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THE BURDEN OF CORONARY ARTERY DISEASE IN THE CURRENT ERA 

Despite major achievements in its management, coronary artery disease still 

constitutes one of the greatest problems in health care. In 2008, ischemic heart 

disease accounted for more than 7 million (12.8%) deaths worldwide.1 In addition, 

mortality is much higher in some countries than in others. In Indonesia, the age-

standardized mortality is more than 150 deaths per 100,000 inhabitants compared 

to approximately 60 deaths per 100,000 inhabitants in the Netherlands (UN 

database 2008). This means that in Indonesia with a total population of more than 

230 million,2 every year approximately 350,000 patients die due to ischemic heart 

disease! The morbidity burden due to coronary artery disease is expected to rise 

from around 47 million disability-adjusted life years (DALYs) globally in 1990 to 82 

million DALYs in 2020.3 These facts imply that efforts should continue to be 

devoted to achieve lower mortality and morbidity due to coronary artery disease.  

The most significant burden of mortality and morbidity of coronary artery disease is 

due to the sudden occlusion of coronary arteries causing ST-elevation myocardial 

infarction (STEMI) and consequent sudden cardiac death or eventual chronic 

cardiac dysfunction (heart failure). Despite the current recognition of the 

importance of early and sustained reperfusion by either medication or 

revascularization, we still have to deal with time delay to reperfusion. During this 

time period, patients have a high risk of life threatening complications and 

irreversible damage to the myocardium takes place. We can imagine the potential 

benefit to the patient if, as soon as acute coronary occlusion occurs, there is an 

alternative pathway to redirect blood flow to the jeopardized myocardium. In the 

heart, we know that there is indeed sometimes such a pathway, namely coronary 

collateral circulation. 

CORONARY COLLATERALS: UNRESOLVED ISSUES 

Although interest on coronary collateral circulation has begin decades before, not 

until recently coronary collaterals regain its attention in the cardiovascular 

management.4 Several important studies have been done to elaborate the 

functional aspect of the collateral circulation, however, mostly in stable coronary 
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artery disease. Some efforts have also been done to assess the collateral 

circulation in gaining its beneficial impact for coronary artery disease.  

Nevertheless, some conflicting opinions on occurrence and function of coronary 

collaterals remain. Do the not-maximally-grown collateral vessels sufficiently 

perfuse the jeopardized myocardium? Have the daily-used angiographic visible 

collaterals beneficial relevance in the prognosis of patients with coronary artery 

disease? Have the collaterals a beneficial role in acute coronary events? These 

are only some of the remaining questions that should be addressed. Another 

important issue is the reason of inter-individual difference in the occurrence of 

collaterals. Clinical determinants cannot completely explain this phenomenon. 

Differences in genetic background has been proposed in this regard.5  

This thesis aims to elaborate some issues in the occurrence and functional impact 

of coronary collaterals in coronary artery disease.  

THESIS OUTLINE 

The thesis begins with two reviews on current knowledge on the role of collaterals 

in coronary artery disease (chapter two) and on the formation of collateral vessels 

(chapter three). Subsequently we address the issue of the function of collaterals in 

myocardial perfusion and the prognosis of patients with stable coronary artery 

disease in chapter four and five. In chapter six, seven, and eight we present our 

studies on the population of patients with acute coronary events. Here we 

elaborate the timing of collateral appearance during the acute ST-elevation 

myocardial infarction (chapter six), evaluate the importance of ischemic time 

(chapter seven) and examine the impact of the collateral presence during acute 

myocardial infarction despite of the factor of ischemic time and area at risk (chapter 

eight). Chapter nine and ten address the question on how certain genetic 

background might be associated with the presence of collaterals.  
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ABSTRACT 

Collaterals potentially offer an important alternative source of supply when the 

original vessels fail to provide sufficient blood. Current knowledge on coronary 

collaterals has grown. Several studies have revealed evidence of the role of 

collateral circulation in coronary artery disease (CAD) in both stable conditions and 

acute coronary events.  This is a literature review of the role of collateral circulation 

in CAD. We discuss the concept of spontaneous and recruitable coronary 

collaterals, the role of collaterals in CAD for both stable conditions and acute 

coronary events, and relevant issue of collaterals and percutaneous coronary 

intervention. 
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INTRODUCTION 

Despite evidence of obstructed coronary arteries, patients with coronary artery 

disease (CAD) treated conservatively (with optimal medication therapy) do not 

exhibit any difference in prognostic outcome compared to those who have 

undergone revascularization.1, 2 Only one third of those patients treated with 

medication subsequently need revascularization for symptom control or due to 

worsening ischemia.1 This diversity in clinical outcome and ischemic tolerance may 

partly be explained by the presence of collaterals in coronary circulation. 

Collaterals potentially offer an important alternative source of supply when the 

original vessels fail to provide sufficient blood. Current knowledge on coronary 

collaterals has grown. Several studies have revealed evidence of the role of 

collateral circulation in CAD in both stable conditions and acute coronary events.  

In this paper, we review the role of collateral circulation in CAD. We discuss the 

concept of spontaneous and recruitable collaterals, the role of collaterals in CAD 

for both stable conditions and acute coronary events, and relevant issue of 

collaterals and percutaneous coronary intervention. 

SPONTANEOUS COLLATERALS VS. RECRUITABLE COLLATERALS 

Coronary collateral is an anastomotic connection without an intervening capillary 

bed between portions of the same coronary artery or between different arteries. 

Various methods for assessing coronary collaterals have been developed. 

Coronary collaterals can be assessed angiographically or physiologically. Both 

methods require the presence of a pressure gradient through coronary occlusion, 

either naturally occurring or artificially created.  

In natural coronary occlusion, collaterals are more frequently assessed 

angiographically. Collaterals that are readily visible during angiography are 

described as spontaneous collaterals.  First described in an angioplasty model, a 

scoring system proposed by Rentrop is widely used for semi-quantified collateral 

assessment in naturally occurring coronary occlusions. This scoring system is 

based on the grade of contrast-filling of the stenotic epicardial artery retrogradely 

through collateral vessels; and are graded as: 0 = no filling, 1 = faintly visible 
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collaterals with filling of branches but no filling of the distal stenotic artery; 2 = 

collaterals partially filling the branches of the stenosed artery; 3 = complete 

collateral filling of the stenosed artery.3 

In contrast to spontaneously visible collaterals, recruitable collaterals require 

coronary occlusion temporarily created using balloon angioplasty. During balloon 

angioplasty, the presence of collaterals can be assessed angiographically or 

physiologically using a sensor-tipped angioplasty guidewire. Pijls et al. first 

described this method for quantitative measurement of recruitable collateral flow in 

humans.4 The theoretical basis is that the velocity or perfusion pressure (greater 

than central venous “back” pressure) obtained distal to an occluded stenosis 

originates from collaterals. The amount of flow via collaterals (pressure or velocity 

derived) is calculated as a fraction of the flow via normally patent vessels and is 

quantified as a collateral flow index (CFI).5 The pressure derived CFI is determined 

by simultaneous measurement of mean aortic pressure (Pao), mean distal 

coronary occlusive pressure (Poccl), and central venous pressure (CVP): 

 = 		
					� 

 = ( − )
( − )  

Velocity derived CFI is measured by obtaining distal occlusive coronary flow 

velocity (Voccl) and coronary flow velocity during vessel patency (Vфoccl) taken at 

the same location and following occlusion induced reactive hyperemia:  

 = 		
					� 

 = 	 VocclVфoccl 

The degree of collateral appearance (i.e. no appearance at all, recruitable during 

occlusion, spontaneously visible) is significantly related to the degree of coronary 

stenosis and - relevantly – occlusion pressure (Table 1). Spontaneous collaterals 
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mostly occur with a stenosis diameter of more than 90%. Gradual value differences 

in stenosis diameter were observed between a group without collaterals and group 

with recruitable collaterals. Within the group with recruitable collaterals, there was 

also a gradual difference in stenosis diameter percentage between CFI < 0.25 and 

CFI ≥ 0.25 (59 ± 33% vs. 69 ± 34%, P < 0.0001).6 A similar trend of gradual 

change of value was also observed in the coronary wedge (occlusion) pressure 

(Pw) and collateral resistance (Table 1).  

