): no collaterals to the distal region of the obstructed 

vessel 

Grade 1 (poor collateralization): collateral arteries showing no continuous connection 

between the donor and recipient arteries 

Grade 2 (good collateralization): the presence of continuous threadlike connections 

between the donor and recipient arteries  

Grade 3 (excellent collateralization): the presence of continuous prominent connections 

with side branches between the donor and recipient arteries  
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3.2.5 PROPOSED ALGORITHM FOR LABELLING CORONARY 

COLLATERALS  

Using the BARI coronary segments, an algorithm is proposed in the present study for the 

labelling of the coronary collaterals. It incorporates the vessel(s) occluded by 

atherosclerotic lesion(s), the presence or absence of coronary collateral(s) to the distal 

segment of the occluded vessel, origin and termination of the coronary collaterals (when 

present) and the grading of the coronary collaterals (Figure 37). 

 

Figure 37: Proposed algorithm for coronary collateral arterial classification. First step 

(Red box): Identify the obstructed vessel and the segment involved. Second step (Blue 

boxes): Identify the presence or absence of coronary collaterals. Third step (Green box): 

Determine the coronary artery segments of origin and termination of the coronary 

collateral vessel. Fourth step (Black box):  Determine the grade of the collateral vessel. 
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3.2.6 EFFECT OF CORONARY COLLATERAL ARTERIES ON LEFT 

VENTRICULAR FUNCTION 

In order to assess the effect of coronary collateral arteries on left ventricular function in 

the presence of total obstruction of the coronary arteries, the coronary angiograms of the 

patients that had their left ventricle assessed with ventriculography were selected for 

analysis. Ninety-seven (n=97) patients with total obstruction of any of the coronary 

arteries had left ventricular function assessed, and the mean ejection fraction (EF) of 

these patients with the different grades of coronary collaterals was compared. The 

relationship between the location of atherosclerotic lesions and the coronary collateral 

grades was examined. In addition, the relationship between the location of atherosclerotic 

lesions and the mean EF was also evaluated. 
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3.3 STATISTICAL ANALYSIS 
 

Data were entered into Statistical Package for the Social Sciences (SPSS) version 21 for 

Windows (IBM SPSS, NY, USA). A p value < 0.05 was considered as statistically 

significant.  Data analysis was initiated with a check of the data for outliers, missing data 

and normality through skewness and kurtotis values that could affect relations between 

variables. A descriptive statistical analysis of the data (means, standard deviations, 

ranges, frequencies and percentages, etc.) was initially conducted prior to conducting 

inferential and multivariate analyses. The branching patterns, division and coronary 

arterial dominance were presented with descriptive analysis.  

In consultation with a biostatistician, Pearson’s Chi square test of association was used to 

evaluate the relationship between age and sex, location of atherosclerotic lesions, 

branching pattern of the coronary arteries and the development of the coronary collateral 

pathways. The Analysis of Variance (ANOVA) test was used to determine the difference 

in the mean EF between the grades of coronary collaterals. Spearman’s rho correlation 

analysis was used to evaluate the correlation between the development of coronary 

collateral pathways and left ventricular function in the presence of coronary artery 

obstruction. 
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4.1 SAMPLE DISTRIBUTION 

Of the coronary angiograms reviewed (n=2029), the coronary angiograms of the patients 

(n=286) that met the inclusion criteria were selected for analysis. The sex distribution of 

these patients was 21.7% (
62

/286) females and 78.3% (
224

/286) males and the mean age was 

59 ± 11 years (range 29 – 93 years). The mean age for females and males were 64 years ± 

11 (range 42 – 93 years) and 57 ± 10 years (range 29 – 87 years), respectively. The mean 

age calculated for females was significantly higher than the mean age for males (p < 

0.001). 

4.2 MORPHOLOGIC ANALYSIS 

 

The LCA divided into its terminal branches by 3 different branching patterns which are 

recorded as bifurcation 91% (
260

/286), trifurcation 8.7% (
25

/286) and quadrifurcation 0.3% 

(
1
/286). Three types of coronary arterial dominant patterns were observed in the coronary 

angiograms viz. right 82.9% (
237

/286), left 13.6% (
39

/286) and co-dominance 3.5% (
10

/286).  

4.3 DISTRIBUTION OF OBSTRUCTIVE ATHEROSCLEROTIC 

LESIONS  

The presence of obstructive atherosclerotic lesions in the main coronary arteries (anterior 

interventricular branch, circumflex branch and RCA) resulting in single, double and triple 

vessel obstructive disease patterns were recorded in 86% (
246

/286), 12.9% (
37

/286) and 1% 

(
3
/195) of the angiograms analyzed, respectively. Therefore, a total of n=329 coronary 

arterial total obstructions were recorded in the angiograms analyzed, and these 

obstructions were found in the main coronary arteries as follows: anterior interventricular 

branch -76 obstructions, circumflex branch -87 obstructions and RCA -166 obstructions. 
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4.3.1 ANTERIOR INTERVENTRICULAR  ARTERY 
 

Atherosclerotic lesions resulting in total obstruction of the anterior interventricular 

branch was recorded in 76 of the coronary angiograms analyzed.  

(a) Type of obstructive vessel disease 

Single obstructive vessel disease of the anterior interventricular branch in which it was 

obstructed in any of its segments was present in 69.7% (
53

/76) of the angiograms analyzed, 

while double (with another main coronary artery) and triple (with two other main 

coronary arteries) obstructive vessel disease involving the anterior interventricular branch 

were recorded in 26.3% (
20

/76) and 3.9% (
3
/76) of the angiograms analyzed, respectively 

(Figure 38).  

 

Figure 38: Types of obstructive vessel disease in the main coronary arteries 

Key: RCA = right coronary artery, Cx= circumflex branch, AIB = anterior 

interventricular branch 
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(b) Location of atherosclerotic lesions in the anterior interventricular branch 

The location of the obstructive atherosclerotic lesions in the segments of the anterior 

interventricular branch were recorded as 52.6% (
40

/76), 30.3% (
23

/76), 2.6% (
2
/76), 10.5% 

(
8
/76) and 3.9% (

3
/76) for segments 12, 13, 14, 15 and 16, respectively. Therefore, the 

atherosclerotic lesions were found in the proximal, middle and distal regions of the 

anterior interventricular branch in 63.2% (
48

/76), 34.2% (
26

/76) and 2.6% (
2
/76) of these 

angiograms, respectively (Figure 39).   

 

 

Figure 39: Distribution of atherosclerotic lesions in the proximal, middle and distal 

regions of the anterior interventricular branch using the BARI coronary map 

Key: LCA = left coronary artery, RCA = right coronary artery, Cx= circumflex branch  
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4.3.2 CIRCUMFLEX  BRANCH 
 

Atherosclerotic lesions resulting in total obstruction of the circumflex branch was 

recorded in 87 of the coronary angiograms analyzed.  

(a) Type of obstructive vessel disease 

Single obstructive vessel disease of the circumflex branch was present in 71.3% (
62

/87) of 

the angiograms analyzed, while double (with another main coronary artery) and triple 

(with two other main coronary arteries) obstructive vessel disease involving the 

circumflex branch were recorded in 25.3% (
22

/87) and 3.4% (
3
/87) of the angiograms 

analyzed, respectively (Figure 38).  

 

(b) Location of atherosclerotic lesions in the circumflex branch 

The location of the obstructive atherosclerotic lesions in the segments of the circumflex 

branch were recorded as 34.5% (
30

/87), 26.4% (
22

/87), 12.6% (
11

/87), 11.5% (
10

/87), 8% (
7
/87) 

and 6.9% (
6
/87) for segments 18, 19, 19a, 20, 21 and 23, respectively. Therefore, the 

atherosclerotic lesions were found in the proximal, middle and distal regions (Figure 36; 

Page 69) of the circumflex branch in 46% (
40

/87), 34.5% (
30

/87) and 19.5% (
17

/87) of these 

angiograms, respectively (Figure 40).   
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Figure 40: Distribution of atherosclerotic lesions in the proximal, middle and distal 

regions of the circumflex branch using the BARI coronary map 

Key: LCA = left coronary artery, RCA = right coronary artery, Cx= circumflex branch 

 

4.3.3 RIGHT CORONARY ARTERY 

Atherosclerotic lesions resulting in total obstruction of the RCA was recorded in 166 of 

the coronary angiograms analyzed.  

(a) Type of obstructive vessel disease 

Single obstructive vessel disease of the RCA was present in 78.9% (
131

/166) of the 

angiograms analyzed, while double (with another main coronary artery) and triple (with 

two other main coronary arteries) obstructive vessel disease involving the RCA were 

recorded in 19.3% (
32

/166) and 1.8% (
3
/166) of these angiograms, respectively (Figure 38). 
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(b) Location of atherosclerotic lesions in the RCA 

The location of the obstructive atherosclerotic lesions in the segments of the RCA were 

recorded as 41.6% (
69

/166), 39.2% (
65

/166), 12% (
20

/166), 6% (
10

/166) and 1.2% (
2
/166) for 

segments 1, 2, 3, 4 and 5, respectively. Therefore, the atherosclerotic lesions were found 

in the proximal, middle and distal regions (Figure 36; Page 69) of the RCA in 41.6% 

(
69

/166), 39.2% (
65

/166) and 19.2% (
32

/166) of these angiograms, respectively (Figure 41).   

 

 

Figure 41: Distribution of atherosclerotic lesions in the proximal, middle and distal 

regions of the RCA using the BARI coronary map 

Key: LCA = left coronary artery, RCA = right coronary artery, Cx= circumflex branch 
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4.4 ANATOMIC PATHWAYS OF CORONARY COLLATERALS IN 

TOTAL CORONARY ARTERIAL OBSTRUCTIONS 
 

4.4.1 THE ANTERIOR INTERVENTRICULAR BRANCH  

The total obstruction of the anterior interventricular branch (in any of its segments) was 

recorded in 76 of the coronary angiograms analyzed. In some of the angiograms with 

total obstruction of the anterior interventricular branch, there were no coronary collaterals 

to the distal segment(s) of the anterior interventricular branch or its branches. In some of 

the obstructions, there were more than one coronary collateral pathway and certain 

pathways occurred in more than one coronary angiogram.   

(i) Segment 12 

In the angiograms with total obstruction of the anterior interventricular branch, segment 

12 of the anterior interventricular branch was totally obstructed in 40 coronary 

angiograms. Coronary collaterals were absent in 10 of these angiograms and 40 collateral 

pathways were recorded in the remaining 30 coronary angiograms with collaterals to the 

anterior interventricular branch (Table 2; Plates 1-6). 
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Table 2: Coronary collateral pathways in the total obstruction of segment 12 (Figure 21) 

of the anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 23 14 1 

2 9 17 8 

3 20 14 3 

4 28 14 1 

5 4 17 1 

6 21 13 1 

7 17 13 1 

8 Right ventricular branch 13 3 

9 12 13 1 

10 4 12 1 

11 9 12 1 

12 10 14 1 

13 Right ventricular branch 14 4 

14 9 14 2 

15 10 13 1 

16 28 13 1 

17 15 13 2 

18 4 14 2 

19 Right conal branch 12 2 

20 21 4 1 

21 17 12 1 

22 27 14 1 

   40 
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Plate 1: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment (red ring) by collateral vessel 

(red arrows) originating from segment 17(septal artery) and terminating at segment 13 of 

the anterior interventricular branch  

 

Key: Cx=circumflex branch, AIB=anterior interventricular branch, S=septal branch of 

anterior interventricular branch  
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Plate 2: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment (red ring) by collateral 

vessels (red arrows) originating from segment 9 (septal of posterior interventricular 

branch) and segment 4 (posterior interventricular branch) and terminating at segments 

13 and 14 of the anterior interventricular branch  

 

Key: RCA= right coronary artery, AIB= anterior interventricular branch, PIB= posterior 

interventricular branch  
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Plate 3: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment by collateral vessel (red 

arrows) originating from RV and right marginal artery (segment 10) branches RCA and 

terminating at segment 14 of the anterior interventricular branch  

 

Key: RCA=right coronary artery, AIB=anterior interventricular branch, RMA= right 

marginal artery, RV=right ventricular   
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Plate 4: Coronary angiogram in the RAO view showing the poor filling of the anterior 

interventricular branch obstructed at its proximal segment (red ring) by collateral vessel 

(red arrows) originating from segment 28 (MB) and terminating at segment 13 of the 

anterior interventricular branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, MB= median branch, LM=left marginal   
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Plate 5: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment (red ring) by collateral 

vessels (red arrows) originating from the CB and RV of RCA (also obstructed) and 

terminating at segments 12 and 13 of the anterior interventricular branch  

 

Key: RCA=right coronary artery, AIB=anterior interventricular branch, CB=conal 

branch, RV=right ventricular branch   
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Plate 6: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment by collateral vessel (red 

arrows) originating from the RV of RCA and terminating at segment 14 of the anterior 

interventricular branch  

 

Key: RCA=right coronary artery, AIB=anterior interventricular branch, RV=right 

ventricular branch   
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(ii) Segment 13 

In the angiograms with total obstruction of the anterior interventricular branch, segment 

13 of the anterior interventricular branch was totally obstructed in 23 coronary 

angiograms. Fifteen collateral pathways were recorded in 13 of these coronary 

angiograms with collaterals to the anterior interventricular branch (Table 3; Plates 7-9). 

Table 3: Coronary collateral pathways in the total obstruction of segment 13 of the 

anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 17 17 2 

2 13 13 4 

3 17 13 2 

4 12 13 2 

5 4 14 1 

6 15 16 1 

7 9 13 2 

8 20 14 1 

   15 
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Plate 7: Coronary angiogram in the RAO view (cranial angulation) showing the filling of 

the distal segment of the anterior interventricular branch obstructed at its mid- segment 

(red ring) by collateral vessels (red arrows) between the septal branches (segment 17) of 

the anterior interventricular branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, S=septal branch of anterior interventricular branch  
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Plate 8: Coronary angiogram in the RAO view (cranial angulation) showing the filling of 

the distal segment of the anterior interventricular branch obstructed at its mid- segment 

(red ring) by collateral vessels (red arrows) originating from the septal branch (segment 

17) and terminating at the distal segment of the anterior interventricular branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, S=septal branch of anterior interventricular branch  
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Plate 9: Coronary angiogram in the RAO view (cranial angulation) showing the filling of 

the distal segment of the anterior interventricular branch obstructed at its mid- segment 

(red ring) by collateral vessel (red arrow) originating from the diagonal branch (segment 

15) and terminating at the mid-segment of the anterior interventricular branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, D=diagonal branch of anterior interventricular branch  
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(iii) Segment 14 

In the angiograms with total obstruction of the anterior interventricular branch, segment 

14 of the anterior interventricular branch was totally obstructed in two coronary 

angiograms. In both angiograms, coronary collaterals originated from segment 20 of the 

circumflex and terminated in segment 14 of the anterior interventricular branch (Plate 

10). 

 

Plate 10: Coronary angiogram in the RAO view (caudal angulation) showing the filling 

of the distal segment of an obstructed anterior interventricular branch (red ring) by 

collateral vessel (red arrows) originating from the left marginal branch (segment 20) of 

circumflex branch and terminating at the distal segment of the anterior interventricular 

branch  

 

Key: AIB=anterior interventricular branch, Cx=circumflex branch, LM=left marginal 

branch of circumflex branch  
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(iv) Segment 15 

In the angiograms with total obstruction of the anterior interventricular branch, segment 

15 of the anterior interventricular branch was totally obstructed in eight coronary 

angiograms. Six collateral pathways were recorded in five coronary angiograms with 

collaterals and collaterals were absent in two of the angiograms (Table 4; Plate 11). 