Table 1. Degree of collateral appearance in relation to hemodynamic parameters. 

Study 
Hemodynamic 
parameters 

Degree of collateral appearance 

None Recruitable Spontaneous 

Van Liebergen et 
al.7 

(n = 63 patients 
with 1-vessel 
disease) 

% diameter 
stenosis 

70 ± 7 81 ± 10 96 ± 11 

Pw, mmHg 22 ± 8 30 ± 10 45 ± 13 

Rcoll, mmHg/cm 44.0 ± 34.9 22.6 ± 31.4 6.9 ± 3.8 

Pw/Pao 0.24 ± 0.08 0.33 ± 0.12 0.45 ± 0.11 

Meier B 8 

(n = 57 coronary 
arteries in 49 
patients) 

% diameter 
stenosis 

82 ± 16 83 ± 10 95 ± 6 

Pw, mmHg 18 ± 4 36 ± 12 41 ± 12 

Recruitable collaterals are defined as collaterals not visible (grade 0-1 Rentrop) before balloon occlusion but visible 
(grade 2-3 Rentrop) during balloon occlusion. Spontaneous collaterals are defined as collaterals visible (grade 2 -3) 
before balloon occlusion. Pw = coronary wedge pressure, Rcoll = collateral resistance, Pao = aortic pressure 

The gradual change of hemodynamic values gives an indication that the degree of 

collateral appearance (none, recruitable or spontaneous) is in fact a reflection of 

physiological transition; apart from the inherent capacity of having preformed 

collaterals and on developing collaterals. 

COLLATERALS IN STABLE CORONARY ARTERY DISEASE 

Coronary collaterals are present in approximately 30% of patients with stable 

CAD.6, 9 Collateral flow has been shown to have a significant role in the correlation 

with severity of angina. A 10-year angiographic follow-up study demonstrated 

collateral growth correlated with reduced angina. Collateral flow capacity increased 

over three-fold in patients with improved angina, whereas collateral flow remained 

constant in subjects without angina improvement.10 
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A question may be raised concerning the method of collateral assessment in 

regard to sufficient flow to prevent myocardial ischemia. Pijls et al revealed that the 

physiologically measured recruitable collaterals accurately predict the occurrence 

of ischemia on an electrocardiogram during balloon inflation (area under receiver 

operating curve 0.97).4  In contrast, angiographic spontaneous collaterals had 

weaker values in predicting ischemic pain (area under receiver operating curve 

0.64). The angiographic assessment of spontaneous collaterals was limited by 

wide inter-observer variation. Nowadays, measuring CFI is regarded as the 

reference method for determining functional collateral flow. Cut-off CFI at 0.25 has 

a significant discriminative value in predicting ischemia. In a study of 403 patients 

with stable CAD, the occurrence of ST-segment change during balloon occlusion 

was significantly lower in the groups with CFI ≥ 0.25 than in the group with CFI < 

0.25 (25% vs. 86%).11 

Collaterals – both recruitable (measured physiologically) and spontaneous – have 

been shown to have a prognostic benefit against future cardiac ischemic events. 

Regieli et al. have shown that within two years of follow up 92% of patients with 

spontaneous collaterals (angiographic) compared to 84% patients without 

collaterals survived free from myocardial infarction (MI), cardiac death and non-

scheduled revascularisation.9 The protective effect granted by collaterals appeared 

not to vary significantly across the group with different extents of coronary disease. 

Meier et al. revealed that sufficient recruitable collateral flow (CFI > 0.25) saves 

lives in patients with chronic stable CAD.6 Depending on the exact amount of 

collateral flow recruitable during a brief coronary occlusion, long-term cardiac 

mortality is reduced to one quarter compared with the situation without collateral 

supply. Mortality in the presence of well-developed collaterals continues to 

diminish beyond a follow-up of 5 years, which can be explained by the increasing 

importance of the natural bypasses during the progression of CAD.  

COLLATERALS IN MYOCARDIAL INFARCTION 

Collaterals have been shown to be readily recruitable during acute balloon 

occlusion. In humans with angiographically normal coronary arteries, one fifth to 

one quarter have functional recruitable collaterals (CFI ≥ 0.25) and almost all of 
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these did not reveal any signs of myocardial ischemia during balloon occlusion.12 

This implies that a proportion of patients may have collaterals readily developed 

during acute coronary occlusion in the event of myocardial infarction. In a series of 

patients presenting acute myocardial infarction within 12 hours (n = 248), 37% had 

collaterals during angiography.13 In another cohort of patients with acute ST-

elevation MI presenting within < 6 hours (n = 1059), the prevalence of collaterals 

Rentrop grade 1 and 2-3 was 36% and 10% respectively.14 

Meisel et al. found a CFI of 0.35 ± 0.13 (range 0.11 – 0.7) in patients with acute MI 

presenting within 24 hours.15 Interestingly, the CFI in acute MI exhibited a 

Gaussian distribution similar to that observed by Pohl et al. in chronic CAD,16 but 

with a higher proportion (70%) of patients having a CFI > 0.25. This finding 

reflected the fact that in acute MI pressure was measured after several hours of 

occlusion, a much longer period than for elective patients (only minutes of balloon 

occlusion).  

The presence of collaterals during acute MI begs the question as to whether this 

presence in fact plays a beneficial role in terms of limiting infarct size, preserving 

ventricular function, limiting infarction complications and, finally, improving the 

prognosis of patients with acute MI. A number of studies have addressed these 

issues and most – but not all – of them have provided positive results.  

Elsman et al. revealed that the presence of angiographically visible collaterals – in 

particularly when Rentrop grade 2-3 is present - during acute MI has a protective 

effect on enzymatic infarct size and on hemodynamic conditions before and after 

revascularization.14 This beneficial effect was particularly evident in left anterior 

descending coronary artery-related infarcts. They included 1,059 patients with ST-

elevation MI who presented within 6 hours after the onset of symptoms and 

underwent primary PCI. The findings support the hypothesis that the presence of 

collateral flow in the first hours after acute coronary occlusion plays an important 

role in sustaining jeopardized myocardium until reperfusion is accomplished,  

Findings by Habib et al. from the cohort of Thrombolysis in Myocardial Infarction 

(TIMI) Phase I also support the assertion that the presence of collaterals during 
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acute MI is associated with limiting infarct size (as assessed enzymatically) and 

improved ventricular function on discharge.17 Their observations included 125 

patients in whom thrombolytic therapy fails to result in reperfusion. They observed 

the same effect for both anterior and non-anterior infarct location. The limitation of 

infarct size through the presence of collaterals was also observed when infarct size 

was assessed with cardiac magnetic resonance imaging.18 

Using myocardial contrast echocardiography with intra-coronary injections, Sabia 

et al. studied the relationship between myocardial viability and collateral blood flow 

in 43 patients with recent myocardial infarctions (average 12 days post MI).19 With 

their sophisticated technique, they showed that with the presence of collateral flow, 

the myocardium in an infarcted bed remains potentially viable for a prolonged 

period despite the occluded infarct-related artery. Patients with good collateral flow 

had significantly better ventricle wall motion after angioplasty than those with poor 

collateral flow.  

Regarding the role of collaterals in complications of MI, several studies have 

provided positive results. Hirai et al. documented the role of collaterals in limiting 

the incidence of left ventricular aneurysm formation after acute MI (58% vs. 10% 

for poor and good collateral flow respectively).20 This may be explained, at least in 

part, by the fact that well-developed collateral flow maintains the number of islands 

of viable heart muscle amidst the infarct area, thereby reinforcing its tensile 

strength and preventing aneurysm formation.  