Table 4: Coronary collateral pathways in the total obstruction of segment 15 of the 

anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 14 15 2 

2 20 15 1 

3 15 15 2 

4 12 15 1 

   6 

 

(v) Segment 16 

Segment 16 of the anterior interventricular branch was totally obstructed in three 

coronary angiograms. Three different collateral pathways were recorded in these 

angiograms (Table 5). 

Table 5: Coronary collateral pathways in the total obstruction of segment 16 of the 

anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 20 16 1 

2 13 16 1 

3 16 16 1 
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Plate 11: Coronary angiogram in the RAO view (caudal angulation) showing obstruction 

of the diagonal branch (segment 15) of the anterior interventricular branch (red ring) 

without collateral vessel to the distal segment of the obstructed vessel  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, D=diagonal branch of anterior interventricular branch, LM=left marginal branch 

of circumflex branch  

 

 

4.4.2 THE CIRCUMFLEX BRANCH  

The total obstruction of the circumflex branch (in any of its segments) was recorded in 87 

of the coronary angiograms analyzed. In some of the angiograms with total obstruction of 

the circumflex branch, there were no coronary collaterals to the distal segment(s) of the 

circumflex branch, while some had more than one coronary collateral pathway. 
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  Segment 18 

In the angiograms with total obstruction of the circumflex branch, segment 18 of the 

circumflex branch was totally obstructed in 30 coronary angiograms. Twenty-one 

collateral pathways were recorded in 15 of these coronary angiograms with collaterals to 

the circumflex branch (Table 6; Plates 12-13). 

Table 6: Coronary collateral pathways in the total obstruction of segment 18 of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 10 20 1 

2 6 24 1 

3 5 23 2 

4 16 21 1 

5 20 24 1 

6 22 24 1 

7 14 21 1 

8 5 19a 2 

9 18 18 3 

10 16 19a 2 

11 3 23 2 

12 Right atrial branch 23 1 

13 18  19 1 

14 16 20 1 

15 14 27 1 

   21 

 



97 
 

 

Plate 12: Coronary angiogram in the RAO view (caudal angulation) showing obstruction 

of the circumflex branch (segment 18) (red ring) with the filling of the left marginal 

branch (segment 21) of the circumflex branch by collateral vessel (red arrows) 

originating from the diagonal branch (segment 16) of the anterior interventricular 

branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, D=diagonal branch of anterior interventricular branch, LM=left marginal branch 

of circumflex branch  
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Plate 13: Coronary angiogram in the LAO view (caudal angulation) showing obstruction 

of the circumflex branch (red ring) with the filling of the distal circumflex branch 

(segment 19a) by collateral vessel (red arrows) originating from the distal RCA (segment 

5)  

 

Key: RCA=right coronary artery, PIB=posterior interventricular branch, Cx=circumflex 

branch, RPL=right postero-lateral branch  

 

(i) Segment 19 

In the angiograms with total obstruction of the circumflex branch, segment 19 of the 

circumflex branch was totally obstructed in 23 coronary angiograms. Coronary collaterals 

were absent in two of these angiograms and 20 collateral pathways were recorded in the 

remaining 15 coronary angiograms with collaterals to the circumflex branch (Table 7; 

Plate 14). 
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Table 7: Coronary collateral pathways in the total obstruction of segment 19 of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 14 27 2 

2 17 9 1 

3 7 19a 1 

4 15 23 1 

5 19 5 1 

6 13 27 1 

7 17 27 1 

8 20 21 1 

9 20 19a 1 

10 21 19a 1 

11 19 19 1 

12 5 23 1 

13 18  19a 1 

14 4 23 1 

15 16 21 1 

16 18 19 1 

17 17 22 1 

18 18 23 1 

19 17 23 1 

   20 
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Plate 14: Coronary angiogram in the RAO view (caudal angulation) showing proximal 

obstruction of the circumflex branch (red ring) with the filling of the posterior 

interventricular branch (segment 27) of the circumflex branch by collateral vessel (red 

arrows) originating from the septal branch (segment 17) of the anterior interventricular 

branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, S=septal branch of anterior interventricular branch, LM=left marginal branch of 

circumflex branch, PIB=posterior interventricular branch  
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(ii) Segment 19a 

Segment 19a of the circumflex branch was totally obstructed in 11 coronary angiograms. 

Coronary collaterals were absent in two of these angiograms and 10 collateral pathways 

were recorded in the remaining nine coronary angiograms (Table 8; Plate 15). 

Table 8: Coronary collateral pathways in the total obstruction of segment 19a of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 7 19a 1 

2 5 19a 1 

3 20 22 2 

4 19a 23 2 

5 19a 19a 1 

6 21 23 1 

7 17 27 1 

8 21 19a 1 

   10 

 

 

 

 

 

 

 



102 
 

 

Plate 15: Coronary angiogram in the RAO view (caudal angulation) showing obstruction 

of the circumflex branch (red ring) with the filling of the distal circumflex branch 

(segment 23) by collateral vessel (red arrows) originating from the second left marginal 

branch (segment 21) of the circumflex branch  

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, S=septal branch of anterior interventricular branch, LM1=first left marginal 

branch, LM2=second left marginal branch   

 

(iii) Segment 20 

This segment of the circumflex branch was totally obstructed in 10 coronary angiograms. 

Seven collateral pathways were recorded in seven of these coronary angiograms with 

collaterals (Table 9). 
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Table 9: Coronary collateral pathways in the total obstruction of segment 20 of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 15 20 2 

2 18 20 2 

3 20 20 1 

4 21 20 1 

5 14 20 1 

   7 

 

(iv) Segment 21 

The total obstruction of this segment was recorded in seven coronary angiograms. All the 

angiogram had a collateral pathway to the obstructed vessel (Table 10). 

Table 10: Coronary collateral pathways in the total obstruction of segment 21 of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 20 21 3 

2 22 21 1 

3 21 21 1 

4 19 21 1 

5 15 21 1 

   7 

 

 



104 
 

(v) Segment 23 

This segment of the circumflex branch was totally obstructed in six coronary angiograms. 

Six collateral pathways were recorded in five of the angiogram that had collaterals 

vessels (Table 11). 

Table 11: Coronary collateral pathways in the total obstruction of segment 23 of 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 5 23 1 

2 19 23 1 

3 19a 23 1 

4 Right ventricular branch 27 1 

5 19 27 1 

6 17 27 1 

   6 
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4.4.3 THE RIGHT CORONARY ARTERY  

The total obstruction of the RCA (in any of its segments) was recorded in 166 of the 

coronary angiograms analyzed.  

(i) Segment 1 

Segment 1 of the RCA was totally obstructed in 69 coronary angiograms. A total of 96 

collateral pathways were recorded in 53 of these coronary angiograms with coronary 

collaterals (Table 12; Plates 16-19). 

 

Plate 16: Coronary angiogram in the RAO view (caudal angulation) showing filling of 

the posterior interventricular branch (segment 4) of the RCA by collateral vessel (red 

arrows) originating from the distal anterior interventricular branch (segment 14) 

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, Cx=circumflex 

branch, S=septal branch of anterior interventricular branch, PIB=posterior 

interventricular branch    
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Table 12: Coronary collateral pathways in the total obstruction of segment 1 of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 14 4 9 

2 1 10 4 

3 17 9 29 

4 23 4 4 

5 Conal branch 1 1 

6 22 4 2 

7 1 2 15 

8 21 4 1 

9 1 1 5 

10 18 5 6 

11 14 Right ventricular branch  1 

12 SA node branch Right ventricular branch 1 

13 1 3 1 

14 19a 4 3 

15 19a 5 3 

16 23 5 2 

17 Conal branch Right ventricular branch 1 

18 19 5 1 

19 19 4 2 

20 14 3 1 

21 23 3 1 

22 Conal branch 10 1 

23 18 4 1 

24 1 5 1 

   96 
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Plate 17: Coronary angiogram in the RAO view (caudal angulation) showing filling of 

the RV branch of the RCA by collateral vessels (red arrows) originating from the distal 

anterior interventricular branch (segment 14) 

 

Key: AIB=anterior interventricular branch, RV=right ventricular branch  
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Plate 18: Coronary angiogram in the LAO view (cranial angulation) showing filling of 

the RV branch of the RCA by collateral vessels (red arrows) originating from the CB of 

the RCA which is obstructed in its proximal segment (red ring) 

 

Key: RCA=right coronary artery, CB=conal branch, RV=right ventricular branch    
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Plate 19: Coronary angiogram in the RAO view (caudal angulation) showing filling of 

the posterior interventricular branch (segment 4) of the RCA by collateral vessels (red 

arrows) originating from segments 18 and 19a of the circumflex branch 

 

Key: PIB=posterior interventricular branch, Cx=circumflex branch, LM=left marginal 

branch  

 

 

 

 

 

 

 

 

 

 

 



110 
 

(ii) Segment 2 

Segment 2 was totally obstructed in 65 coronary angiograms. A total of 76 collateral 

pathways were recorded in 55 of these coronary angiograms with coronary collaterals 

(Table 13; Plates 20-21). 

Table 13: Coronary collateral pathways in the total obstruction of segment 2 of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 17 9 28 

2 23 9 1 

3 2 2 11 

4 18 5 3 

5 23 4 1 

6 10 2 1 

7 Right ventricular branch 4 2 

8 1 4 1 

9 14 4 8 

10 23 5 2 

11 19a 4 1 

12 1 2 2 

13 18 4 1 

14 19a 5 1 

15 21 6 1 

16 21 7 1 

17 19 5 3 

18 2 3 2 

19 13 4 1 

20 18 3 2 

21 19a 3 2 

22 20 4 1 
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Plate 20: Coronary angiogram in the RAO view (caudal angulation) showing obstruction 

of the RCA (red ring) in segment 2 with bridging collateral vessels (red arrows) 

originating from proximal to distal RCA regions 

 

Key: RCA=right coronary artery, RV=right ventricular, RMA= right marginal artery  
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Plate 21: Coronary angiogram in the RAO view showing the filling of the posterior 

interventricular branch (segment 4) of an obstructed RCA (in segment 2) with collateral 

vessels (red arrows) originating from the septal branch (segment 17) of the anterior 

interventricular branch 

 

Key: LCA=left coronary artery, AIB=anterior interventricular branch, S=septal branch 

PIB=posterior interventricular branch, Cx=circumflex branch  
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(iii) Segment 3 

Segment 3 was totally obstructed in 15 coronary angiograms. A total of 19 collateral 

pathways were recorded in 13 of these coronary angiograms with coronary collaterals 

(Table 14). 

Table 14: Coronary collateral pathways in the total obstruction of segment 3 of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 17 9 9 

2 23 5 1 

3 10 4 1 

4 24 4 1 

5 23 6 1 

6 23 4 1 

7 14 4 1 

8 21 4 1 

9 18 5 2 

10 3 3 3 

11 19 5 2 

   23 
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(iv) Segment 4 

Segment 4 was totally obstructed in 10 coronary angiograms. A total of nine collateral 

pathways were recorded in eight of these coronary angiograms (Table 15). 

Table 15: Coronary collateral pathways in the total obstruction of segment 4 of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 18 19a 1 

2 19 4 1 

3 17 9 4 

4 14 4 2 

5 4 4 1 

 

(v) Segment 5 

Segment 5 was totally obstructed in two coronary angiograms and each had a collateral 

pathway (Table 16). 

Table 16: Coronary collateral pathways in the total obstruction of segment 5 of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 6 7 1 

2 19 5 1 
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4.5  SUMMARY OF THE ANATOMIC PATHWAYS OF THE 

CORONARY COLLATERALS  

In order to determine the number of the different coronary collateral pathways identified 

in the obstruction of the segments of the main coronary arteries, the collateral pathways 

that occurred more than once in the obstruction of the different segments of the same 

coronary artery were counted once. Therefore, in the obstruction of the different 

segments of the main coronary arteries, a total of 115 different collateral pathways were 

observed as follows: anterior interventricular branch - n=32 (Table 17), circumflex 

branch – n=46 (Table 18) and RCA- n=37 (Table 19). 

Table 17: Summary of coronary collateral pathways in the total obstruction of the 

anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 23 14 1 

2 9 17 8 

3 20 14 6 

4 28 14 1 

5 21 13 1 

6 17 13 3 

7 Right ventricular branch 13 3 

8 12 13 3 

9 4 12 1 

10 9 12 2 

11 10 14 1 

12 Right ventricular branch 14 4 

13 9 14 2 

14 10 13 1 

15 28 13 1 
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Table 17 continued: Summary of coronary collateral pathways in the total obstruction of 

the anterior interventricular branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

16 15 13 2 

17 4 14 3 

18 Right conal branch 12 2 

19 17 17 2 

20 13 13 4 

21 15 16 1 

22 9 13 2 

23 14 15 2 

24 20 15 1 

25 15 15 2 

26 12 15 1 

27 20 16 1 

28 13 16 1 

29 16 16 1 

30 21 4 1 

31 17 12 1 

32 27 14 1 
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Table 18: Summary of coronary collateral pathways in the total obstruction of the 

circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 10 20 1 

2 6 24 1 

3 5 23 4 

4 16 21 2 

5 20 24 1 

6 22 24 1 

7 14 21 1 

8 5 19a 2 

9 18 18 3 

10 16 19a 2 

11 3 23 2 

12 Right atrial branch 23 1 

13 18  19 2 

14 16 20 1 

15 7 19a 2 

16 20 22 2 

17 19a 23 3 

18 19a 19a 1 

19 21 23 1 

20 17 27 3 

21 15 20 2 

22 18 20 2 

23 20 20 2 
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Table 18 continued: Summary of coronary collateral pathways in the total obstruction of 

the circumflex branch 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

24 21 20 1 

25 20 21 4 

26 22 21 1 

27 21 21 1 

28 19 21 1 

29 15 21 1 

30 19 23 1 

31 Right ventricular branch 27 1 

32 19 27 1 

33 14 27 3 

34 17 9 2 

35 15 23 1 

36 19 5 1 

37 13 27 1 

38 20 19a 1 

39 21 19a 2 

40 19 19 1 

41 18  19a 1 

42 4 23 1 

43 17 22 1 

44 18 23 1 

45 17 23 1 

46 14 20 1 
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Table 19: Summary of coronary collateral pathways in the total obstruction of the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

1 14 4 20 

2 1 10 4 

3 17 9 70 

4 23 4 6 

5 Conal branch 1 1 

6 22 4 2 

7 1 2 17 

8 21 4 2 

9 1 1 5 

10 18 5 11 

11 14 Right ventricular branch  1 

12 SA node branch Right ventricular branch 1 

13 1 3 1 

14 19a 4 4 

15 19a 5 4 

16 23 5 5 

17 Conal branch Right ventricular branch 1 

18 19 5 7 

19 19 4 3 

20 14 3 1 

21 23 3 1 

22 Conal branch 10 1 

23 18 4 2 
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Table 19 continued: Summary of coronary collateral pathways in the total obstruction of 

the RCA 

Pathway 

no 

Origin of collateral vessel 

(Coronary segment) 

Termination of collateral vessel 

(Coronary segment) 

Frequency 

24 10 4 1 

25 24 4 1 

26 23 6 1 

27 3 3 3 

28 18 19a 1 

29 6 7 1 

30 23 9 1 

31 2 2 11 

32 10 2 1 

33 Right ventricular branch 4 2 

34 1 4 1 

35 21 6 1 

36 21 7 1 

37 2 3 2 

 

In anterior interventricular branch obstructions, coronary collateral vessels originated 

from the anterior interventricular branch, circumflex branch, RCA and median branch 

and/or their branches in 37.5% (
12

/32), 21.9% (
7
/32), 34.4% (

11
/32) and 6.2% (

2
/32), 

respectively. In circumflex branch obstructions, collateral vessels were from the anterior 

interventricular branch, circumflex branch and RCA and/or their branches in 30.4% 

(
14

/46), 50% (
23

/46) and 19.6% (
9
/46), respectively. The collateral vessels in the RCA 

obstructions were from the anterior interventricular branch, circumflex branch and RCA 
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and/or their branches in 10.8% (
4
/37), 45.9% (

17
/37) and 43.2% (

16
/37), respectively (Table 

20). 