Pretre et al. have evaluated the frequency of collateral blood flow in the infarct-

related coronary artery with the rupture of the ventricular septum after acute MI (n 

= 33).21 The major finding of their study was the discovery that post-MI ventricular 

septal rupture occurred on a particularly vulnerable myocardium made abruptly 

ischemic by the occlusion of a coronary artery.  The myocardium was not protected 

by collateral blood flow and not prepared by ischemic preconditioning.  

Pérez-Castellano et al. found higher in-hospital mortality in patients with anterior 

MI and without collaterals despite treatment with angioplasty within 6 hours onset 

(23% vs. 8% - in patients without collaterals vs. with collaterals).22 This beneficial 
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effect was contributed through protection from cardiogenic shock (26% vs. 6%) 

and malignant arrhythmia (21% vs. 9%). Its role in limiting infarct size seems to be 

taken into account in this acute life-saving benefit of collaterals.  

Whether collaterals have a role in preventing out-of hospital sudden death due to 

coronary occlusion has not yet demonstrated. Nevertheless, arrhythmia as one of 

the causes of sudden death due to coronary occlusion may be prevented by the 

presence of collaterals. Acute alleviation of myocardial ischemia by collateral 

circulation during abrupt vessel occlusion may prevent electrical instability. Meier et 

al. have shown evidence that collateral circulation prevents QT prolongation during 

a brief coronary occlusion, indicating its protective mechanism against myocardial 

electrical instability.23 

Despite the positive findings of the role of collateral flow regarding infarct size and 

acute adverse events after MI, studies aiming to investigate its role in determining 

long-term outcome have failed to find the same result. In the study of Elsman et al, 

the 1 year survival rates post-primary PCI for collaterals grade 0, 1 and 2-3 were 

95.0%, 96.2% and 97.2%, respectively.14 Gohlke et al. found that collateral 

presence (during angiography within one year) after an anterior Q-wave MI is 

associated with more severe left ventricular dysfunction and more cardiac events 

in the 8-year follow up.24 Their data also shows that collaterals are related to more 

severe coronary stenosis. Interpreting this result cautiously, the presence of 

collaterals found after MI may simply reflect the severity of the disease (lower 

ejection fraction and more severe stenosis/impaired antegrade flow), which in turn 

is a major adverse factor for prognosis.  

The investigators of the Occluded Artery Trial (OAT) studied the influence of the 

presence of collateral flow to the territory of the infarct-related artery on the long-

term clinical outcomes including mortality, reinfarction and hospitalization for class 

IV heart failure.25 They found that the cumulative 60-month event rates were higher 

in those without collaterals than with collaterals (22.7 vs. 16.9 respectively). This 

primary outcome was mostly due to a higher incidence rate of mortality and heart 

failure events. Nevertheless, they concluded after multivariate analysis that 

collateral presence was not an independent predictor. 
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The studies cited above were not without limitations concerning interpretation. The 

cohort in the study by Elsman et al. achieved a high percentage survival rate in 

patient outcomes. This reflected the high success rate for outcome of early 

intervention (< 6 hours) which may outweigh the benefit from collaterals. In 

addition, collaterals may regress after revascularization.26 The cohort of the OAT 

trial represents patients who were already “selected” after 3 days of infarction. It 

also excluded patients in cardiogenic shock and with 3-vessel disease, angina at 

rest or severe ischemia on a stress test; which may represent patients with poor 

collaterals. The proportion of patients without visible collaterals in this study (only 

11.6%) was much lower than that reported in another cohort with acute ST-

elevation MI (53%).14 

In another side of the argument, it is also plausible to assume that collateral flow 

that have developed after the process of infarction is complete may no longer have 

any protective benefit. Considering the limitations of the results from the studies 

and the arguments above, we believe conclusive evidence for the protective role of 

collaterals in the long-term outcome after MI has not yet been achieved. 

COLLATERALS AND PERCUTANEOUS CORONARY INTERVENTION 

Revascularizations re-establish antegrade flow in the previously stenotic lesion in 

coronary vessels. This removes the pressure gradient along the vessels. 

Theoretically, the principal driving force for collateral flow is removed. Do 

collaterals further regress or diminish? Or do they still maintain residual flow which 

may compete with the antegrade flow and increase the risk of restenosis in the 

main vessels? We will elaborate on this issue in the next section. 

The study performed by Werner et al. provides evidence of immediate regression 

of collateral function after successful recanalisation of a CTO.26 In 21 patients, CFI 

dropped below 50% of its baseline value (from 0.48 ± 0.25 to 0.21 ± 0.16) 

immediately after recanalisation, with no further change within 24 hours. 

Approximately 81% of patients before and 20% after PCI had collateral flow with 

CFI > 0.30. Angiographically, 76% of the patients had Rentrop 3 collateral flow 

before PCI and none were visible after PCI. Later, another report from the same 
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group revealed that in the follow up at approximately 5 months, there was also no 

further change.27 In contrast, collateral resistance increased 82% immediately after 

recanalisation and further increased to 273% at follow-up.  

Interestingly, in 10 patients with re-occlusion, the collateral function recovered to 

the same level of baseline before the first recanalisation (CFI 0.43 ± 0.28 and 0.42 

± 0.26, at re-occlusion and at baseline before first recanalisation respectively). 

Overall, these important studies indicate that collateral function in patients with 

CTO regresses after recanalisation, with the potential for functional recovery in 

case of gradual re-occlusion.  

In contrast to the findings for patients with CTO, in patients with non-occlusive 

stenotic lesions CFI tended to increase or remain immediately after PCI.28, 29 

However, after 6 months the CFI reached the same level as those with occlusive 

lesions.29 This may represent acute collateral recruitment at the time of PCI after 

exposure to prolonged and repeated ischemia stimuli in the non-occlusive lesion; 

whereas collaterals were in their most developed state in CTOs.  After a longer 

time, the collaterals reached their preformed state for both occlusive and non-

occlusive lesions.  

The degree of collateral regression was variable and partly dependent on collateral 

size. In larger collateral vessels, collateral function was best preserved, both 

immediately after recanalisation and at follow up.27 Would this “residual” collateral 

function be a risk factor for restenosis after PCI?  

The issue of higher risk of restenosis due to the presence of collaterals is 

supported by the findings of several studies. Probst et al. found patients with 

angiographically visible collaterals had a higher incidence of restenosis after 4 to 7 

months than those without (46% vs. 26%).30 A similar finding was found in patients 

who underwent primary PCI.31 Wahl et al. found that patients with restenosis had a 

higher CFI than those without (0.26 ± 0.14 vs. 0.12 ± 0.09).32 Jensen et al. found 

that CFI was an independent predictor of restenosis after 9 months of bare metal 

stent implantation.33 

It is plausible to presume that pressure equilibrium intracoronary may be dynamic 
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and delicate depending on rest and hyperemic states and on arterial recoiling at 

the angioplasty/stent site. The presence of sufficient flow from collaterals may 

compete with the antegrade flow. Higher coronary wedge pressure (mostly 

contributed to by the collateral retrograde flow) as obtained during balloon 

occlusion has been shown to be associated with the risk of restenosis.34 The 

competing hemodynamic forces at the traumatized site may alter shear stress, 

platelet wash off, accumulation of thrombus and/or platelets with the release of 

various growth factors and stimuli to endothelial proliferation, thus favouring a 

restenotic milieu.35 

Contradicting the above studies, the argument arises concerning whether 

concurrent flow from collaterals would be sufficient to compete with the antegrade 

flow after recanalisation. Investigating this argument, Werner et al. explained the 

results in their study on the influence of collateral flow on the risk of restenosis and 

reocclusion after CTO recanalisation.36 They found no difference in CFI between 

patients with and without target vessel failure. This study comprised a highly 

sufficient sample (n= 106) and high events rates (target vessel failure 52%) yet 

they excluded patients without spontaneously visible collaterals. Despite the 

distribution variation of CFI in the cohort, a number of patients with poor collaterals 

and subsequently less restenosis was ignored and selection bias may have 

occurred. The incidence of target vessel failure in this cohort (52%) was higher 

than in the other report. The Mayo group reported an incidence of target lesion 

revascularization of 13% at 6 months and 17% at 1 year during the stent era (n = 

482).37 The PRISON II trial (n=200) reported a rate of target lesion 

revascularization of 8% (sirolimus stent) to 22% (bare metal stent).38 

CONCLUSION 

Collateral circulation is a dynamic circulation mainly determined by the pressure 

gradient in the presence or removal (by recanalisation) of stenotic lesions in 

coronary arteries. Both spontaneous collaterals and recruitable collaterals have 

been shown to provide a beneficial role in stable CAD in terms of protection from 

ischemia and for the long-term prognosis. In acute myocardial infarction, collaterals 

can limit infarct size and acute complications of infarction. Nevertheless, the 
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prognostic role of collaterals in the long term after infarction is still in question.   
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ABSTRACT 