Table 20: Vessel of origin of the coronary collaterals in the obstruction of the main 

coronary arteries 

 

Obstructed coronary 

artery 

 

Vessel of origin of collateral arteries (%) 

 

Anterior 

interventricular 

branch 

Circumflex 

branch 

RCA Median branch 

 

Anterior 

interventricular 

branch  

 

37.5 

 

21.9 

 

34.4 

 

6.2 

 

Circumflex branch 

 

30.4 

 

50 

 

19.6 

 

- 

 

RCA 

 

10.8 

 

45.9 

 

43.2 

 

- 
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4.6  THE GRADES OF CORONARY COLLATERALS IN THE 

OBSTRUCTIONS OF THE CORONARY ARTERIES 
 

The grades of the coronary collateral pathways (Page 71) documented in the obstruction 

of the main coronary arteries in the analyzed coronary angiograms were as follows 

(Figure 42; Plates 22-25):  

a) Anterior interventricular branch -  Absent, poor, good and excellent collaterals 

were  30.3% (
23

/76), 13.2% (
10

/76), 32.9% (
25

/76) and 23.7% (
18

/76), respectively. 

b) Circumflex branch- Absent, poor, good and excellent collaterals were  33.3% 

(
29

/87), 19.5% (
17

/87), 29.9% (
26

/87) and 17.2% (
15

/87), respectively. 

c) RCA- Absent, poor, good and excellent collaterals were  19.3% (
32

166), 10.8% 

(
18

/166), 39.2% (
65

/166) and 30.7% (
51

/166), respectively. 
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Figure 42: Grading of coronary collateral pathways in the obstruction of the main 

coronary arteries 

Key: RCA = right coronary artery, Cx= circumflex branch, AIB= anterior 

interventricular branch 
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Plate 22: Coronary angiogram in the LAO view showing total obstruction of the RCA 

(red arrows) without collateral vessels (grade 0; absent) to its distal segments 

 

Key: RCA= right coronary artery  
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Plate 23: Coronary angiogram in the RAO view showing the filling of the posterior 

interventricular branch (segment 27) of an obstructed (red ring) circumflex branch (in 

segment 19) with invisible collaterals (grade 1; poor; red arrows) originating from the 

septal branch (segment 17) of the anterior interventricular branch 

 

Key: AIB=anterior interventricular branch, S=septal branch PIB=posterior 

interventricular branch, Cx=circumflex branch, LM= left marginal 
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Plate 24: Coronary angiogram in the LAO view (cranial angulation) showing filling of 

the RV branch of the RCA by grade 2 (good) collateral vessels (red arrows) originating 

from the CB of an obstructed RCA (red ring) 

 

Key: RCA=right coronary artery, CB=conal branch, RV=right ventricular branch    
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Plate 25: Coronary angiogram in the RAO view showing the filling of the anterior 

interventricular branch obstructed at its proximal segment (red ring) by grade 3 

(excellent) collateral vessels (red arrows) originating from the CB and terminating at 

segment 12 of the anterior interventricular branch  

 

Key: RCA=right coronary artery, AIB=anterior interventricular branch, CB=conal 

branch, RV=right ventricular branch   

 

4.6.1 GRADES OF CORONARY COLLATERALS IN RELATION TO 

AGE  
 

In assessing the influence of age on the development the collateral pathways, the patients 

were divided into two age groups viz. ≤ 60 years and > 60 years. This division was based 

on the mean age (59 years) of the patients in the coronary angiograms selected for 

analysis. The grades of the collateral pathways (Page 71) to the obstructed arteries were 

documented and compared with respect to the different age groups.  
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a) ANTERIOR INTERVENTRICULAR BRANCH 

The mean age of the patients was 57.2 ± 11.6 years (range 31 – 87 years). The grades of 

the collateral pathways in the obstruction of the anterior interventricular branch in the ≤ 

60 years age group were recorded as 33.3% (
13

/39), 17.9% (
7
/39), 30.8% (

12
/39) and 17.9% 

(
7
/39) for absent, poor, good and excellent collaterals, respectively. The grades of the 

collateral pathways in the > 60 years age group were recorded as 22.6% (
7
/31), 9.7% (

3
/31), 

35.5% (
11

/31) and 32.3% (
10

/31) for absent, poor, good and excellent collaterals, 

respectively. There was no significant difference in the prevalence of the grades of 

coronary collaterals in the different age groups in anterior interventricular branch 

obstructions (p = 0.38) (Table 21).   

Table 21: Grading of the coronary collateral pathways in the different age groups in the 

obstructions of the main coronary arteries. 

 

Coronary artery 

 

 

Age Group 

 

Grades of collateral vessel (%) 

 

 

 

P-value 

Absent Poor Good Excellent 

 

Anterior 

interventricular 

branch 

≤ 60 years 33.3 17.9 30.8 17.9  

0.38 

> 60 years  22.6 9.7 35.5 32.3 

 

Circumflex 

branch 

≤ 60 years 22.5 22.5 30 25  

0.1 

> 60 years 47.4 18.4 23.7 10.5 

 

RCA 

≤ 60 years 18 12.4 30.3 39.3  

0.06 > 60 years 22.1 8.8 47.1 22.1 

 

 



129 
 

b) CIRCUMFLEX BRANCH 

The mean age of the patients was 60 ± 9.8 years (range 43 – 86 years). In the ≤ 60 years 

age group, the collateral pathways were graded as follows: absent- 22.5% (
9
/40), poor- 

22.5% (
9
/40); good- 30% (

12
/40) and excellent- 25% (

10
/40). The grades of the collateral 

pathways in the obstruction of the circumflex branch in the > 60 years age group were 

recorded as 47.4% (
18

/38), 18.4% (
7
/38), 23.7% (

9
/38) and 10.5% (

4
/38) for absent, poor, 

good and excellent collaterals, respectively. There was no significant difference in the 

prevalence of the grades of coronary collaterals in the different age groups in circumflex 

branch obstructions (p = 0.1) (Table 21).   

c) RIGHT CORONARY ARTERY 

The mean age of the patients was 58.6 ± 10.3 years (range 29 – 93 years). The grades of 

the collateral pathways in the obstruction of the RCA in the ≤ 60 years age group were 

recorded as 18% (
16

/89), 12.4% (
11

/89), 30.3% (
27

/89) and 39.3% (
35

/89) for absent, poor, 

good and excellent collaterals, respectively. The grades of the collateral pathways in the 

> 60 years age group were recorded as 22.1% (
15

/68), 8.8% (
6
/68), 47.1% (

32
/68) and 22.1% 

(
15

/52) for absent, poor, good and excellent collaterals, respectively. There was no 

significant difference in the prevalence of the grades of coronary collaterals in the 

different age groups in RCA obstructions (p = 0.06) (Table 21).   
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4.6.2 GRADES OF CORONARY COLLATERALS IN RELATION TO 

SEX  

 

a) ANTERIOR INTERVENTRICULAR BRANCH 

The grades of the collateral pathways in the obstruction of the anterior interventricular 

branch in females were recorded as 31.3% (
5
/16), 6.3% (

1
/16), 43.8% (

7
/16) and 18.8% (

3
/16) 

for absent, poor, good and excellent collaterals, respectively. The grades of the collateral 

pathways in the obstruction of the anterior interventricular branch in males were recorded 

as 30% (
18

/60), 15% (
9
/60), 30% (

18
/60) and 25% (

15
/60) for absent, poor, good and excellent 

collaterals, respectively. There was no significant difference in the prevalence of the 

grades of coronary collaterals between females and males in anterior interventricular 

branch obstructions (p = 0.64) (Table 22).  

Table 22: Grading of the coronary collateral pathways in females and males in the 

obstruction of the main coronary arteries. 

 

Coronary 

artery 

 

 

Sex 

 

Grades of collateral vessel (%) 

 

 

 

 

P-value Absent Poor Good Excellent 

AIB Female 31.3 6.3 43.8 18.8  

0.64 Male 30 15 30 25 

Circumflex 

branch 

Female 40 20 36 4  

0.21 Male 30.6 19.4 27.4 22.6 

RCA Female 22.6 12.9 48.4 16.1  

0.28 Male 18.5 10.4 37 34.1 
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b) CIRCUMFLEX BRANCH 

The grades of the collateral pathways in the obstruction of the circumflex branch in 

females were recorded as 40% (
10

/25), 20% (
5
/25), 36% (

9
/25) and 4% (

1
/25) for absent, 

poor, good and excellent collaterals, respectively. The grades of the collateral pathways 

in the obstruction of the circumflex branch in males were recorded as 30.6% (
19

/62), 

19.4% (
12

/62), 27.4% (
17

/62) and 22.6% (
14

/62) for absent, poor, good and excellent 

collaterals, respectively. There was no significant difference in the prevalence of the 

grades of coronary collaterals between females and males in circumflex branch 

obstructions (p = 0.21) (Table 22).  

c) RIGHT CORONARY ARTERY 

The grades of the collateral pathways in females in the obstruction of the RCA were 

recorded as 22.6% (
7
/31), 12.9% (

4
/31), 48.4% (

15
/31) and 16.1% (

5
/31) for absent, poor, 

good and excellent collaterals, respectively. The grades of the collateral pathways in 

males in the obstruction of the RCA were recorded as 18.5% (
25

/135), 10.4% (
14

/135), 37% 

(
50

/135) and 34.1% (
46

/135) for absent, poor, good and excellent collaterals, respectively. 

There was no significant difference in the prevalence of the grades of coronary collaterals 

between females and males in RCA obstructions (p = 0.28) (Table 22). Therefore, there 

was no association between the patients’ sex and the grading of coronary collateral vessel 

in RCA obstructions.  
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4.6.3 GRADES OF CORONARY COLLATERALS IN RELATION TO 

ATHEROSCLEROTIC LESION LOCATION IN THE ANALYZED 

ANGIOGRAMS 

 

The main coronary arteries were divided into the proximal, middle and distal regions 

(Page 68).  The grades of the collateral pathways (Page 71) to the obstructed arteries were 

documented with respect to the region of the artery in which the obstructions were 

located.  

a) ANTERIOR INTERVENTRICULAR BRANCH 

The grades of the collateral pathways in the obstruction of the proximal region of the 

anterior interventricular branch (segments 12, 15 and 15a) were recorded as 27.1% 

(
13

/48), 10.4% (
5
/48), 37.5% (

18
/48) and 25% (

12
/48) for absent, poor, good and excellent 

collaterals, respectively. The grades of the collateral pathways in the obstruction of the 

middle region of the anterior interventricular branch (segments 13, 16, 16a and 29) were 

recorded as 38.5% (
10

/26), 15.4% (
4
/26), 26.9% (

7
/26) and 19.2% (

5
/26) for absent, poor, 

good and excellent collaterals, respectively. The distal region of the anterior 

interventricular branch (segment 14) was obstructed in only two angiograms and the 

grades of the collateral pathways were recorded as poor and excellent each. There were 

no significant differences in the prevalence of the grades of coronary collaterals in the 

different regions in anterior interventricular branch obstructions (p = 0.44) (Table 23).  
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b) CIRCUMFLEX BRANCH 

The grades of the collateral pathways in the obstruction of the proximal region of the 

circumflex branch (segments 18 and 20) were recorded as 45% (
18

/40), 15% (
6
/40), 25% 

(
10

/40) and 15% (
6
/40) for absent, poor, good and excellent collaterals, respectively. The 

grades of the collateral pathways in the obstruction of the - middle region of the 

circumflex branch (segments 19 and 21) were recorded as 26.7% (
8
/30), 26.7% (

8
/30), 

33.3% (
10

/30) and 13.3% (
4
/30) for absent, poor, good and excellent collaterals, 

respectively. Sixteen collateral pathways were recorded in the obstruction of the distal 

region of the circumflex branch (segments 19a, 22, 23, 24, 25 and 26). The grades of 

these collateral pathways was recorded as follows: absent - 17.6% (
3
/17), poor - 17.6% 

(
3
/17), good - 35.3% (

6
/17) and excellent - 29.4% (

5
/17). There were no significant 

differences in the prevalence of the grades of coronary collaterals in the different regions 

in circumflex branch obstructions (p = 0.32) (Table 23). 

c) RIGHT CORONARY ARTERY 

The grades of the collateral pathways in the obstruction of the proximal region of the 

RCA (Segment 1) were recorded as 21.7% (
15

/69), 5.8% (
4
/69), 29% (

20
/69) and 43.5% 

(
20

/69) for absent, poor, good and excellent collaterals, respectively. The grades of the 

collateral pathways in the obstruction of the - middle region of the RCA (Segments 2 and 

10) were recorded as 15.4% (
10

/65), 16.9% (
11

/65), 43.1% (
28

/65) and 24.6% (
16

/65) for 

absent, poor, good and excellent collaterals, respectively. In the obstruction of the distal 

region of the RCA (Segments 3, 4 and 5), the collateral pathways were graded as follows: 

absent- 21.9% (
7
/32), poor- 9.4% (

3
/32), good- 53.1% (

17
/32) and excellent- 15.6% (

5
/32). 
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There were significant differences in the prevalence of the grades of coronary collaterals 

in the different regions in RCA obstructions (p = 0.02) (Table 23).  Therefore, there was 

an association between the location of obstructive atherosclerotic lesion and the grading 

of coronary collateral vessel in RCA obstructions. 

Table 23: Grading of the coronary collateral pathways in the obstruction of the 

proximal, middle and distal regions of the main coronary arteries. 

 

Coronary artery 

 

 

Region 

 

Grading of collateral vessel (%) 

 

 

 

P-value 

Absent Poor Good Excellent 

 

AIB 

Proximal 27.1 10.4 37.5 25  

0.44 Middle 38.5 15.4 26.9 19.2 

Distal - 50 - 50 

 

Cx 

Proximal 45 15 25 15  

0.32 Middle 26.7 26.7 33.3 13.3 

Distal 17.6 17.6 35.3 29.4 

 

RCA 

Proximal 21.7 5.8 29 43.5  

0.02 Middle 15.4 16.9 43.1 24.6 

Distal 21.9 9.4 53.1 15.6 
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4.6.4 GRADES OF CORONARY COLLATERALS IN RELATION TO 

CORONARY ARTERIAL DOMINANCE 

 

The effect of coronary arterial dominance on the grades of coronary collateral pathways 

was examined by documenting the prevalence of the coronary collateral grades in the 

different dominant patterns.  

a) ANTERIOR INTERVENTRICULAR BRANCH 

The grades of the collateral pathways in the co-dominant pattern were recorded as 33.3% 

and 66.7% for absent and poor collaterals, respectively. The grades of the collateral 

pathways in the left dominant pattern were recoded as 27.3% (
3
/11), 18.2% (

2
/11), 45.5% 

(
5
/11) and 9.4% (

1
/11) for absent, poor, good and excellent collaterals, respectively. The 

grades of the collateral pathways in the right dominant pattern were recorded as 30.6% 

(
19

/62), 9.7% (
6
/62), 32.3% (

20
/62) and 27.4% (

17
/62) for absent, poor, good and excellent 

collaterals, respectively. There were no significant differences in the prevalence of the 

grades of coronary collaterals in the different dominant patterns in anterior 

interventricular branch obstructions (p = 0.09) (Table 24).  

b) CIRCUMFLEX BRANCH 

The only grade of the collateral pathways in the co-dominant pattern was the poor 

collaterals and was recorded in two angiograms. The grades of the collateral pathways in 

the left dominant pattern were recorded as 10.5% (
2
/19), 26.3% (

5
/19), 47.4% (

9
/19) and 

15.8% (
3
/19) for absent, poor, good and excellent collaterals, respectively. The grades of 

the collateral pathways in the right dominant pattern were recoded as 40.9% (
27

/66), 

18.2% (
12

/66), 22.7% (
15

/66) and 18.2% (
12

/66) for absent, poor, good and excellent 
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collaterals, respectively. There was a significant difference in the prevalence of the 

grades of coronary collaterals in the different dominant patterns in circumflex branch 

obstructions (p = 0.05) (Table 24).  