To appreciate the role of collateral circulation in the heart, it is essential to 

understand the dynamics of collateral growth. Functional collateral circulation is the 

result of adaptive growth of vessels in certain stimulating conditions. This is a 

process distinct from the other mechanisms for vessel formation, i.e. 

vasculogenesis and angiogenesis. This is a literature review on the mechanism for 

collateral growth (arteriogenesis) with a brief review of vasculogenesis and 

angiogenesis.  
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INTRODUCTION 

Collateral circulation has been shown to have a significant role in coronary artery 

disease. To appreciate the role of collateral circulation in the heart, it is essential to 

understand the dynamics of collateral growth. Not only is this important for 

appreciating the role of collaterals, but also to establish a basic understanding of 

the development of coronary collaterals for treatment. 

Functional collateral circulation is the result of adaptive growth of vessels in certain 

stimulating conditions. Collaterals grow from a pre-existent arteriolar network 

through an active process of vessel remodelling in response to arterial occlusion. 

This is a process distinct from the other mechanisms for vessel formation, i.e. 

vasculogenesis and angiogenesis. 

This paper focuses on the mechanism for collateral growth (arteriogenesis) with a 

brief review of vasculogenesis and angiogenesis.  

From avascular state to vascular plexus: vasculogenesis and angiogenesis  

In its earliest phase, an embryo grows in a non-vascular state and receives 

nutrition by diffusion. Later, through a complex regularity, the embryo undergoes 

rapid transformation into a completely vascularized state. Its further survival then 

depends on its vascular network. This forms and grows through three distinct 

processes, namely vasculogenesis, angiogenesis and arteriogenesis.  

Vasculogenesis starts when a focal collection of mesodermal cells forms a “blood 

island” in the yolk sac.1 The inner part of this population of cells differentiates into 

hematopoietic precursor; and the outer part into primitive endothelial cells. This 

formation constitutes the primary vascular plexus. At an age of 7.5 days post 

coitus, yolk sacs of mice have become vascularised.2 

After the primary vascular plexus has formed, more endothelial cells are 

generated. New capillaries are formed. This occurs through sprouting or 

intussusception from their origin vessels in a process termed angiogenesis.3 

Sprouting begins with proteolytic degradation of the extracellular matrix, followed 

by chemotactic migration and proliferation of endothelial cells, formation of a lumen 
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and maturation into a new functional vessel. Intussusception is a process of the 

splitting of pre-existing vessels by transcapillary pillars or posts of extracellular 

matrix.4  

Both sprouting and intussusceptive angiogenesis occur simultaneously and are 

involved in the vascularisation of organs or tissues such as the lung, heart and yolk 

sac during development. The emerging vascular plexus grows rapidly into a 

mature system comprising large and small vessels. The vascular wall matures: i.e. 

the basal lamina is modified, pericytes and smooth muscle cells differentiate and 

elastogenesis begins in elastic arteries. 

In a mature system, the endothelium become more resistant to external factors 

and remains quiescent, even for a period of years. Endothelial cells naturally go 

through apoptosis and regression; varying over time and site-specific depending 

on the function and type of vessels and physiological and/or pathological 

stimulation.5  Although initially independent of circulation, the vascular system is 

later shaped by hemodynamic-generated forces, for example the shear stress. The 

hemodynamic forces in the vessels become the main factor for vessel remodelling. 

An increase in blood flow leads to vessel lumen enlargement so that more blood 

supply can be accommodated; and, inversely, occlusion over the long term causes 

vessel regression. This adaptation is piloted mainly by the endothelium.6, 7 

Arteriogenesis initiated as adaptive remodelling 

In certain conditions of stress such as arterial occlusion, the small pre-existent 

connecting vessels will grow and mature into conductance vessels. This is an 

adaptive response to accommodate blood flow through new pathways to the 

organ. These natural bypasses are of arterial tissue composition, and are called 

collateral arteries.  

A mature collateral is the result of active vessel growth through a process called 

arteriogenesis.8 The arteriogenic substrates are pre-existing arterioles of 30-50 µm 

internal diameter that can grow on demand to more than 25 times their original 

size. Arteriogenesis is triggered by physical forces. A high grade coronary stenosis 

decreases the intra-arterial pressure at the distal site of the culprit lesion, resulting 
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in an increased pressure gradient across the pre-existing collateral network.9 This 

change in the hemodynamic milieu causes increased collateral blood flow and 

resultant increased shear stress at the site of the pre-existing collateral. Shear 

stress leads to endothelial activation and arteriogenesis subsequently commences.  

From studies of animals using a femoral artery occlusion model, arteriogenesis can 

be divided into 4 stages: initiation, proliferation, synthesis/migration and 

maturation.10 The initial phase starts minutes after arterial occlusion with the 

activation of the endothelial cells by shear stress. Schaper proposed that shear 

stress leads first to the activation and expression of all nitric oxide synthase 

isoforms and nitric oxide (NO) production.11 This is followed hours later by the 

induction and/or upregulation of adhesion molecules – mainly the monocyte 

chemoattractant protein-1 (MCP-1) – and the subsequent adhesion of blood 

monocytes. The proliferation phase (1-3 days after occlusion) is characterized by 

maximal mitotic activity in the endothelial cells, smooth muscle cells (SMCs) and 

fibroblast. The synthetic/migration phase (3-14 days) is characterized by the most 

significant growth, down-regulation of the mitotic but initiation of synthetic and 

proteolytic activity in SMCs. The lamina elastica interna, the main barrier to SMC 

migration, is digested and fragmented by the elastolytic enzymes, facilitating 

positive remodelling. The remodelling process is much more prominent in larger 

animals where the final size is accordingly larger: In a large dog a coronary 

collateral artery grows from an initial 40 µm to about 1 mm in diameter.8 In this 

phase, monocyte recruitment has ceased and adhesion molecules are no longer 

expressed. The phase of maturation (between 14 days and 21 days after 

occlusion) is characterized by low levels of proliferation, migration and proteolytic 

activity and restoration of most SMCs to the contractile phenotype.  

Collateral growth stops prematurely; without achieving the maximal blood flow 

conductance of the artery before occlusion. When maximal vasodilation is induced 

in an isolated blood perfused canine heart after months of chronic coronary 

occlusion without infarction, about 30% of the conductance of the normal vascular 

bed is reached.12 A somewhat higher result is obtained in the rabbit (50%).13 
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Mechanical signal coupling to humoral responses 

Shear stress is the force per unit area created when a tangential force (blood flow) 

acts on a surface (endothelium).14 There should be a communication pathway that 

translates the physical forces to the biological activity (mechanotransduction). 

Nowadays, it is accepted that mechanotransduction occurs through a 

‘decentralized subcellular mechanisms model’ (Figure).14 This model proposes that 

mechanical stress applied at the cell surface is transmitted throughout the cell via 

the cytoskeleton and, independently or in concert, is transduced into chemical 

activities at distant subcellular sites. 