Table 24: Grading of the coronary collateral pathways in the different dominant patterns 

of the main coronary arteries. 

 

Coronary artery 

 

 

Dominance 

 

Grades of collateral vessel (%) 

 

 

 

P-value 

Absent Poor Good Excellent 

 

AIB 

Co-dominance 33.3 66.7 - -  

0.09 Left 27.3 18.2 45.5 9.4 

Right 30.6 9.7 32.3 27.4 

 

Circumflex 

branch 

Co-dominance - - 100 -  

0.05 Left 10.5 26.3 47.4 15.8 

Right 40.9 18.2 22.7 18.2 

 

RCA 

Co-dominance 25 - 37.5 37.5  

0.01 Left 50 - 30 20 

Right 14.5 13 40.6 31.9 

 

c) RIGHT CORONARY ARTERY 

The grading of the collateral pathways in the co-dominant pattern was recorded as 25% 

(
2
/8) for absent collaterals and 37.5% (

3
/8) for good and excellent collaterals, respectively. 

The grading of the collateral pathways in the left dominant pattern was recorded as 50% 

(
10

/20), 0%, 30% (
6
/20) and 20% (

4
/20) for absent, poor, good and excellent collaterals, 

respectively. The grading of the collateral pathways in the right dominant pattern was 

recorded as 14.5% (
20

/138), 13% (
18

/138), 40.6% (
56

/138) and 31.9% (
44

/138) for absent, poor, 
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good and excellent collaterals, respectively. There were significant differences in the 

prevalence of the grades of coronary collaterals in the different dominant patterns in RCA 

obstructions (p = 0.01) (Table 24). 
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4.7 THE EFFECT OF CORONARY COLLATERAL ARTERIES ON 

LEFT VENTRICULAR FUNCTION 
 

The relationship between the development of functional coronary collateral pathways in 

the obstruction of the main coronary arteries and left ventricular function was evaluated. 

The coronary angiograms of the patients (n = 97) that had left ventriculography 

performed with the recording of their ejection fractions were selected for analysis (Table 

25). In addition, the relationship between the location of atherosclerotic lesions observed 

and the ejection fraction (EF) in the patients that met the criteria was evaluated. 

Table 25: Parameters of patients that had left ventriculography performed. 

 

Parameters 

 

Values (n=97) 

Mean age (SD) 59.1 years (8.8 years) 

Mean ejection fraction (SD) 60.2 % (18.1%) 

Sex (%) Female (25.8) Male (74.2) 

Coronary dominance (%) Co-dominance (3.1) Left (13.4) Right (83.5) 

Location of obstruction (%) Proximal (45.4) Middle (38.1) Distal (16.5) 

Grading of collateral (%) Absent (15.4) Poor (15.4) Good (36.9) Excellent  (32.3) 

 

4.7.1 RELATIONSHIP BETWEEN ATHEROSCLEROTIC LESION 

LOCATION AND CORONARY COLLATERAL GRADES IN 

PATIENTS THAT HAD VENTRICULOGRAPHY 

 

The grades of the collateral pathways with respect to the location of atherosclerotic 

obstruction were evaluated. It was recorded as 15.9% (
7
/44), 9.1% (

4
/44), 34.1% (

15
/44) and 

40.9% (
18

/44) in the proximal region of the coronary arteries for absent, poor, good and 

excellent collaterals, respectively. The grades of the collateral pathways in the 
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obstruction of the middle region were recorded as 16.2% (
6
/37), 16.2% (

6
/37), 37.8% (

14
/37) 

and 29.7% (
11

/37) for absent, poor, good and excellent collaterals, respectively. The 

grades of the collateral pathways in the obstruction of the distal region were recorded as 

18.8% (
3
/16), 18.8% (

3
/16), 37.5% (

6
/16) and 25% (

4
/16) for absent, poor, good and excellent 

collaterals, respectively. There was no significant difference in the prevalence of the 

grades of coronary collaterals in the different regions of obstruction (p = 0.87) (Table 26).  

Table 26: Grading of the coronary collateral pathways in the obstruction of the different 

regions of the main coronary arteries in patients that had left ventriculography done. 

 

Obstructed 

coronary 

arterial region 

 

Grades of collateral vessel (%) 

 

 

 

P-value 

Absent Poor Good Excellent 

Proximal 15.9 9.1 34.1 40.9  

0.87 Middle 16.2 16.2 37.8 29.7 

Distal 18.8 18.8 37.5 25 

 

 

4.7.2 EFFECT OF ATHEROSCLEROTIC LESION LOCATION ON LEFT 

VENTRICULAR FUNCTION 

 

The mean EF of the patients with the proximal, middle and distal location of 

atherosclerotic lesions were 63.3%, 57.8% and 57.5%, respectively (Table 27). This 

indicated that the best mean EF was recorded in the patients with proximally located 

atherosclerotic lesions. However, analysis of variance (ANOVA) showed that there was 

no significant difference in the mean EF calculated for the different location of 

atherosclerotic lesions (p = 0.33) (Table 27). 
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Table 27: Mean ejection fraction of patients in the different location of obstructive 

atherosclerotic lesions. 

 

Lesion location 
Sample size (n) Mean (%) SD Min (%) Max (%) P-value 

Proximal 44 63.3 16 29.4 86.5  

0.33 Middle 37 57.8 19.8 18.7 85.9 

Distal 16 57.5 19.5 19.2 88.4 

Total 97 60.2 18.1 18.7 88.4  

 

 

4.7.3 EFFECT OF CORONARY COLLATERAL GRADES ON LEFT 

VENTRICULAR FUNCTION 

 

The mean EF of the patients with absent, poor, good and excellent coronary collaterals 

were calculated as 50.4%, 47%, 60.5% and 70%, respectively (Table 28). Analysis of 

variance (ANOVA) showed a significant difference in the mean EF calculated for the 

different coronary collateral grades in the patients (p < 0.001) (Table 28).  

Table 28: Mean ejection fraction of patients in the different coronary collateral grades. 

Collateral grade Sample size (n) Mean (%) SD Min (%) Max (%) P-value 

Absent 16 50.4 17.6 19.4 74.3  

 

< 0.001 

Poor 13 47 12 29.4 66.3 

Good 35 60.5 18.9 18.7 84.7 

Excellent 33 70 13.8 29.7 88.4 

Total 97 60.2 18.1 1879 88.4  

 

Post-hoc test was done to determine the significance of the differences in mean EF 

calculated for each grade of coronary collateral. There were significant differences 

between the mean EF calculated for patients with absent and excellent collaterals (p = 
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0.004) and between the mean EF for poor and excellent collaterals (p < 0.001) (Table 29). 

In addition, there was also a significant difference between the mean EF calculated for 

patients with poor and good collaterals (p < 0.05) (Table 29). The mean EF of the patients 

was also correlated with the coronary collaterals grades. In assessing the correlation 

between the mean EF and the coronary collaterals grades, a Spearman’s rho correlation 

analysis was performed. This revealed a positive correlation coefficient (r = 0.478) that 

was significant (p < 0.001) between the mean EF of the patients and the coronary 

collateral grades (Table 30). This showed that the patients with better coronary collateral 

grade had a higher mean EF. 

Table 29: Post-hoc test for multiple comparison of the mean ejection fraction between 

the different coronary collateral grades. 

(I) Collateral 

grade 

(J) Collateral 

grade 

Mean Difference (I-J) Sig. 95% Confidence Interval 

Lower Bound Upper Bound 

Absent 

Poor 3.3875 0.991 -12.334 19.109 

Good -10.1239 0.362 -25.402 5.154 

Excellent -19.5731
*
 0.004 -33.948 -5.199 

Poor 

Absent  -3.3875 0.991 -19.109 12..334 

Good -13.5114
*
 0.036 -26.417 -0.606 

Excellent -22.9606
*
 0.000 -34.720 -11.201 

Good 

Absent 10.1239 0.362 -5.154 25.402 

Poor 13.5114
*
 0.036 -0.606 26.417 

Excellent -9.4492 0.121 -20.314 1.415 

Excellent 

Absent 19.5731
*
 0.004 5.199 33.948 

Poor 22.9606
*
 0.000 11.201 34.720 

Good 9.4492 0.121 -1.415 20.314 

*The mean difference is significant at the 0.05 level 
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Table 30: Correlation between coronary collateral grades and mean ejection fraction 

 

                                  
Collateral grade Ejection fraction 

Spearman's 

rho 

Collateral grade 

Correlation Coefficient 1.000 .478
**

 

Sig. (2-tailed) . .000 

N 97 97 

Ejection fraction 

Correlation Coefficient .478
**

 1.000 

Sig. (2-tailed) .000 . 

N 97 97 

**. Correlation is significant at the 0.01 level (2-tailed). 
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5.1  SAMPLE DISTRIBUTION  

The present study was conducted to identify the anatomic pathways of the coronary 

collaterals and to assess the morphologic parameters of the coronary arteries that may 

affect the development of these collateral pathways. In addition, the functional effect of 

the coronary collateral pathways on the left ventricle was also examined. The gross 

anatomical features of the coronary angiograms used in this study were macroscopically 

similar to the currently accepted description of coronary arterial vasculature in standard 

anatomical textbooks (Sinnatamby, 2006; Snell, 2008; Standring et al., 2008) and clinical 

textbooks (Allen et al., 2000; Topol et al., 2002; Townsend et al., 2004; Bonow et al., 

2011).  

 

The available literature is replete with studies dedicated to coronary arteries applying a 

dynamic approach in appreciating aspects of their morphology, function and pathology. 

This study focused primarily on the anatomic and functional characteristics of the 

coronary collateral pathways that are of clinical interest in patients with total coronary 

arterial obstruction(s). The mean age of the female patients (63.9 years) in the analyzed 

angiograms was significantly higher than that of males (57.4 years) (p < 0.001). The 

findings of the present study corroborated earlier reports that males develop coronary 

artery disease seven to 10 years earlier than females (Maas and Appelman, 2010). 

According to Maas and Appelman (2010), the exposure to endogenous oestrogen delays 

the manifestation of coronary artery disease in females and they are consequently less 

likely to be referred for coronary angiography (Schenck-Gustafsson, 1996). Therefore, in 

patients presenting with symptomatic MI, females are usually older than males (Saleh et 

al., 2013).  
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5.2  CORONARY ARTERY MORPHOLOGY 
 

The LCA normally arises from the left aortic sinus and functions mainly as a conduit to 

its terminal branches, which are the anterior interventricular branch, circumflex branch 

and RM artery (when present). The LCA usually has no branches before its division into 

its terminal branches, but may give off a small atrial ramus and rarely, the SA nodal 

artery (Standring et al., 2008). The present study did not record any branch from the LCA 

before its division into its terminal branches. In the present study, the bifurcation of the 

LCA into anterior interventricular branch and circumflex branch was the most prevalent 

branching pattern (91%), followed by trifurcation of the LCA (8.7%), while the least 

recorded branching pattern was the quadrifurcation of the LCA (0.3%). The findings of 

this study corroborated previous reports on the branching patterns of the LCA (Rieg and 

Petit, 2004; Lujinović et al., 2005; Kilic and Kirici, 2007; Kosar et al., 2009; Christensen 

et al., 2010; Ajayi et al., 2013c). 

 

With respect to coronary arterial dominance, the present study recorded it as 82.9%, 

12.9% and 1% for right, left and co-dominance, respectively. This dominant pattern 

compared favourably with the results of Nerantzis et al., (1996) (89%, 10% and 1%), 

Christensen et al., (2010) (85.7%, 9.5% and 4.8%) and Ajayi et al., (2013c) (81.5%, 

15.2%, and 3.3%) for right, left and co-dominance, respectively. However, it differed 

with the findings of Kurgia et al., (1986) (46%, 40% and 14%) and Mian et al., (2011) 

(60.5%, 19.5% and 20%) for right, left and co-dominant patterns, respectively.  
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5.3  DISTRIBUTION OF OBSTRUCTIVE ATHEROSCLEROTIC 

LESIONS  
 

(a) Type of obstructive vessel disease 

The presence of obstructive atherosclerotic lesions in the main coronary arteries (anterior 

interventricular branch, circumflex branch and RCA) resulting in single, double and triple 

vessel obstructive disease patterns were recorded in 86%, 12.9% and 1% of the 

angiograms analyzed, respectively. The presence of single, double and triple vessel 

obstructive disease were recorded as follows: anterior interventricular branch (69.7%, 

26.3% and 3.9%); circumflex branch (71.3%, 25.3% and 3.4%) and RCA (78.9%, 19.3% 

and 1.8%) (Figure 38; Page 76). From the literature reviewed, there are no reports on the 

prevalence of the types of obstructive atherosclerotic lesions in the main coronary 

arteries. This may be due to the fact that most of the previous studies assessed coronary 

arterial stenosis rather that total coronary arterial occlusion.  

 

However, in a study by Mock et al. (1982) on the short-term survival of patients with 

coronary artery disease using the Coronary Artery Surgery Study (CASS) registry, it was 

reported that cumulative survival for patients with single, double and triple vessel disease 

was 92%, 84% and 68%, respectively. In another study, Emond et al. (1994) showed that 

the long-term survival of patients with single, double and triple vessel disease was 74%, 

59% and 40%, respectively. Proudfit et al. (1983) reported the fifteen-year survival rates 

in patients with obstructive coronary artery disease as 48%, 28% and 18% for single, 

double and triple vessel disease, respectively. In addition, sudden death of patients with 

coronary artery disease was significantly associated with coronary artery occlusion 
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(Trappe et al., 1989). These studies indicated the better survival of patients with single 

vessel disease when compared to other types of vessel diseases. The highest prevalence 

of patients with single obstructive vessel disease in the current study may be explained by 

their better survival (short-term or long-term) when compared to other obstructive vessel 

diseases.   