 

Figure. The decentralized model of endothelial mechanotransduction by shear stress. External physical 
forces deform the outermost interface between cell and shear flow (A) which results in immediate 
deformation of the cytoskeleton. This distortion is transmitted to the junctional signalling (B), adhesion 
site to the extracellular matrix (C) and the nucleus compound (D). Adapted by permission from 
Macmillan Publishers Ltd: Nat Clin Pract Cardiovasc Med Hemodynamic shear stress and the 
endothelium in cardiovascular pathophysiology, copyright 2009.  

Tension changes are transmitted throughout the cell by distorting the cytoskeleton. 

This model is based on the cellular tensegrity concept explained by Ingber DE.15 

Tensegrity (tensional integrity) is a building principle that was first described by the 

architect R. Buckminster Fuller  to define structures that stabilize their shape by 

continuous tension.16 In the cellular model, cells stabilize their shape by generating 

their own internal tension stress in the cytoskeleton, which is balanced by internal 

microtubule struts and external extracellular matrix adhesions. The cellular 

response to stress may differ depending on the level of tension in the cell, much 
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like tuning a guitar string alters the tone it creates when strummed.  

The coupling of force to chemical activity occurs simultaneously at multiple 

locations; at the cellular junction, adhesion site to the extracellular matrix and 

nucleus compound. At multiple subcellular sites, fast responses include the 

activation of ion channels located in the luminal membrane, intracellular calcium 

ion release, cleavage of membrane phospholipids, changes in membrane fluidity 

and the phosphorylation of various proteins, all of which activate secondary 

signalling pathways.14 

The mechanotransduction signal results in various humoral responses. NO is 

released as a transmitter to the SMCs resulting in acute dilation of the vessel.17 

MCP-1 and adhesion molecules are upregulated to attract and bind the circulating 

monocytes.8 The marked accumulation of monocytes indicates inflammation as a 

paradigm of arteriogenesis. 

The recruited monocytes infiltrate the endothelial barrier and destroy the media, 

using proteinases and death factors (TNF-α).18, 19 Activated endothelial 

simultaneously releases other growth factors. Other growth factors that are 

potentially involved in the process of collateralisation in the heart are the fibroblast 

growth factor, macrophage-colony stimulating factors, vascular endothelial growth 

factors (VEGF) and the transforming growth factor. 20-24 Growth factors working in 

concert result in a proliferation of smooth muscle cells and, subsequently, arteriole 

enlargement. SMCs differentiate to contractile phenotypes.25 The developing 

arteries are provided with interstitial matrix components which are important for 

their viscoelastic properties (elastin and fibrillin-2) and structural strength (collagen 

and fibrillin-1). 

The role of ischemia in collateral growth 

Apart from the wide acceptance of shear stress as the initiator of collateral growth, 

several researchers have argued that ischemia initiates the process. It is proposed 

that transient and repetitive ischemia induced collateral development is – at least in 

part – mediated by reactive oxygen species. 26 The argument against the exclusive 

role of shear stress is also derived from the acceptance that a hypoxia-inducible 
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factor has a role in both angiogenesis and arteriogenesis. 27, 28 

Challenging this opinion, Deindl et al. revealed that collateral growth can occur 

under non-ischemic conditions and is not dependent on VEGF, the factor that is 

mostly induced by hypoxia.29 In addition, a strong argument against the role of 

ischemia stems from recent research into zebrafish where the occlusion of the 

aorta is rapidly compensated for by collateral vessel growth in the absence of a 

hypoxic and ischemic environment.30 

Conclusion 

Vessel formation and growth occur through distinct mechanisms, namely 

vasculogenesis, angiogenesis and arteriogenesis. Collateral growth is a dynamic 

process of arteriogenesis; initiated mainly by shear stress which is transduced to 

humoral signals resulting in luminal expansion of pre-existing small arterioles. With 

conflicting opinions, the role of ischemia in initiating collateral growth is thus far still 

debateable. 
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ABSTRACT  

Background – Collateral growth during coronary occlusion stops prematurely 

without achieving the maximal blood flow conductance of the coronary artery 

before occlusion. It is still a remaining question whether the mature collateral 

vessels provide sufficient perfusion to the myocardium. Our study aimed to 

evaluate whether the presence and extent of coronary collaterals are related to the 

regional myocardial perfusion in patients with chronic total or subtotal coronary 

occlusions.  

Methods –This study included 52 patients with total or subtotal chronic coronary 

occlusion who underwent stress-rest 99mTc-sestamibi myocardial perfusion imaging 

and coronary angiography within 6 months. Analysis was done to 75 myocardial 

territories with TIMI 0 or 1 coronary flow.  

Results – All myocardial territories with Rentrop 0 angiographic collateral grade 

had non-reversible defects; while 15% of those with Rentrop 1, 27% of those with 

Rentrop 2, and 35% of those with Rentrop 3 had functional perfusion (normal or 

reversible defects) (P = 0.038).  

Conclusion – Presence and extent of coronary collaterals are related to the 

perfusion of the regional myocardium, which they supply in patients with chronic 

total or subtotal coronary occlusion. Nevertheless, only 27 – 35% of well-

developed collaterals provide functional perfusion. 
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BACKGROUND 

Collateral circulation potentially offers an important alternative source of blood 

supply when the native coronary arteries fail to provide sufficient perfusion to the 

myocardium. It has been shown that coronary collaterals – either measured 

physiologically1 or assessed angiographically2 – have beneficial role in the 

prognosis of patients with stable coronary artery disease. 

Collateral recruitment is triggered when a sufficient pressure gradient occurs 

across a stenosis of the coronary artery. Collateral arterioles subsequently 

undergo a dynamic process of growth which stops prematurely without achieving 

the maximal blood flow conductance of the coronary artery before occlusion.3 It is 

still a remaining question whether the mature collateral vessels provide sufficient 

perfusion to the myocardium.4 Results from previous studies did not provide 

conclusive evidence yet.5-7  

We therefore conducted a study that aimed to evaluate whether the presence and 

extent of coronary collaterals are related to the regional myocardial perfusion in 

patients with chronic total or subtotal coronary occlusions.  

SUBJECTS AND METHODS 

This study included patients with chronic total or subtotal coronary occlusion who 

underwent stress – rest 99mTc-sestamibi myocardial perfusion imaging and 

coronary angiography within 6 months. We selected consecutively patients who 

were referred from the period between 2006 and 2007 to the National 

Cardiovascular Center Harapan Kita Hospital, Jakarta, Indonesia for the 

consideration for elective revascularization. The inclusion criteria were patients 

who had coronary lesions with Thrombolysis in Myocardial Infarction (TIMI) 0 or 

TIMI 1 flow. Exclusion criteria were recent (1 month) myocardial infarction, 

previous coronary by-pass surgery, underwent percutaneous coronary intervention 

or had acute coronary syndrome in the period between both assessments.  

Collateral assessment 

Coronary collaterals were evaluated angiographically and graded by the degree of 
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filling of the vessel beyond the coronary stenosis according to the Rentrop 

classification:8 grade 0 = no visible filling, grade 1 = contrast medium passes 

through collateral channels but fails to opacify the epicardial vessel at any time, 

grade 2 = contrast material enters but fails to opacify the target epicardial vessel 

completely, and grade 3 = contrast material enters and completely opacifies the 

target epicardial vessel. The angiographic assessment was done by two 

investigators (S.S. and S.N.), and in case of disagreement a third opinion was 

obtained. Angiographic assessment was done before collecting the data from 

myocardial perfusion imaging so that the collateral grading was done blinded to 

imaging results. 

Myocardial perfusion 

Myocardial perfusion was assessed using stress – rest 99mTC-sestamibi study with 

single-photon emission computed tomography (SPECT) imaging. Stress phase 

used adenosine that infused intravenously at a dose of 140 µg/kg/min for 6 min.  