 

(b) Location of atherosclerotic lesions  

Atherosclerotic lesions were found in the proximal regions (Page 68) of the anterior 

interventricular branch (63.2%), circumflex branch (46%) and RCA (41.6%) of the 

angiograms with obstructive vessel disease. The obstructive lesions were found in the 

middle regions of the anterior interventricular branch (34.2%), circumflex branch 

(34.5%) and RCA (39.2%) of the angiograms, while the obstruction of the distal regions 

was found in the anterior interventricular branch (2.6%), circumflex branch (19.5%) and 

the RCA (19.3%) in the angiograms analyzed (Figures 39 - 41). In the present study, the 

proximal location of obstructive lesion was found to be highest in the anterior 

interventricular branch; this corroborated the only report on the location of obstructive 

atherosclerotic lesions from the literature reviewed by Tatli et al. (2007). In their study, 

they reported on the presence of atherosclerotic lesions in the anterior interventricular 

branch and the RCA in 74 patients with exclusively single vessel obstructive disease. The 

study documented proximally located obstructive lesions in 62% and 38% of these 

patients in anterior interventricular branch and RCA, respectively. 
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Ajayi et al., (2013b) reported that the morphology of the LCA influences the 

development and location of atherosclerotic lesions in its branches. In their study, it was 

shown that the longer the LCA, the more proximally located are atherosclerotic lesions in 

its branches (anterior interventricular branch and circumflex branch). The present study 

also confirmed previous reports that atherosclerotic lesions are preferentially situated at 

the proximal region of daughter vessels (Asakura and Karino, 1990; Park and Park, 

2009). In the present study, atherosclerotic lesions were found to be highest in the 

proximal region of the anterior interventricular branch (63.2%), and then followed by the 

circumflex branch (46%). These are branches of the LCA and it has been reported that 

the proximal lateral walls of daughter branches are sites of low flow and low shear stress 

(Caro, 2009) with an increased tendency for atherosclerotic lesion generation (Gibson et 

al., 1993; Scher, 2000). Therefore, the least prevalence of proximally located lesions in 

the main coronary arteries found in the RCA (41.6%) may have resulted from the fact 

that it is less exposed to low shear at its proximal region than the anterior interventricular 

branch and circumflex branch.  
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5.4  ANATOMIC PATHWAYS OF CORONARY COLLATERALS 

IN TOTAL CORONARY ARTERIAL OBSTRUCTIONS 
 

In routine coronary angiographic reports, the precise location of atherosclerotic lesions is 

often not stated. In addition, the presence or absence of coronary collaterals is not usually 

indicated. However, as shown earlier in the review of the literature (Pages 41-53), several 

authors have used various terminologies for the coronary collaterals. Some of these 

terminologies include: inter-arterial, bridging, trans-arterial, septal, ventricular free wall 

and bypass arteries. The most extensive description of these collaterals was by Levin 

(1974) who also attempted to identify the regions of origin and termination of the 

collaterals in the main coronary arteries. The present study identified the precise origin 

and termination of the coronary collaterals by using the coronary arterial segments 

described by the BARI study group.  With the use of the coronary artery segments for the 

origin and termination of the coronary collateral, the confusion that may arise from the 

use of various terminologies for the same structure will be eliminated.  

 

The present study recorded more collateral pathways than the report of Levin (1974) who 

recorded seven, five and 10 collateral pathways for the anterior interventricular branch, 

circumflex branch and the RCA obstructions, respectively.  In the obstruction of the 

anterior interventricular branch, circumflex branch and the RCA in the present study, 32, 

46 and 37 different coronary collateral pathways were documented, respectively (Tables 

17-19). Therefore, there was a major difference in the number pathways for the coronary 

collateral arteries in the present study and the report of Levin (1974). The present study 

recorded the existence of numerous pathways for the coronary collaterals and was able to 
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identify segments of origin and termination of these arteries. Improvement in the 

identification and labelling of these collaterals channels will be of immense benefit 

during coronary angiographic reporting in order to determine the significance of their 

presence. The presence of several collateral pathways in the obstructions of the main 

coronary artery indicated that these pathways existed as microvessels in the heart 

(Rockstroh and Brown, 2002). These microvessels subsequently developed into 

angiographically demonstrable vessels (Levin, 1974) by hypertrophic evolution 

(Koerselman et al., 2003) following coronary arterial obstruction. In the sequel to the 

occlusion of the coronary arteries, there is reduction in coronary collateral vascular 

resistance with an increase in coronary collateral vascular flow (Tatli et al., 2007). 

 

It was observed that in the obstructions of the main arteries in the present study, a large 

number of the coronary collaterals were from the proximal region of the obstructed artery 

or its branches. In anterior interventricular branch, circumflex and RCA obstructions, 

37.5%, 50% and 43.2% were from the proximal regions of these arteries or their branches 

(Table 20). It was also noted that in the obstruction of the circumflex branch and the 

RCA, most of the collaterals were from the circumflex branch. This showed that coronary 

collaterals are better developed on the inferior surface of the heart because these two 

vessels (circumflex branch and the RCA) are closer to each other on the inferior 

myocardial surface. Since the foundation for the collateral network were laid down 

during embryogenesis (Loukas et al., 2009a), the findings of the present study indicated 

that most of the collaterals to the distal region of an obstructed artery were recruited from 

the closest interconnecting arterioles. Collaterals develop through arteriogenesis (Meier et 
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al., 2013) which leads to the maturation of pre-existing interconnecting arterioles after 

arterial occlusion (Cai and Schaper, 2008).   

 

 The high success rate achieved in the retrograde approach to the site of obstruction in 

retrograde angioplasty has made it a safe and effective procedure in the management of 

patients with CTO of the coronary arteries (Fernández-Díaz et al., 2010). The retrograde 

access to the point of occlusion may be through epicardial or septal collaterals: However, 

the septal collaterals are preferred (Sumerly et al., 2007; Fernández-Díaz et al., 2010). 

The identification of the coronary collateral pathways is very important during retrograde 

angiogplasty (Ozawa, 2006). Therefore, it is essential to define these pathways in the 

subset of patients that may benefit from retrograde angioplasty.  
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5.5  GRADES OF THE CORONARY COLLATERALS  IN THE  

OBSTRUCTIONS  OF  THE CORONARY ARTERIES  
 

The richest collateral supply was to the RCA with a prevalence of excellent collaterals of 

30.7% recorded in its obstructions; this was followed by the anterior interventricular 

branch (23.7%), and the least was in circumflex branch (17.2%) (Figure 42; Page 123). 

The result of the present study confirmed previous reports that coronary collateral arteries 

are better developed in patients with RCA obstructions than in obstructions of other 

coronary vessels (Ilia et al., 1997; Tatli et al., 2007 and Sun et al., 2013). Therefore, it 

may be deduced that the quality of coronary collaterals developed is dependent on the 

morphology of the obstructed coronary artery and collateralization from other vessels 

(Sun et al., 2013). 

 

5.5.1 GRADES OF CORONARY COLLATERALS IN RELATION TO 

AGE  
 

With respect to the influence of age on coronary artery collateral development, the 

prevalence of excellent collaterals was higher in the patients > 60 years of age than in 

those ≤ 60 years of age (32.3% vs 17.9%) in the anterior interventricular branch 

obstructions.  This is contrary to the findings of the prevalence of excellent collaterals 

(10.5% vs 25%) and (22.1% vs 39.3) for the patients > 60 years and those ≤ 60 years age 

in the circumflex branch and RCA obstructions, respectively. However, there was no 

statistically significant difference in the prevalence of excellent coronary collateral 

arteries in coronary arteries examined. Therefore, the present study found no association 

between patients’ age and the development of excellent or well-functioning collaterals. 
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The result of the present study corroborated the finding of Fujita et al. (1999) who also 

used a cut-off age of 60 years and reported that the extent of coronary collateral 

development was similar in patients regardless of their age. Furthermore, van der Hoeven 

et al. (2013) in their study divided patients into two groups (≤64 years and ≥65 years) and 

also found no association between higher age and the development of poor collaterals. 

Conversely, it differed from the reports of Nakae et al. (2000) and Sun et al. (2013) who 

stated that well-developed collaterals were significantly lower in patients older than > 65 

years of age. The disparity in the results may be explained by the difference in the 

methods of coronary collateral assessment and grading of these channels. In addition, 

Cohen et al. (1989) suggested the likelihood of genetic predisposition to the development 

of functional coronary collaterals because these anastomotic channels are laid down in 

utero.  

 

5.5.2 GRADES OF CORONARY COLLATERALS IN RELATION TO 

SEX  
 

In the present study, the prevalence of excellent collaterals was higher in males in the 

obstructions of the main coronary arteries (Table 22; Page 130). However, there was no 

statistically significant difference in the prevalence of excellent collaterals between males 

and females; therefore, there was no association between the patients’ sex and the 

development of excellent collaterals. Although, the present finding differed from the 

report of Sun et al. (2013) who stated that well-developed collaterals was significantly 

lower in female patients, it confirmed the reports of Fujita et al. (1999) and Nakae et al. 

(2000) who also found no significant difference.  
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5.5.3 GRADES OF CORONARY COLLATERALS IN RELATION TO 

ATHEROSCLEROTIC LESION LOCATION IN THE 

ANALYZED ANGIOGRAMS 
  

In the study by Piek et al. (1997), the proximal location of atherosclerotic lesion was 

reported to be a significant predictor of the development of coronary collateral arteries. 

They stated that the “proximal location will result in a lower threshold for the 

development of myocardial ischemia owing to the larger size of the myocardium “at 

risk” and, hence, to the stimulation of collateral vascular development”. The current 

study also found a significant association between the development of excellent 

collaterals and the proximal location of lesion in the RCA. However, in the anterior 

interventricular branch and circumflex branch, no significant association was recorded 

with respect to the location of atherosclerotic lesions (Table 23; Page 134).  

 

5.5.4 GRADES OF CORONARY COLLATERALS IN RELATION TO 

CORONARY ARTERIAL DOMINANCE 
 

From the literature reviewed, it is apparent that there are no reports on the influence of 

coronary arterial dominance on development of functional coronary collaterals. In the 

present study, the prevalence of excellent coronary collaterals was higher in patients with 

right coronary arterial dominant pattern than in the left dominant pattern (Table 24; Page 

136). A significant association was found between right coronary arterial dominant 

pattern and the development of excellent coronary collaterals in circumflex branch and 

RCA obstructions. The higher prevalence of excellent collaterals found in the right 

dominant pattern may be related to the fact noted earlier that coronary collaterals are 

better developed on the inferior surface of the heart. With the RCA also contributing in 
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the blood supply to the LV in the right dominant pattern, the development of excellent 

collaterals may be amplified by this coronary arrangement. Therefore, this morphological 

pattern of the coronary arterial tree has a significant effect on coronary collateral 

development. 
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5.6  PROPOSED ALGORITHM  FOR  THE LABELLING  OF THE 

CORONARY COLLATERAL ARTERIES  
 

As noted earlier in the review of literature, the functional importance of the coronary 

collaterals has been controversial (Traupe at al., 2010) due to the lack of a reference 

method for determining these arteries (Wainwright et al., 1980; Baroldi et al., 2005). The 

lack of a unified system for the assessment and labelling of these coronary collateral 

channels had resulted in difficulty in communication amongst clinicians and researchers 

(Loukas et al., 2009). Some authors have identified the anatomic pathways of the 

coronary collaterals using various terminologies (May, 1960; Paulin, 1967; Levin, 1974), 

while others have functionally graded the coronary collaterals (Wainwright et al., 1980; 

Rentrop et al., 1985; Seiler et al., 2001; Werner et al., 2003). 

 

The present study proposes an algorithm for identifying and labelling the coronary 

collateral pathways. The proposed algorithm combines the anatomic and functional 

properties of the coronary collateral pathways. In addition, it identifies the specific 

segments of origin and termination of the coronary collateral arteries by using the BARI 

coronary map.  It is envisaged that the proposed algorithm will result in a comprehensive 

and unified system of coronary angiographic image reporting in the obstruction of the 

coronary arteries with or without the development of coronary collaterals. An example of 

a proposal is as follows: 

1. AIB12; 17-13;  Gr 3, which can be interpreted as the obstruction of the anterior 

interventricular branch in segment 12 that has a collateral origin from 

segment 17 and terminating at segment 13 with a grade of 3 (Plate 1; Page 83).   
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2. AIB12; RV-14;  Gr 2, which can be interpreted as the obstruction of the anterior 

interventricular branch in segment 12 that has a collateral origin from right 

ventricular branch of the RCA and terminating at segment 14 with a grade of 2 

(Plate 3; Page 85).   

3. Cx18; 5-19a;  Gr 3, which can be interpreted as the obstruction of the circumflex 

branch in segment 18 that has a collateral origin from segment 5 and 

terminating at segment 19a with a grade of 3 (Plate 13; Page 98).   

4. Cx19a; 21-23;  Gr 2, which can be interpreted as the obstruction of the 

circumflex branch in segment 19a that has a collateral origin from segment 21 

and terminating at segment 23 with a grade of 2 (Plate 15; Page 102).   

5. RCA1; CB-RV;  Gr 2, which can be interpreted as the obstruction of the RCA in 

segment 1 that has a collateral origin from the conal branch of RCA and 

terminating at the right ventricular branch of RCA with a grade of 2 (Plate 18; 

Page 108).   

6. RCA2; 17-9;  Gr 2, which can be interpreted as the obstruction of the RCA in 

segment 2 that has a collateral origin from segment 17 and terminating at 

segment 9 with a grade of 2 (Plate 21; Page 112) .   
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5.7  THE EFFECT OF CORONARY COLLATERAL VESSELS ON 

LEFT VENTRICULAR FUNCTION  
 

The relationship between the development of functional coronary collateral pathways in 

the obstruction of the main coronary arteries and left ventricular function was evaluated 

in the patients that had left ventriculography performed during angiography. It was 

observed that in the angiograms reviewed, ventriculography was routinely done only by 

some of the Cardiologists. However, other Cardiologists either selectively perform 

ventriculography during coronary catheterization or do not. Perhaps, LV function was 

assessed through other modalities such as echocardiography by these Cardiologists that 

do not perform ventriculography. This may have accounted for the low number of 

patients that had left ventriculography (n=97) in the angiograms that were selected for 

analysis in this series. Therefore, if ventriculography was routinely performed by all the 

Cardiologists in the angiograms reviewed, it would have been easier to determine the 

effect of coronary arterial obstruction on left ventricular function in this set of patients. 

Subsequently, the impact of coronary collateral development on left ventricular function 

in these patients may also be ascertained.  
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5.7.1 RELATIONSHIP BETWEEN ATHEROSCLEROTIC LESION 

LOCATION AND CORONARY COLLATERAL GRADES IN 

PATIENTS THAT HAD VENTRICULOGRAPHY 
 

Coronary collateral arterial development represents a compensatory mechanism (Khoo et 

al., 2014) triggered by myocardial ischemia due to coronary atherosclerosis (Matsunaga 

et al., 2000; Chilian et al., 2012). The development of coronary collaterals has also been 

attributed to the increase in pressure gradient between the normal and obstructed 

coronary arteries (Schaper, 2009). The pressure gradient causes increased blood flow in 

the coronary collateral vascular bed (Tatli et al., 2007) with the resultant increased fluid 

shear stress and activation of endothelium and growth factors (Schaper, 2009). 

Furthermore, the pressure gradient is dependent on the severity of coronary artery 

stenosis (van der Hoeven et al., 2013). 

 

In the present study, the highest prevalence of excellent collaterals in patients who had 

ventriculography performed was recorded in those with proximally located lesions 

(40.9%). Excellent collaterals were found in 29.7% and 25% of middle and distally 

located lesions, respectively. The proximal location of atherosclerotic lesion will result in 

an increased drop in the pressure gradient between the normal (collateral donating) 

coronary artery and the obstructed (collateral receiving) vessel. In addition, the proximal 

location of the atherosclerotic lesion is associated with an increase in myocardial tissue 

‘at risk’ of ischemia (Piek et al., 1997). Fujita et al., 1999 stated that the functional ability 

of the coronary collaterals is influenced by the efficiency of collateral vessel recruitment 

sequel to the development of a pressure gradient across the collateral network. Therefore, 

the highest prevalence of excellent collaterals in patients with proximally located lesions 
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in the present study may have resulted from the combination of these factors (increased 

pressure gradient and myocardial ischemia).  

 

5.7.2 EFFECT OF ATHEROSCLEROTIC LESION LOCATION ON 

LEFT VENTRICULAR FUNCTION 
 

From the literature reviewed, it is apparent that there are no reports on the relationship 

between atherosclerotic lesion location and left ventricular function. In the present study, 

the mean EF calculated for the patients with a proximally located lesion was the highest 

(63.3%) as compared to mean EF for the middle (57.8%) and distally (57.5%) located 

lesions. This may have resulted from the fact that the patients with proximally located 

lesions had the highest prevalence of excellent collateral arteries. Therefore, the proximal 

location of an atherosclerotic lesion influences collateral vessel development with 

resultant positive effect on left ventricular function preservation. 

 

5.7.3 EFFECT OF CORONARY COLLATERAL GRADES ON LEFT 

VENTRICULAR FUNCTION 
 

As stated in the review of literature, there are conflicting reports with respect to the 

functional importance of coronary collateral arteries (Pages 59-62). Sheehan et al. (1987) 

examined the global left ventricular ejection fraction (LVEF) in patients with acute MI 

before treatment and at discharge. They reported that the global LVEF increased in 

patients with collaterals but was the same in patients without coronary collaterals. Habib 

et al. (1991) divided patients who failed to canalize at 90 minutes after administration of 

a thrombolytic agent into two groups (with and without collaterals) and reported that 
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global LVEF was significantly greater in patients with coronary collaterals at hospital 

discharge. On the contrary, Wackers et al. (1989) found no difference in the global LVEF 

in patients with and without coronary collaterals. 

 

From the literature reviewed, the present study appears to be the first to evaluate in detail 

the relationship between the different grades of coronary collateral arteries and LVEF in 

the presence of total coronary arterial obstruction. There was a significant difference (p < 

0.001) in the mean EF calculated for the different grades of coronary collaterals. In 

addition, post-hoc test showed a significant difference in the mean EF between excellent 

and absent collaterals (p = 0.004) and excellent and poor collaterals (p < 0.001). Thus, the 

development of excellent collaterals has a significant supportive effect on the 

preservation of left ventricular function as compared to patients with absent or poor 

collateralization. There was also a significant positive correlation between coronary 

collateral grades and mean EF calculated for the different collateral grades. The present 

study corroborated the findings of Sheehan et al. (1987) and Habib et al. (1991) that the 

presence of excellent and well-functioning coronary collaterals has a significant role in 

the preservation of left ventricular function.  

 

In addition, the present study showed that, as the grades of coronary collaterals increased, 

there was an improvement in the ability of these collaterals to preserve left ventricular 

function. Consequently, left ventricular myocardial perfusion was greater in patients with 

well-developed coronary collaterals and resulted in a better recovery of left ventricular 

function in the presence of myocardial ischemia or MI.   
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Vanker et al. (2014) reported that anatomical variations of the coronary arteries such as 

the intra-myocardial course of anterior interventricular branch may present the surgeon 

with technical challenges during coronary artery bypass graft surgery. Therefore, the 

presence of morphological variation of the coronary arteries may affect the technique 

employed during surgical intervention and the subsequent outcome. To date, the surgical 

significance of collateral circulation has not yet been properly investigated. However, it 

has been reported that the collateral circulation is favorable for the successful 

construction of coronary artery bypass grafts (Levin 1974). From the result of the present 

study, it may be deduced that the presence of well-development collaterals may influence 

decision making in the management of patients with coronary arterial obstruction. In the 

presence of an adequately preserved left ventricular function by coronary collaterals in 

asymptomatic patients, there may be no need for coronary angioplasty, stent insertion or 

surgical intervention. Anecdotal reports have also shown that patients with total coronary 

arterial obstruction who had developed functional coronary collateral arteries took part in 

sporting activities. The identification of coronary collateral arteries during coronary 

catheterization may require further evaluation of their functional importance with 

modalities such as CFI or MCE. Therefore, the significance of the coronary collateral 

arteries should not be underestimated. 

 

 

 

 



 

 

 

 

 

CHAPTER 6 
CONCLUSION  
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6.1 SAMPLE DISTRIBUTION  

The gross anatomical features of the coronary angiograms used in this study corroborated 

the description of coronary arterial vasculature in standard anatomical textbooks 

(Sinnatamby, 2006; Snell, 2008; Standring et al., 2008) and clinical textbooks (Allen et 

al., 2000; Topol et al., 2002; Townsend et al., 2004; Bonow et al., 2011). The mean age 

of the female patients (63.9 years) in the analyzed angiograms was significantly higher 

than that of males (57.4 years) (p < 0.001). Therefore, in patients undergoing 

angiography for symptomatic MI, females are usually older than males (Saleh et al., 

2013).  

 

6.2  CORONARY ARTERY MORPHOLOGY 
 

The bifurcation of the LCA into anterior interventricular branch and circumflex branch 

was the most prevalent branching pattern (91%), followed by trifurcation of the LCA 

(8.7%), while the least branching pattern was the quadrifurcation of the LCA (0.3%). 

Right coronary arterial dominance had the highest prevalence in the present study 

(82.9%) and the left and co-dominant patterns were 12.9% and 1%, respectively. This 

dominant pattern compares favorably with the some of the previous results on coronary 

arterial dominance (Nerantzis et al., 1996; Christensen et al., 2010; Ajayi et al., 2013c).   
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6.3  DISTRIBUTION OF OBSTRUCTIVE ATHEROSCLEROTIC 

LESIONS  
 

The presence of obstructive atherosclerotic lesions in the main coronary arteries (anterior 

interventricular branch, circumflex branch and RCA) resulting in single, double and triple 

vessel obstructive disease patterns were recorded in 86%, 12.9% and 1% of the 

angiograms analyzed, respectively. The present finding confirms earlier reports that the 

short-term and long-term survival of patients with coronary artery disease was best in 

those with single vessel disease. 

 

The present study also confirmed previous reports that atherosclerotic lesions are 

preferentially situated at the proximal region of daughter vessels. The lesions were found 

to be highest in the proximal region of the anterior interventricular branch (63.2%), and 

then followed by the circumflex branch (46%). These are branches of the LCA and it has 

been reported that the proximal lateral walls of daughter branches have an increased 

tendency for atherosclerotic lesion generation. The least prevalence of proximally located 

atherosclerotic lesions recorded in the RCA (41.6%) may due to the fact that it is less 

exposed to low shear stress than the anterior interventricular branch and the circumflex 

branch. 
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6.4  ANATOMIC PATHWAYS OF CORONARY COLLATERALS IN 

TOTAL CORONARY ARTERIAL OBSTRUCTIONS 
 

The present study identified the precise origin and termination of the coronary collaterals 

by using the BARI coronary arterial segments. The confusion that may arise from the use 

of various terminologies for the same structure will be eliminated when the coronary 

artery segments are used for the origin and termination of the coronary collateral. The 

present study documented 115 different coronary collateral pathways which was higher 

that the most extensive study in the literature reviewed on collateral pathways by Levin 

(1974) who recorded 26 collateral pathways. 

 

6.5  GRADES OF THE CORONARY COLLATERALS  IN THE  

OBSTRUCTIONS  OF  THE CORONARY ARTERIES  
 

The richest collateral supply was to the RCA with 30.7% prevalence of excellent 

collaterals, and the least was in circumflex branch (17.2%). This confirmed previous 

reports that coronary collateral arteries are better developed in patients with RCA 

obstructions than in obstructions of other coronary vessels. The present study found no 

significant association between patients’ age and the development of excellent or well-

functioning collaterals. There was also no significant association between the patients’ 

sex and the development of excellent collaterals.  

 

The current study found a significant association between the development of excellent 

collaterals and the proximal location of lesion in the RCA. However, in the anterior 

interventricular branch and circumflex branch, no significant association was recorded 
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with respect to the location of atherosclerotic lesions. The prevalence of excellent 

coronary collaterals was higher in patients with right than in left coronary arterial 

dominant pattern. A significant association was recorded between right coronary arterial 

dominance and the development of excellent collaterals in the circumflex branch and the 

RCA. Therefore, coronary collateral arteries are better developed on the inferior 

myocardial surface due to this coronary arterial arrangement. It may be concluded that 

coronary arterial morphological pattern influences coronary collateral artery 

development.  

 

6.6  PROPOSED ALGORITHM  FOR  THE LABELLING  OF THE 

CORONARY COLLATERAL ARTERIES  
 

An algorithm is proposed in the present study for identifying and labelling the coronary 

collateral pathways. The proposed algorithm combines the anatomic and functional 

properties of the coronary collateral pathways. It is envisaged that this algorithm will 

contribute to reporting of coronary angiographic image in the obstruction of the coronary 

arteries.   
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6.7  THE EFFECT OF CORONARY COLLATERAL VESSELS ON 

LEFT VENTRICULAR FUNCTION  
 

The highest prevalence of excellent collaterals was recorded in those with proximally 

located lesions (40.9%). Excellent collaterals were found in 29.7% and 25% of middle 

and distally located lesions, respectively. The highest prevalence of excellent collaterals 

in patients with proximally located lesions in the present study may have resulted from 

the combination of the effects of increased pressure gradient and myocardial ischemia.  

The mean EF calculated for the patients with proximally located lesions was the highest 

(63.3%) as compared to mean EF for the middle (57.8%) and distally (57.5%) located 

lesions. This may have resulted from the fact that the patients with proximally located 

lesions had the highest prevalence of excellent collateral arteries. Therefore, the proximal 

location of atherosclerotic lesion influences collateral vessel development with resultant 

positive effect on the preservation of left ventricular function. 

 

There was a significant difference (p < 0.001) in the mean EF calculated for the different 

grades of coronary collaterals with the highest mean EF recorded for excellent 

collateralization. There was also a significant positive correlation between coronary 

collateral grades and mean EF. Therefore, the present study showed that, as the grades of 

coronary collaterals increased, there was an improvement in the ability of these 

collaterals to preserve left ventricular function.  
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6.8  STUDY LIMITATIONS  
 

The limitation of the present study are: The absence of clinical records in terms the 

duration of the obstructive lesion in the patients made it difficult to determine if they 

were acute or chronic. In addition, it was not possible to determine patients with risk 

factors and co-morbid conditions such as diabetes mellitus and hypertension that may 

influence collateral vessel development. This would have enhanced the study; however, it 

was not possible because the study protocol was only designed for the use of 

angiographic records and not the clinical records of the patients.  Furthermore, 

conventional coronary angiography is incapable of visualizing coronary collateral vessels 

with a diameter less than 100µm (Nakae et al., 2000). The evaluation of these very tiny 

collateral channels may be better with the use of MCE (Mills et al., 2000) or CFI 

measurement (Meier et al., 2013). However, the angiographic method of grading the 

coronary collateral flow is still the standard of reference in the clinical environment 

(Fujita et al., 1999). Since the aim of this study was to classify the coronary collateral 

pathways and identify factors that affect their development, the angiographic approach 

appears adequate for this purpose. 
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APPENDIX A 

SAMPLE DISTRIBUTION 

Statistics 

 Sex Branching DoMinance VesselDx 

N 
Valid 286 286 286 286 

Missing 0 0 0 0 

 
FREQUENCY TABLE 

Sex 

 Frequency Percent Valid Percent Cumulative 

Percent 

Valid 

Female 62 21.7 21.7 21.7 

Male 224 78.3 78.3 100.0 

Total 286 100.0 100.0  

 

Branching 

 Frequency Percent Valid Percent Cumulative 

Percent 

Valid 

Bifurcation 260 90.9 90.9 90.9 

Trifurcation 25 8.7 8.7 99.7 

Quadrifurcation 1 .3 .3 100.0 

Total 286 100.0 100.0  

 

DoMinance 

 Frequency Percent Valid Percent Cumulative 

Percent 

Valid 

Co-dominance 10 3.5 3.5 3.5 

Left 39 13.6 13.6 17.1 

Right 237 82.9 82.9 100.0 

Total 286 100.0 100.0  
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VesselDx 

 Frequency Percent Valid Percent Cumulative 

Percent 

Valid 

Double 37 12.9 12.9 12.9 

Single 246 86.0 86.0 99.0 

Triple 3 1.0 1.0 100.0 

Total 286 100.0 100.0  

MEAN AGE 

 

Descriptives 

 Sex Statistic Std. Error 

Age 

Female 

Mean 63.929 1.5206 

95% Confidence Interval for Mean 
Lower Bound 60.881  

Upper Bound 66.976  

5% Trimmed Mean 63.746  

Median 63.500  

Variance 129.486  

Std. Deviation 11.3792  

Minimum 42.0  

Maximum 93.0  

Range 51.0  

Interquartile Range 18.0  

Skewness .215 .319 

Kurtosis -.337 .628 

Male 

Mean 57.399 .6979 

95% Confidence Interval for Mean 
Lower Bound 56.023  

Upper Bound 58.775  

5% Trimmed Mean 57.481  

Median 57.000  

Variance 101.323  

Std. Deviation 10.0659  

Minimum 29.0  

Maximum 87.0  

Range 58.0  

Interquartile Range 13.0  

Skewness -.085 .169 

Kurtosis .206 .336 
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ANOVA Table
a
 

 Sum of Squares df Mean Square F Sig. 

Age * Sex 

Between Groups (Combined) 1881.099 1 1881.099 17.542 .000 

Within Groups 28095.594 262 107.235   

Total 29976.693 263    

a. The grouping variable Sex is a string, so the test for linearity cannot be computed. 

 

APPENDIX B 

GRADING OF THE CORONARY COLLATERALS 

A. ANTERIOR INTERVENTRICULAR BRANCH  

GradingoFcoll * Age categ 

Crosstab 

 Age categ Total 

>60 yrs ≤ 60 yrs 

GradingoFcoll 

Absent 

Count 7 13 20 

% within GradingoFcoll 35.0% 65.0% 100.0% 

% within Age categ 22.6% 33.3% 28.6% 

% of Total 10.0% 18.6% 28.6% 

Poor 

Count 3 7 10 

% within GradingoFcoll 30.0% 70.0% 100.0% 

% within Age categ 9.7% 17.9% 14.3% 

% of Total 4.3% 10.0% 14.3% 

Good 

Count 11 12 23 

% within GradingoFcoll 47.8% 52.2% 100.0% 

% within Age categ 35.5% 30.8% 32.9% 

% of Total 15.7% 17.1% 32.9% 

Excellent 

Count 10 7 17 

% within GradingoFcoll 58.8% 41.2% 100.0% 

% within Age categ 32.3% 17.9% 24.3% 

% of Total 14.3% 10.0% 24.3% 
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Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 3.099
a
 3 .377 

Likelihood Ratio 3.133 3 .372 

N of Valid Cases 70   

a. 1 cells (12.5%) have expected count less than 5. The minimum 

expected count is 4.43. 