Tracer 99mTc-sestamibi was injected at the third minute of infusion, and SPECT 

was performed 1 hour later. Patients were instructed to stop beta-blockers and 

calcium channel antagonists medication 48 hours, nitrates 6 hours and caffeine-

containing products 24 hours before the study.  

SPECT images were acquired with a circular 180° acquisition for 64 projections at 

25 s/projection. A 15% window centered on the 140-keV peak was used. SPECT 

images were processed digitally using 4D-MSPECT v4.2 (Siemens Medical 

Solutions, Inc.) software. Myocardial tomogram was assessed quantitatively in 

circumferential profile and was divided in 17 segments.9 Afterward, those 

segments were grouped into three vessel territory: left anterior descending 

coronary artery (LAD) territory = segments 1, 2, 7, 8, 13 and 14; right coronary 

artery (RCA) territory = segments 3, 4, 9, 10 and 15; and left circumflex coronary 

artery (LCX) = segments 5, 6, 11, 12 and 16 (Figure 1). Sub-segment 17 (apical 

cap) was not used due to high variability in blood supply which may occurs here.  
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Figure 1. Left ventricular segmentation and assignment to the coronary artery territories. LAD indicates 
the myocardial territory which are perfused by the left descending coronary artery; RCA, by right 
coronary artery; LCC, by left circumflex coronary artery. Adapted by permission from Wolters Kluwer 
Health: Circulation Standardized myocardial segmentation and nomenclature for tomographic imaging 
of the heart: a statement for healthcare professionals from the Cardiac Imaging Committee of the 
Council on Clinical Cardiology of the American Heart Association, copyright 2002.9 

Perfusion of each territory was quantified digitally on the basis of tracer uptake 

using 5-point scoring system (0 = normal, 1 = equivocal, 2 = moderate, 3 = severe 

reduction of radioisotope uptake, and 4 = absence of detectable tracer uptake). 

Perfusion of each territory was graded into non-reversible defect (defined as stress 

– rest score combinations of 4 – 4, 4 – 3, 3 – 3, 3 – 2, or 2 – 2), reversible defect 

(score combinations of 4 – 2, 4 – 1, 4 – 0, 3 – 0, 3 – 1, 2 – 1, or 2 – 0) and normal 

perfusion (score combinations of 1 – 0 or 0 – 0).10 Summed stress score (SSS) and 

summed rest score (SRS) were calculated by adding the 17 segment scores of the 

stress and rest images, respectively. The sum of the differences between each 

segments on the stress and rest images was defined as the summed difference 

score (SDS).  

The presence of diabetes mellitus was based on self-reported use of diabetes 

medication, or a previous record of a fasting plasma glucose concentration ≤ 126 

mg/dL (7 mmol/L), or a non-fasting serum glucose > 200 mg/dL (11 mmol/L). 

Hypertension was based on self-reported use of antihypertensive medication or a 

previous record of a systolic blood pressure > 140 mmHg and/or a diastolic blood 

pressure > 90 mmHg. Dyslipidemia was defined as a total cholesterol > 240 

mg/dL, or self-reported use of lipid-lowering medication before admission. Informed 

consent was obtained from all patients. The study protocol was reviewed and 
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approved by the ethical committee of the hospital.  

Statistical analysis 

In order to compare the baseline characteristics, patients were categorized 

according to collateral presence: i.e. Rentrop 0 or 1 vs. Rentrop 2 or 3. Differences 

between groups were assessed using Chi-square or Fisher’s exact test for 

categorical variables. Continuous variables were evaluated using t-test or Mann 

Whitney U test (for non-parametric variables). 

To evaluate the role of coronary collaterals in the regional myocardial perfusion, 

we assessed the association between collaterals grade and myocardial perfusion 

grade using the Mantel-Haenszel linear-by-linear association chi-squared test. The 

Rentrop grade of collaterals was treated as an ordinal variable. A two-sided P 

value of ≤ 0.05 was considered statistically significant. Data were analyzed using 

Statistical Package for the Social Science 15.0 (SPSS Inc., Chicago, US).  

RESULTS 

Fifty-two patients were included in the study. The median duration between 

coronary angiography and myocardial perfusion imaging was 7 days (ranged 1 day 

to 119 days). Forty-eight (92.3%) patients underwent coronary angiography prior to 

myocardial perfusion imaging. The prevalence of previous myocardial infarction 

was similar between Rentrop 0-1 and Rentrop 2-3 group (Table 1). There was also 

no difference in the medication usage for anti-ischemic and vasodilator in both 

groups. 

There was no difference in left ventricular ejection fraction both in stress and rest 

state between both groups (Table 2). The summed rest score was lower in patients 

with Rentrop 2-3 than those with Rentrop 0-1 collateral grade. The summed stress 

score tend to be lower in patients with Rentrop 2-3. 
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Table 1. Baseline characteristic of the patients.  

  All Rentrop 0-1 Rentrop 2-3 
P 

value 

Patients, n 52 15 37  

Age, years 57.3 ± 7.9 57.3 ± 8.3 57.2 ± 6.1 0.06 

Female 3 (6) 1 (7) 2 (5) 0.86 

Diabetes mellitus 17 (33) 5 (33) 12 (32) 0.95 

Smoker  26 (50) 8 (53) 18 (50) 0.83 

Dyslipidemia  29 (56) 12 (80) 17 (46) 0.03 

Hypertension  25 (48) 6 (40) 19 (52) 0.46 

Previous  MI 38 (73) 12 (80) 26 (70) 0.47 

Previous  PCI 6 (12) 3 (20) 3 (8) 0.22 

Angina pectoris 35 (73) 11 (73) 24 (73) 0.82 

Diseased number of vessels: 

1-vessel 11 (21) 4 (27) 7 (19) 
0.65 

2-vessels 15 (29) 5 (33) 10 (27) 

3-vessels 26 (50) 6 (40) 20 (54)  

Medication     

Nitrate 40 (77) 12 (80) 28 (76) 0.74 

Beta-blocker 29 (56) 10 (67) 19 (51) 0.31 

Calcium antagonist 10 (19) 3 (20) 7 (19) 0.93 

ACE-inhibitor 27 (52) 6 (40) 21 (57) 0.27 

MI = myocardial infarction, PCI = percutaneous coronary intervention, ACE = angiotension-converter enzyme. Data are 
presented as mean ± standard deviation or n (%). 

Table 2. The global myocardial perfusion parameters in all patients and in stratified groups 
according to collateral presence. 

Variables  All Rentrop 0-1 Rentrop 2-3 
P 

value 

Patients, n 52 15 37  

 LVEF rest 32 (24 – 56) 34 (30 – 60) 31(22 – 54) 0.30 

 LVEF stress 34 (27 – 54) 34 (27 – 66) 38 (25 – 53) 0.80 

 LVEF reserve 3 (-2 – 6) 0 (-5 – 5) 3 (0 – 8) 0.35 

 SSS 24 (13 – 28) 27 (20 – 32) 19 (12 – 27) 0.06 

 SRS 19 (8 – 27) 26 (17 – 29) 16 (8 – 26) 0.05 

 SDS 3 (1 – 7) 3 (1 – 5) 3 (1 – 7) 0.92 

LVEF = left ventricular ejection fraction, LVEF reserve = LVEF stress – LVEF rest, SSS = summed stress score, SRS 
= summed rest score, SDS = summed difference score. Data are presented in median (25º-75º percentile). 
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Regional myocardial perfusion  
Analysis to assess the regional myocardial perfusion was conducted for 75 

myocardial territories of which blood flow was compromised due to total or subtotal 

occlusion of their native vessels. They comprised 25 (33%) LAD territories, 20 

(27%) LCX territories and 30 (40%) RCA territories. Figure 2 shows distribution of 

the regional myocardial perfusion across the collateral grade. All myocardial 

territories without collateral flow (Rentrop 0) had non-reversible defects. Two of 13 

(15%) territories with Rentrop 1 collateral flow had normal perfusion, the remaining 

were non-reversible defects. Eight of 30 (27%) territories with Rentrop 2 flow had 

functional perfusion (4 with normal perfusion and 4 reversible defects). Eight of 23 

(35%) territories with Rentrop 3 had functional perfusion (6 with normal perfusion 

and 2 reversible defects). The ordinal association between the Rentrop grade and 

the regional myocardial perfusion was significant (P = 0.038). 