 

GradingoFcoll * Sex 

 

Crosstab 

 Sex Total 

Female Male 

GradingoFcoll 

Absent 

Count 5 18 23 

% within GradingoFcoll 21.7% 78.3% 100.0% 

% within Sex 31.3% 30.0% 30.3% 

% of Total 6.6% 23.7% 30.3% 

Poor 

Count 1 9 10 

% within GradingoFcoll 10.0% 90.0% 100.0% 

% within Sex 6.3% 15.0% 13.2% 

% of Total 1.3% 11.8% 13.2% 

Good 

Count 7 18 25 

% within GradingoFcoll 28.0% 72.0% 100.0% 

% within Sex 43.8% 30.0% 32.9% 

% of Total 9.2% 23.7% 32.9% 

Excellent 

Count 3 15 18 

% within GradingoFcoll 16.7% 83.3% 100.0% 

% within Sex 18.8% 25.0% 23.7% 

% of Total 3.9% 19.7% 23.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 1.676
a
 3 .642 

Likelihood Ratio 1.773 3 .621 

N of Valid Cases 76   
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GradingoFcoll * Dominance 

Crosstab 

 Dominance Total 

Co-dominance Left Right 

GradingoFcoll 

Absent 

Count 1 3 19 23 

% within GradingoFcoll 4.3% 13.0% 82.6% 100.0% 

% within Dominance 33.3% 27.3% 30.6% 30.3% 

% of Total 1.3% 3.9% 25.0% 30.3% 

Poor 

Count 2 2 6 10 

% within GradingoFcoll 20.0% 20.0% 60.0% 100.0% 

% within Dominance 66.7% 18.2% 9.7% 13.2% 

% of Total 2.6% 2.6% 7.9% 13.2% 

Good 

Count 0 5 20 25 

% within GradingoFcoll 0.0% 20.0% 80.0% 100.0% 

% within Dominance 0.0% 45.5% 32.3% 32.9% 

% of Total 0.0% 6.6% 26.3% 32.9% 

Excellent 

Count 0 1 17 18 

% within GradingoFcoll 0.0% 5.6% 94.4% 100.0% 

% within Dominance 0.0% 9.1% 27.4% 23.7% 

% of Total 0.0% 1.3% 22.4% 23.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 10.942
a
 6 .090 

Likelihood Ratio 9.659 6 .140 

N of Valid Cases 76   

a. 8 cells (66.7%) have expected count less than 5. The minimum 

expected count is .39. 
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GradingoFcoll * lesionlocation 

Crosstab 

 lesionlocation Total 

Proximal Middle Distal 

GradingoFcoll 

Absent 

Count 13 10 0 23 

% within GradingoFcoll 56.5% 43.5% 0.0% 100.0% 

% within lesionlocation 27.1% 38.5% 0.0% 30.3% 

% of Total 17.1% 13.2% 0.0% 30.3% 

Poor 

Count 5 4 1 10 

% within GradingoFcoll 50.0% 40.0% 10.0% 100.0% 

% within lesionlocation 10.4% 15.4% 50.0% 13.2% 

% of Total 6.6% 5.3% 1.3% 13.2% 

Good 

Count 18 7 0 25 

% within GradingoFcoll 72.0% 28.0% 0.0% 100.0% 

% within lesionlocation 37.5% 26.9% 0.0% 32.9% 

% of Total 23.7% 9.2% 0.0% 32.9% 

Excellent 

Count 12 5 1 18 

% within GradingoFcoll 66.7% 27.8% 5.6% 100.0% 

% within lesionlocation 25.0% 19.2% 50.0% 23.7% 

% of Total 15.8% 6.6% 1.3% 23.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 5.865
a
 6 .438 

Likelihood Ratio 6.114 6 .411 

N of Valid Cases 76   

a. 5 cells (41.7%) have expected count less than 5. The minimum 

expected count is .26. 
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B. CIRCUMFLEX BRANCH 

 
GradingoFcoll * Age category 

Crosstab 

 Age category Total 

>60 yrs ≤ 60 yrs 

GradingoFcoll 

Absent 

Count 18 9 27 

% within GradingoFcoll 66.7% 33.3% 100.0% 

% within Age category 47.4% 22.5% 34.6% 

% of Total 23.1% 11.5% 34.6% 

Poor 

Count 7 9 16 

% within GradingoFcoll 43.8% 56.3% 100.0% 

% within Age category 18.4% 22.5% 20.5% 

% of Total 9.0% 11.5% 20.5% 

Good 

Count 9 12 21 

% within GradingoFcoll 42.9% 57.1% 100.0% 

% within Age category 23.7% 30.0% 26.9% 

% of Total 11.5% 15.4% 26.9% 

Excellent 

Count 4 10 14 

% within GradingoFcoll 28.6% 71.4% 100.0% 

% within Age category 10.5% 25.0% 17.9% 

% of Total 5.1% 12.8% 17.9% 

 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 6.203
a
 3 .102 

Likelihood Ratio 6.344 3 .096 

N of Valid Cases 78   

a. 0 cells (.0%) have expected count less than 5. The minimum expected 

count is 6.82. 
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GradingoFcoll * Sex 

Crosstab 

 Sex Total 

Female Male 

GradingoFcoll 

Absent 

Count 10 19 29 

% within GradingoFcoll 34.5% 65.5% 100.0% 

% within Sex 40.0% 30.6% 33.3% 

% of Total 11.5% 21.8% 33.3% 

Poor 

Count 5 12 17 

% within GradingoFcoll 29.4% 70.6% 100.0% 

% within Sex 20.0% 19.4% 19.5% 

% of Total 5.7% 13.8% 19.5% 

Good 

Count 9 17 26 

% within GradingoFcoll 34.6% 65.4% 100.0% 

% within Sex 36.0% 27.4% 29.9% 

% of Total 10.3% 19.5% 29.9% 

Excellent 

Count 1 14 15 

% within GradingoFcoll 6.7% 93.3% 100.0% 

% within Sex 4.0% 22.6% 17.2% 

% of Total 1.1% 16.1% 17.2% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 4.478
a
 3 .214 

Likelihood Ratio 5.510 3 .138 

N of Valid Cases 87   

a. 2 cells (25.0%) have expected count less than 5. The minimum 

expected count is 4.31. 
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GradingoFcoll * DoMinance 

Crosstab 

 DoMinance Total 

Co-dominance Left Right 

GradingoFcoll 

Absent 

Count 0 2 27 29 

% within GradingoFcoll 0.0% 6.9% 93.1% 100.0% 

% within DoMinance 0.0% 10.5% 40.9% 33.3% 

% of Total 0.0% 2.3% 31.0% 33.3% 

Poor 

Count 0 5 12 17 

% within GradingoFcoll 0.0% 29.4% 70.6% 100.0% 

% within DoMinance 0.0% 26.3% 18.2% 19.5% 

% of Total 0.0% 5.7% 13.8% 19.5% 

Good 

Count 2 9 15 26 

% within GradingoFcoll 7.7% 34.6% 57.7% 100.0% 

% within DoMinance 100.0% 47.4% 22.7% 29.9% 

% of Total 2.3% 10.3% 17.2% 29.9% 

Excellent 

Count 0 3 12 15 

% within GradingoFcoll 0.0% 20.0% 80.0% 100.0% 

% within DoMinance 0.0% 15.8% 18.2% 17.2% 

% of Total 0.0% 3.4% 13.8% 17.2% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 12.434
a
 6 .053 

Likelihood Ratio 13.351 6 .038 

N of Valid Cases 87   

a. 6 cells (50.0%) have expected count less than 5. The minimum 

expected count is .34. 
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GradingoFcoll * lesionlocation 

Crosstab 

 lesionlocation Total 

Proximal Middle Distal 

GradingoFcoll 

Absent 

Count 18 8 3 29 

% within GradingoFcoll 62.1% 27.6% 10.3% 100.0% 

% within lesionlocation 45.0% 26.7% 17.6% 33.3% 

% of Total 20.7% 9.2% 3.4% 33.3% 

Poor 

Count 6 8 3 17 

% within GradingoFcoll 35.3% 47.1% 17.6% 100.0% 

% within lesionlocation 15.0% 26.7% 17.6% 19.5% 

% of Total 6.9% 9.2% 3.4% 19.5% 

Good 

Count 10 10 6 26 

% within GradingoFcoll 38.5% 38.5% 23.1% 100.0% 

% within lesionlocation 25.0% 33.3% 35.3% 29.9% 

% of Total 11.5% 11.5% 6.9% 29.9% 

Excellent 

Count 6 4 5 15 

% within GradingoFcoll 40.0% 26.7% 33.3% 100.0% 

% within lesionlocation 15.0% 13.3% 29.4% 17.2% 

% of Total 6.9% 4.6% 5.7% 17.2% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 6.969
a
 6 .324 

Likelihood Ratio 6.832 6 .337 

N of Valid Cases 87   

a. 2 cells (16.7%) have expected count less than 5. The minimum 

expected count is 2.93. 
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C. RIGHT CORONARY ARTERY 

 

GradingoFcoll * Age cat Crosstabulation 

 Age cat Total 

>60 yrs ≤ 60 yrs 

GradingoFcoll 

Absent 

Count 15 16 31 

% within GradingoFcoll 48.4% 51.6% 100.0% 

% within Age cat 22.1% 18.0% 19.7% 

% of Total 9.6% 10.2% 19.7% 

Poor 

Count 6 11 17 

% within GradingoFcoll 35.3% 64.7% 100.0% 

% within Age cat 8.8% 12.4% 10.8% 

% of Total 3.8% 7.0% 10.8% 

Good 

Count 32 27 59 

% within GradingoFcoll 54.2% 45.8% 100.0% 

% within Age cat 47.1% 30.3% 37.6% 

% of Total 20.4% 17.2% 37.6% 

Excellent 

Count 15 35 50 

% within GradingoFcoll 30.0% 70.0% 100.0% 

% within Age cat 22.1% 39.3% 31.8% 

% of Total 9.6% 22.3% 31.8% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 7.247
a
 3 .064 

Likelihood Ratio 7.360 3 .061 

N of Valid Cases 157   

a. 0 cells (.0%) have expected count less than 5. The minimum 

expected count is 7.36. 
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GradingoFcoll * lesionlocation 

 

Crosstab 

 
lesionlocation Total 

Proximal Middle Distal 

GradingoFcoll 

Absent 

Count 15 10 7 32 

% within GradingoFcoll 46.9% 31.3% 21.9% 100.0% 

% within lesionlocation 21.7% 15.4% 21.9% 19.3% 

% of Total 9.0% 6.0% 4.2% 19.3% 

Poor 

Count 4 11 3 18 

% within GradingoFcoll 22.2% 61.1% 16.7% 100.0% 

% within lesionlocation 5.8% 16.9% 9.4% 10.8% 

% of Total 2.4% 6.6% 1.8% 10.8% 

Good 

Count 20 28 17 65 

% within GradingoFcoll 30.8% 43.1% 26.2% 100.0% 

% within lesionlocation 29.0% 43.1% 53.1% 39.2% 

% of Total 12.0% 16.9% 10.2% 39.2% 

Excellent 

Count 30 16 5 51 

% within GradingoFcoll 58.8% 31.4% 9.8% 100.0% 

% within lesionlocation 43.5% 24.6% 15.6% 30.7% 

% of Total 18.1% 9.6% 3.0% 30.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 15.230
a
 6 .019 

Likelihood Ratio 15.441 6 .017 

N of Valid Cases 166   

a. 1 cells (8.3%) have expected count less than 5. The minimum expected 

count is 3.47. 
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GradingoFcoll * Sex 

Crosstab 

 Sex Total 

Female Male 

GradingoFcoll 

Absent 

Count 7 25 32 

% within GradingoFcoll 21.9% 78.1% 100.0% 

% within Sex 22.6% 18.5% 19.3% 

% of Total 4.2% 15.1% 19.3% 

Poor 

Count 4 14 18 

% within GradingoFcoll 22.2% 77.8% 100.0% 

% within Sex 12.9% 10.4% 10.8% 

% of Total 2.4% 8.4% 10.8% 

Good 

Count 15 50 65 

% within GradingoFcoll 23.1% 76.9% 100.0% 

% within Sex 48.4% 37.0% 39.2% 

% of Total 9.0% 30.1% 39.2% 

Excellent 

Count 5 46 51 

% within GradingoFcoll 9.8% 90.2% 100.0% 

% within Sex 16.1% 34.1% 30.7% 

% of Total 3.0% 27.7% 30.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 3.837
a
 3 .280 

Likelihood Ratio 4.215 3 .239 

N of Valid Cases 166   

a. 1 cells (12.5%) have expected count less than 5. The minimum 

expected count is 3.36. 
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GradingoFcoll * DoMinance 

Crosstab 

 DoMinance Total 

Co-dominance Left Right 

GradingoFcoll 

Absent 

Count 2 10 20 32 

% within GradingoFcoll 6.3% 31.3% 62.5% 100.0% 

% within DoMinance 25.0% 50.0% 14.5% 19.3% 

% of Total 1.2% 6.0% 12.0% 19.3% 

Poor 

Count 0 0 18 18 

% within GradingoFcoll 0.0% 0.0% 100.0% 100.0% 

% within DoMinance 0.0% 0.0% 13.0% 10.8% 

% of Total 0.0% 0.0% 10.8% 10.8% 

Good 

Count 3 6 56 65 

% within GradingoFcoll 4.6% 9.2% 86.2% 100.0% 

% within DoMinance 37.5% 30.0% 40.6% 39.2% 

% of Total 1.8% 3.6% 33.7% 39.2% 

Excellent 

Count 3 4 44 51 

% within GradingoFcoll 5.9% 7.8% 86.3% 100.0% 

% within DoMinance 37.5% 20.0% 31.9% 30.7% 

% of Total 1.8% 2.4% 26.5% 30.7% 

 

Chi-Square Tests 

 Value df Asymp. Sig. (2-

sided) 

Pearson Chi-Square 16.654
a
 6 .011 

Likelihood Ratio 16.910 6 .010 

N of Valid Cases 166   

a. 6 cells (50.0%) have expected count less than 5. The minimum 

expected count is .87. 
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APPENDIX C 

STATISTICAL ANALYSIS IN PATIENTS WHO HAD LEFT VENTRICULOGRAPHY 

 
Frequency Table 

Sex 

 Frequency Percent Valid Percent Cumulative 

Percent 

 

Female 25 25.8 25.8 25.8 

Male 72 74.2 74.2 100.0 

Total 97 100.0 100.0  

 

DoMinance 

 Frequency Percent Valid Percent Cumulative 

Percent 

 

Co-dominance 3 3.1 3.1 3.1 

Left 13 13.4 13.4 16.5 

Right 81 83.5 83.5 100.0 

Total 97 100.0 100.0  

 

lesionlocation 

 Frequency Percent Valid Percent Cumulative 

Percent 

 

Proximal 44 45.4 45.4 45.4 

Middle 37 38.1 38.1 83.5 

Distal 16 16.5 16.5 100.0 

Total 97 100.0 100.0  

 

GradingoFcoll 

 Frequency Percent Valid Percent Cumulative 

Percent 

 

Absent 16 16.5 16.5 16.5 

Poor 13 13.4 13.4 29.9 

Good 35 36.1 36.1 66.0 

Excellent 33 34.0 34.0 100.0 

Total 97 100.0 100.0  
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Oneway 

Descriptives 

EF   

 N Mean Std. Deviation Std. Error 95% Confidence Interval for 

Mean 

Minimum Maximum 

Lower Bound Upper Bound 

Absent 16 50.388 17.6187 4.4047 40.999 59.776 19.4 74.3 

Poor 13 47.000 12.0475 3.3414 39.720 54.280 29.4 66.3 

Good 35 60.511 18.8730 3.1901 54.028 66.995 18.7 84.7 

Excellent 33 69.961 13.8473 2.4105 65.051 74.871 29.7 88.4 

Total 97 60.245 18.1421 1.8421 56.589 63.902 18.7 88.4 

ANOVA 

EF   

 Sum of Squares df Mean Square F Sig. 