Figure 2. Prevalence of the myocardial perfusion grade in each collateral grade. 

DISCUSSION 

Results of current study show a better regional myocardial perfusion in the 

presence of angiographic collateral blood flow in patients with total or subtotal 

occlusion coronary artery. Rentrop 2-3 collateral flows provided 27 to 35% 

functional perfusion (ischemic or normal perfusion) to the jeopardized myocardium. 

Various extent of ventricular function can be present despite of chronic total 

coronary occlusion. Collateral function was better in patients with coronary 

occlusion but normal regional ventricular function than in those with impaired 
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regional function.11 Collateral presence maintains the regional blood flow reserve in 

the better ventricular region.12 It has also been suggested from a study of patients 

with recent myocardial infarction that presence of collateral blood flow can 

preserve viability of the myocardium.13  

Our finding is in line with previous studies. In a study using exercise thallium 201 

imaging, Iskandrian et al. revealed that myocardial defect size is higher in those 

without collateral than with collateral presence.14 A significant correlation between 

angiographic collaterals and myocardial protection from ischemia has also been 

reported by Wainwright et al.15 During increased oxygen consumption, the 

vasodilator reserve tends to be more maximally utilized in the presence of well 

developed collateral circulation.16 

Different results have been revealed from other investigations. In a SPECT study 

by Aboul-Enein et al. in patients with chronic total occlusion of a single coronary 

artery and no prior myocardial infarction, there was no difference on number of 

both non-reversible and reversible segments between patients with Rentrop 3 and 

patients with Rentrop 1 or 2 collaterals.6 He et al. also found that collateral 

presence was not associated with the extent of defect reversibility in the 

myocardial perfusion imaging of patients underwent myocardial SPECT study.7  

The reason of the discrepant results is not clear. It may result from the variability in 

assessment of the myocardial perfusion. While we used the digital quantification 

for the measurement of tracer uptake, the others used visual analysis.6, 7 The 

digital perfusion quantification method utilizes a statistically defined database of 

normal and abnormal patients to be used as a pattern to compare the current study 

population. This method has been extensively validated and proven to be clinically 

valuable in standardizing and objectifying myocardial perfusion scans.17 

Furthermore, it has been shown to be more reproducible than the visual 

interpretation.18  

Our current study revealed that only 35% of excellent angiographic collateral 

(Rentrop 3) might provide functional perfusion. This implies that angiographic 

collateral presence is not always related with viable myocardium in chronic 
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coronary occlusion. It has been shown that collateral presence cannot be used as 

a predictor for myocardial viability or recovery of left ventricular function.19, 20  

To appreciate the results of current study, certain limitations should be noted. 

Firstly, it did not exclude patients with previous myocardial infarction. The 

substantial high prevalence of non-viable myocardial territories might be due to the 

occurrence of previous myocardial infarction. Whether the collateral presence 

preserves viability during occurrence of the infarction events13 or maintains 

perfusion during the chronic hypoperfusion12 is not explained from this study. The 

second limitation in this study is the angiographic method of collateral assessment. 

This method may underestimate the presence of collateral filling to the vessels with 

diameter less than 0.5 mm.21 Thirdly, myocardial uptake of the technetium-99m 

sestamibi may overestimates the myocardial blood flow at low coronary flow 

rates.22 This effect is most pronounced in myocardium with preserved viability, but 

is markedly decreased in non-viable myocardium. Thus, presence of normal 

perfusion, particularly in low-grade collateral flow, might be overestimated. 

In conclusion, presence and extent of coronary collaterals are related to the 

perfusion of the regional myocardium, which they supply in patients with chronic 

total or subtotal coronary occlusion. Nevertheless, only 27 – 35% of well-

developed collaterals provide functional perfusion. 
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ABSTRACT 

Background – The recruitment of coronary collateral vessels results from an 

endogenous adaptation to ischemic heart disease (IHD). Presence of collaterals 

may exert protection at the time of acute or chronic obstructive coronary disease. 

The protective role of collaterals in patients with extensive coronary artery disease 

however, has been disputed. We examined the effects of coronary collateral 

circulation on cardiovascular outcomes, with an emphasis on clinical prognostic 

value and on a putative role of IHD burden. 

Methods – Data analyzed were obtained in the REGRESS study, involving 879 

male participants undergoing coronary angiography and being followed for 24 

months. Presence of coronary collaterals spontaneously visible on angiography 

was assessed. Events included: myocardial infarction (MI), coronary heart disease 

death and percutaneous or surgical coronary intervention. Estimates of relative 

risks of outcome events were calculated using proportional hazard analysis, with 

adjustments for confounding factors and stratification for initial revascularization 

strategy and factors reflecting extent of IHD burden.  

Results – Event-free survival after two years was 84% in patients without 

collaterals, and 92% in patients with collaterals (P = 0.0020). The crude HR was 

0.48 (95% CI: 0.30 - 0.77), and 0.38 (0.23 - 0.65) after adjustment for confounders 

and cardiovascular risk factors. The protective effect of coronary collaterals was 

not modified by the extent of IHD burden (interaction P = 0.99).  

Conclusion – The angiographical presence of coronary collaterals is a clinical 

predictor of cardiovascular prognosis. Collaterals exert a protective effect on 

outcome in a broad spectrum of patients. Our data suggest that this protective 

effect is independent of disease burden, and remains present in patients with 

extensive IHD. 

INTRODUCTION 

Development of adequate collateral blood flow is an important mechanism of 

adaptation upon exposure to in coronary artery disease (CAD).1 Endogenous 

formation of collateral vessels results from molecular and cellular processes 
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involving enlargement (arteriogenesis) of pre-existing intercoronary anastomoses.2 

There is a marked variation in quantity of collateral flow between patients with 

CAD, with some forming collaterals at a substantially higher rate than others. The 

adequacy of collateral flow may substantially influence the occurrence of 

ischemia.3 Notably, in some patients with adequate collateral flow, an acute 

coronary occlusion may be tolerated without signs of ischemia.4 Functional 

observations confirmed that collaterals may preserve cardiac function during acute 

infarction,5-7 may limit infarct size6 and may reduce post-infarct ventricular dilatation 

after 2 years8 and post-infarct aneurysm formation after 4 years.9 Subsequently, by 

exerting functional protection, collateral flow could alleviate the deleterious effects 

of atherosclerosis on morbidity and mortality in the long term. Therefore, the risk of 

future cardiac events could be dependent on the presence or absence of adequate 

collateral circulation, within a group of patients with a given degree of IHD burden.  

However, early data10 suggested that the effect of collaterals may be attenuated in 

the setting of advanced atherosclerotic disease. Subsequently, discrepant findings 

have been reported on the prognostic relevance of collaterals. While a protective 

effect has been consistently demonstrated in patients with a moderate extent of 

CAD (single- or double vessel disease),11, 12 these protective effects on function13, 

14 and mortality were not found in patient groups with more extensive IHD 

burden.15, 16 One explanation for these findings could be that the benefit exerted by 

collaterals was obscured by the harm from extensive atherosclerotic burden. 