Between Groups 6952.769 3 2317.590 8.746 .000 

Within Groups 24644.412 93 264.994   

Total 31597.180 96    

 
Post Hoc Tests 

Multiple Comparisons 

Dependent Variable:   EF   

 (I) 

GradingoFcoll 

(J) 

GradingoFcoll 

Mean 

Difference (I-

J) 

Std. Error Sig. 95% Confidence Interval 

 
Lower Bound Upper Bound 

Tamhane 

Absent 

Poor 3.3875 5.5287 .991 -12.334 19.109 

Good -10.1239 5.4386 .362 -25.402 5.154 

Excellent -19.5731
*
 5.0211 .004 -33.948 -5.199 

Poor 

Absent -3.3875 5.5287 .991 -19.109 12.334 

Good -13.5114
*
 4.6197 .036 -26.417 -.606 

Excellent -22.9606
*
 4.1201 .000 -34.720 -11.201 

Good 

Absent 10.1239 5.4386 .362 -5.154 25.402 

Poor 13.5114
*
 4.6197 .036 .606 26.417 

Excellent -9.4492 3.9984 .121 -20.314 1.415 

Excellent 

Absent 19.5731
*
 5.0211 .004 5.199 33.948 

Poor 22.9606
*
 4.1201 .000 11.201 34.720 

Good 9.4492 3.9984 .121 -1.415 20.314 

*. The mean difference is significant at the 0.05 level. 
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Nonparametric Correlations 

Correlations 

 GradingoFcoll EF 

Spearman's rho 

GradingoFcoll 

Correlation Coefficient 1.000 .478
**
 

Sig. (2-tailed) . .000 

N 97 97 

EF 

Correlation Coefficient .478
**
 1.000 

Sig. (2-tailed) .000 . 

N 97 97 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 

APPENDIX D 
A. RAW DATA IN PATIENTS WITH ANTERIOR INTERVENTRICULAR 

BRANCH OBSTRUCTION 

 

S/N Age Sex Branching  Dominance Lesion location  Grading of coll EF (%) 

1 

  F B R 12 0   

2 

53 M B L 12 0   

3 

  F B L 15 1,2   

4 

49 M B R 16 1   

5 

45 M B R 15 2   

6 

77 F B R 12 2   

7 

37 M T R 12 2   

8 

53 M B L 12 1   

9 

48 M B R 14 3   

10 

51 M B  co 12 1   

11 

55 M B R 14 1   

12 

51 M B Co 12 1   

13 

33 M B R 12 0   

14 

64 F B R 12 0   
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S/N Age Sex Branching  Dominance Lesion location  Grading of coll EF (%) 

15 

54 M B R 13 0   

16 

  M B R 12 0   

17 

77 F B R 12 2 43.6 

18 

56 M B L 15 0 19.4 

19 

31 M B R 13 1   

20 

45 M B R 13 2 31 

21 

61 M B R 12 1 29.4 

22 

59 F B R 12 3 85.3 

23 

32 M B R 12 2   

24 

54 M B R 12 0   

25 

52 F B R 12 0   

26 

63 M B R 12 3 67.2 

27 

70 M B R 13 3   

28 

44 M B R 12 2   

29 

51 M B Co 13 0   

30 

56 M B R 12 3 35 

31 

52 M B L 12 2   

32 

  M B R 12 2   

33 

  M B L 12 3 29.9 

34 

37 M B L 12 1   

35 

73 M B R 13 3 81 

36 

61 M T R 15 2   

37 

55 M B R 13 2   

38 

  F T R 13 0 63.3 

39 

87 M B R 12 2   
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S/N Age Sex Branching  Dominance Lesion location  Grading of coll EF (%) 

40 

66 M B L 12 2 82.8 

41 

49 M B R 15 2   

42 

62 M B L 13 2   

43 

65 F B R 13 1   

44 

68 M B R 15 0   

45 

38 M B R 12 3   

46 

67 F B R 13 3 85.9 

47 

66 M T R 12 3   

48 

45 M T R 12 3   

49 

65 M B L 15 2   

50 

65 F B R 12 3   

51 

78 F B R 12 2   

52 

58 M B R 12 3 72.4 

53 

41 M B R 13 0   

54 

53 M B R 13 2   

55 

59 M B R 13 0   

56 

45 M B R 13 3   

57 

56 M B R 13 0   

58 

70 M B R 13 0   

59 

65 M B R 12 0   

60 

47 M B R 12 2 72.7 

61 

67 M B R 12 3 64.2 

62 

60 F B R 12 2 34.1 

63 

68 M B R 13 0   

64 

61 M B R 16 1   
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S/N Age Sex Branching  Dominance Lesion location  Grading of coll EF (%) 

65 

61 M T R 12 2 48 

66 

62 M B R 13 3   

67 

61 M B R 15 0 74.3 

68 

52 M B R 13 0 26.7 

69 

69 F B R 16 2 84.3 

70 

62 F B R 13 2 44.7 

71 

68 M B L 12 0   

72 

55 M B R 12 0   

73 

48 M B R 13 2   

74 

74 M B R 12 2,3   

75 

50 F B R 13 0   

76 

71 M B R 12 3 86.5 

 

B. RAW DATA IN PATIENTS WITH CIRCUMFLEX BRANCH OBSTRUCTION 

 

S/N Age Sex Branching  Dominance Lesion location Grading of coll 

 

EF(%) 

1 

59 F T R 19a 2 

72.8 

2 

49 M B L 19 2 

18.7 

3 

57 M B R 19 1 

66.3 

4 

86 F B R 18 2 

84.7 

5 

71 M B R 18 0 

 

6 

53 M T R 18 1 

61.7 

7 

  M B R 23 1 

 

8 

54 F B L 21 2 

79.8 

9 

60 M T R 18 3 

 

10 

62 M B L 19a 1 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll 

 

EF(%) 

11 

55 M B R 18 0 

 

12 

83 F B L 18 2 

 

13 

49 M T R 18 2 

 

14 

51 M B R 19a 3 

 

15 

43 F B L 19 1 

 

16 

71 M B R 18 3 

74.7 

17 

56 M T R 19a 3 

 

18 

83 M B R 19 0 

 

19 

59 M B R 19 0 

47.8 

20 

64 F B R 18 0 

 

21 

52 M B R 19 0 

57.5 

22 

45 M T R 18 0 

61.7 

23 

68 M B R 18 0 

 

24 

63 F B R 20 0 

 

25 

64 M B R 18 0 

 

26 

55 M B R 19 3 

64.2 

27 

62 F B R 18 0 

55.8 

28 

  F B R 19a 0 

 

29 

52 F B R 18 2 

54.3 

30 

  M B R 18 3 

 

31 

51 M B Co 21 2 

64.4 

32 

52 F B R 18 0 

 

33 

48 M B R 19a 3 

73.4 

34 

50 F T R 20 3 

68.1 

35 

63 M B R 19 0 

 

36 

72 F B R 19 0 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll 

 

EF(%) 

37 

56 M B R 19 1 

35 

38 

59 M B R 20 0 

 

39 

70 M B R 20 3 

 

40 

  M B L 19 2 

29.9 

41 

53 M B L 19 2 

54 

42 

54 M B L 19a 3 

 

43 

63 M B R 19 0 

 

44 

50 M B R 18 0 

57.9 

45 

75 F B L 18 0 

 

46 

  M B L 18 2 

 

47 

61 M B R 20 0 

30.9 

48 

61 M B L 23 2 

 

49 

63 F B co 20 2 

74.9 

50 

  M B R 21 2 

34.1 

51 

67 M B L 19 1 

45.5 

52 

78 M B R 19a 2 

60.9 

53 

65 F B R 18 1 

58.8 

54 

62 M B L 19 3 

 

55 

65 F B R 20 2 

 

56 

59 M B L 23 2 

 

57 

63 M B R 19 2 

 

58 

73 M B R 21 1 

 

59 

69 M B R 20 2 

 

60 

46 F B L 23 2 

 

61 

62 F B R 23 0 

27.9 

62 

51 M B R 18 2 

79.6 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll 

 

EF(%) 

63 

52 F B L 23 1 

44.3 

64 

51 M B R 18 0 

 

65 

71 F B R 18 0 

66.6 

66 

49 F B R 19 1 

 

67 

43 M B R 19 3 

 

68 

70 M B R 18 0 

 

69 

45 M T R 20 1 

61.2 

70 

50 M B R 19a 0 

65.4 

71 

61 M B R 19 3 

 

72 

50 M B R 18 3 

 

73 

57 M B R 18 1 

 

74 

65 M B R 19 0 

29.3 

75 

  M B R 18 0 

 

76 

74 M B L 19 0 

 

77 

61 M B R 21 1 

 

78 

59 M B L 19a 3 

29.7 

79 

61 M T R 21 2 

 

80 

62 M B R 21 1 

 

81 

83 F B R 18 1 

 

82 

67 F B R 18 0 

 

83 

  M B R 19 2 

67.9 

84 

53 M B L 20 1 

 

85 

  M B R 19 2 

 

86 

57 F B R 18 2 

 

87 

52 M B R 19a 2 
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C. RAW DATA IN PATIENTS WITH RIGHT CORONARY ARTERY 

OBSTRUCTION 

S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

1 

63 M B R 3 2 

19.2 

2 

57 M B R 2 2 

 

3 

73 M B R 2 3 

71.5 

4 

58 M Q R 2 3 

60.6 

5 

61 M B R 2 2 

 

6 

66 M B R 1 2 

63.1 

7 

77 F B R 2 2 

 

8 

  M B R 3 2 

 

9 

76 F B R 5 2 

 

10 

63 M B R 2 2 

 

11 

42 M B R 3 2 

 

12 

77 F B R 2 2 

 

13 

65 F B R 3 2 

 

14 

61 M B R 5 1 

49.9 

15 

53 M B R 1 3 

 

16 

44 M B R 2 1 

 

17 

54 F B L 1 3 

79.8 

18 

61 M B R 1 3 

 

19 

56 M B R 1 3 

 

20 

  F B co 3 2 

 

21 

61 M B R 2 2 

 

22 

53 M B L 2 0 

 

23 

56 M B co 1 0 

 

24 

47 M B R 2 1 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

25 

55 M B R 3 2 

 

26 

59 M B R 1 2 

 

27 

43 M B R 2 1 

 

28 

46 M B R 1 0 

 

29 

  M B R 1 2 

 

30 

54 F B R 2 2 

 

31 

77 F B Co 2 3 

 

32 

63 M B R 2 2 

68.1 

33 

57 M B L 1 0 

 

34 

48 M T R 2 3 

 

35 

58 M B R 3 2 

 

36 

52 M B R 2 2 

 

37 

68 M B L 1 0 

 

38 

41 M B R 1 3 

 

39 

59 M B R 1 0 

 

40 

50 M B L 1 0 

 

41 

66 F T R 1 3 

 

42 

48 M B R 2 2 

 

43 

52 M B R 4 2 

57.5 

44 

49 M B R 3 0 

 

45 

80 M B R 2 0 

 

46 

45 M T R 1 3 

61.7 

47 

74 M B R 1 2 

49.5 

48 

80 M B R 1 2 

 

49 

52 M T R 2 2 

 

50 

68 M B R 1 2 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

51 

64 M B R 1 2 

 

52 

55 M B R 2 1 

64.2 

53 

53 M B R 2 2 

 

54 

56 M B L 2 0 

19.4 

55 

44 M B R 3 0 

57.7 

56 

39 M B R 2 1 

44.9 

57 

60 F B L 2 0 

56.1 

58 

44 M B R 4 2 

 

59 

67 M B R 2 2 

48.4 

60 

51 M B Co 1 3 

64.4 

61 

55 M B R 2 3 

 

62 

63 M B R 2 3 

67.2 

63 

61 F B R 1 3 

84.4 

64 

48 M B R 2 3 

73.4 

65 

  M T L 1 2 

 

66 

72 M B R 3 2 

 

67 

50 F T R 2 2 

68.1 

68 

44 M B R 2 3 

 

69 

55 M B R 1 2 

71.3 

70 

51 M B Co 1 3 

 

71 

48 M B R 2 3 

 

72 

73 F B R 1 0 

 

73 

57 M B L 2 0 

 

74 

56 M B R 1 1 

35 

75 

  M B R 2 0 

 

76 

73 M B R 2 0 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

77 

54 M B R 1 3 

72.6 

78 

60 M T R 1 3 

 

79 

60 M B R 2 3 

55.7 

80 

62 M B Co 2 0 

 

81 

37 M B L 2 2 

 

82 

77 M B R 1 3 

77.6 

83 

68 F B R 3 0 

 

84 

58 M B R 1 3 

54.4 

85 

53 F B R 2 3 

76.3 

86 

47 M B R 3 3 

59.3 

87 

66 M B R 3 3 

 

88 

41 M B R 4 3 

74.6 

89 

68 M B R 1 2 

63.8 

90 

61 M B L 1 3 

 

91 

63 M B R 1 3 

 

92 

63 F B co 2 2 

74.9 

93 

57 M B R 3 3 

 

94 

55 M B R 1 0 

 

95 

74 M B R 1 1 

 

96 

45 M B R 1 2 

 

97 

50 M B R 2 1 

 

98 

51 M T L 1 0 

68.7 

99 

  M B R 4 1 

34.1 

100 

61 F B R 1 2 

76.2 

101 

57 F B R 1 2 

38.8 

102 

69 M B R 2 2 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

103 

49 M B R 1 3 

 

104 

65 F B R 3 1 

58.8 

105 

58 M B L 2 0 

 

106 

62 M B L 1 2 

 

107 

60 M B R 2 1 

30.3 

108 

72 F B R 2 1 

 

109 

65 F B R 4 0 

 

110 

68 M B R 1 0 

 

111 

38 M B R 2 3 

 

112 

50 M B R 1 3 

 

113 

73 M B R 1 2 

 

114 

55 M B R 1 2 

 

115 

93 F B R 1 0 

 

116 

70 M B R 2 2 

 

117 

57 M B  R 1 3 

74.2 

118 

49 M B R 1 0 

 

119 

65 M B L 2 2 

 

120 

62 F B R 4 0 

27.9 

121 

66 M B R 3 2 

70.2 

122 

55 M B R 1 0 

 

123 

59 M B R 1 3 

 

124 

62 M B L 1 0 

58.4 

125 

63 M B R 2 2 

 

126 

70 F T L 2 2 

 

127 

65 M B R 2 3 

78.9 

128 

67 F B R 2 0 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

129 

66 M B R 2 1 

43.3 

130 

59 M B R 1 3 

 

131 

  M B R 3 2 

82.6 

132 

47 M B R 2 2 

72.7 

133 

53 M B R 1 3 

69.8 

134 

35 M B R 1 2 

 

135 

65 M B R 1 3 

61.8 

136 

61 M T R 1 0 

48 

137 

56 M B R 2 3 

 

138 

57 M B R 2 2 

 

139 

62 M B R 2 1 

 

140 

54 F B Co 2 2 

63 

141 

55 M B R 1 1 

 

142 

67 M B R 4 2 

 

143 

64 M B R 4 3 

88.4 

144 

59 M B L 2 2 

29.7 

145 

65 M B R 1 2 

 

146 

63 M B R 1 3 

 

147 

83 F B R 2 2 

 

148 

60 M B R 2 2 

82.8 

149 

52 F B R 2 1 

40.4 

150 

59 M B R 1 3 

 

151 

57 M B R 1 3 

81.1 

152 

56 M B L 1 3 

76.7 

153 

46 F B R 4 2 

 

154 

53 M B L 1 3 
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S/N Age Sex Branching  Dominance Lesion location Grading of coll EF(%) 

155 

66 M B R 3 0 

 

156 

46 M B R 1 2 

60 

157 

67 M T R 3 2 

 

158 

29 M B R 4 2 

 

159 

42 F T R 1 1 

 

160 

56 M B R 1 3 

 

161 

68 M B R 3 0 

 

162 

55 M B R 2 3 

82.2 

163 

  M B R 2 3 

80.5 

164 

71 M B R 1 3 

86.5 

165 

68 M B R 1 2 

 

166 

  F T R 2 2 
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