Moreover, in such circumstances coronary steal may limit functional protection 

from ischemia.17 A second explanation could be that collateral flow itself might 

become compromised10 in the presence of severe atherosclerotic burden, and 

therefore only moderately effective in restoring blood flow and preventing ischemia 

under these circumstances. Finally, the inconsistencies of previous reports could 

be due to different definitions of collateral circulation.11 Previously a distinction was 

suggested between collateral circulation visible spontaneously, and that visible 

upon recruitment due to coronary occlusion.18 These data suggested that 

collaterals which are spontaneously visible may prevent ischemia in 90% of 

patients upon subsequent coronary occlusion.18  
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The prognostic impact of spontaneously visible collaterals was previously 

demonstrated in patients undergoing coronary revascularization,19, 20 but is 

unknown in a broader spectrum of patients. Consequently, we analyzed the clinical 

predictive value and the protective effect of angiographically visible coronary 

collateral circulation on the occurrence of future cardiac events, additionally 

addressing a putative modifying role of the severity of IHD.21 We therefore 

examined these relations in the overall group and stratified for IHD burden. 

METHODS 

Design and study population 

The population of this study originated from the 884 participants enrolled in the 

Regression Growth Evaluation Statin Study (REGRESS) trial, which was 

conducted between 1991 and 1993 at 11 cardiology centers in the Netherlands. 

The primary objectives of this angiographic trial were to evaluate the effects of 24 

months of 40 mg Pravastatin therapy on the evolution of atherosclerotic lesions 

and cardiac events in patients with proven CAD and normocholesterolemia. Main 

secondary objectives were to evaluate effects of genetic and angiographic 

characteristics on these outcomes.  The trial design and main findings were 

reported previously.22, 23 In brief, all subsequent male patients scheduled for 

elective coronary angiography, less than 70 years of age, non-diabetic and with 

total cholesterol level between 4.0 and 8.0 mmol/L were considered for entry.  After 

randomization patients were scheduled for revascularization by Percutaneous 

Transluminal Coronary Angioplasty (PTCA at entry stratum, n=230) or Coronary 

Artery Bypass Grafting (CABG at entry stratum, n=282), or medical management 

(MM at entry stratum, n=372) at treating physicians’ discretion. Clinical and 

angiographic follow-up was documented after 24 months. Due to loss of 5 baseline 

angiograms, the population for the current analysis comprised 879 patients. The 

trial was approved by the institutional review committee of each of the participating 

institutes; written informed consent was obtained from all participants. 
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Angiographic data 

Participants underwent coronary arteriography at baseline according to a uniform 

previously described22 protocol. Isosorbide dinitrate was administered sublingually 

prior to all study procedures. After completion of the follow-up period, angiograms 

were analyzed by quantitative coronary angiography and visual inspection by two 

experienced cardiologists blinded to the treatment assignment using a 38-segment 

coding system.24 Collaterals were identified at visual inspection of the baseline 

angiograms, and defined to be present if any of the 38 segments was filled by 

visible collateral flow. The extent of atherosclerosis and left ventricular ejection 

fraction were assessed using quantitative coronary angiography and according to 

the area-length method after manual contour tracing respectively, as previously 

described. 22 

Outcome events 

The cohort was followed for 24 months. Either one of the following events was 

considered as an outcome event in the current analyses. (i) MI (fatal or nonfatal): to 

establish a diagnosis of a new MI, two of the following three criteria had to be met: 

characteristic angina 30 minutes in duration, new ischemic Q waves or ST-T–wave 

changes in the electrocardiogram, and elevation of serum creatine kinase–MB (CK-

MB) fraction to 3 times the upper limit of normal.  Effectively, this 3-time elevation 

of CK-MB had occurred in all instances identified as MI in the study. (ii) Coronary 

heart disease death (other than known fatal MI): no known non-atherosclerotic 

cause and presence of cardiac symptoms within 72 hours of death. (iii)  Non-

scheduled PTCA or CABG: PTCA and CABG other than these at enrolment (e.g., 

PTCA in the MM stratum, CABG in the PTCA stratum, second PTCA in the PTCA 

stratum, etc). Events occurring within 24 hours after a scheduled PTCA or CABG 

were not counted. When a PTCA was performed instead of a scheduled CABG or 

a CABG instead of a scheduled PTCA, this procedure was not counted as a 

clinical event. All events were counted for the full 24-month follow-up period. In 

subjects who discontinued the trial prematurely, and for whom no subsequent 

follow-up was available (n=26), events were counted up until the discontinuation 

date. All cardiovascular clinical events were evaluated and identified according to 
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the above guidelines by two physicians blinded for the baseline data. In case of 

disagreement a third physician was consulted and the decision was made based 

on majority of votes.  

Data analysis 

To estimate the relationship between presence of collaterals and outcome events 

during follow-up, hazard ratios (HR) and corresponding 95% confidence intervals 

(CI) were estimated using proportional hazard analysis in SPSS 11.5 for Windows. 

We explored the possible modification of this relationship by severity of 

atherosclerotic burden in a stratified analysis. Therefore, we calculated the HR, 

according to strata of 1-, 2- and 3-vessel disease and strata of a history of MI. In 

addition to crude HRs, adjustment for covariates was applied in three separate 

models. Model 1 comprised age and the prior use of oral nitrates, which were 

considered confounders due to their association with both collaterals and outcome. 

Model 2 comprised age, mean minimum obstruction diameter (MOD), a history of 

MI, the initial revascularization strategy (PTCA, CABG or MM) and use of oral 

nitrates. These covariates reflect the extent of IHD and could also be viewed as 

confounders. Model 3 comprised age, diastolic blood pressure, current smoking, 

low-density lipoprotein, mean MOD, number of vessel disease, history of MI, 

treatment stratum and use of oral nitrates. These covariates were selected based 

on their established role as a risk factor for cardiovascular disease or their 

apparent association with collaterals. 

RESULTS 

Coronary collaterals were present in 263 (30%) out of the 879 patients with an 

available angiogram. Patients with collaterals were slightly older, had more often 

experienced an MI, smaller mean coronary arterial diameters (represented by 

MOD), slightly increased low-density lipoprotein cholesterol levels, and were more 

often treated with bypass grafting (Table 1).  
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Table 1. Baseline characteristics of patients with and without collaterals visible on coronary 
angiography. 

 
Collaterals not 

visible  
(n = 616) 

Collaterals 
visible  

(n = 263) 

P 
value* 

Age (years): mean (SD) 56 (8) 57 (8) 0.043 

Body mass index (kg/m2): mean (SD) 25.9 (2.7) 26.2 (2.5) 0.13 

Smoking ever: n (%) 539 (88%) 234 (89%) 0.54 

Smoking currently: n (%) 161 (26%) 82 (31%) 0.13 

Familial occurrence of heart-disease: n (%) 305 (50%) 121 (46%) 0.36 

Systolic blood pressure (mmHg): mean (SD) 135 (19) 133 (17) 0.16 

Diastolic blood pressure (mmHg): mean 
(SD) 

82 (10) 81 (9) 0.14 

History of hypertension: n (%) 171 (28%) 74 (28%) 0.91 

History of myocardial infarction: n (%) 257 (42%) 159 (61%) <0.001 

Total cholesterol (mmol/L): mean (SD) 6.0 (0.86) 6.12 (0.86) 0.07 

High density lipoprotein (mmol/L): mean 
(SD) 

0.94 (0.23) 0.91 (0.23) 0.16 

Low density lipoprotein (mmol/L): mean (SD) 4.27 (0.78) 4.40 (0.77) 0.019 

Triglycerides (mmol/L): mean (SD) 1.78 (0.77) 1.77 (0.75) 0.86 

Mean segment diameter (mm): mean (SD) 2.76 (0.37) 2.68 (0.37) 0.004 

Minimum obstruction diameter (mm): mean 
(SD) 

1.85 (0.34) 1.54 (0.29) <0.001 

1-vessel disease 302 (49%) 59 (22%) <0.001 

2-vessel disease 197 (32%) 103 (39%)  

3-vessel disease 117 (19%) 101 (38%)  

Intervention stratum: n (%)    

MM 265 (43%) 107 (41%) 

<0.001 CABG 157 (26%) 122 (46%) 

PTCA 194 (32%) 34 (13%) 

Left-ventricular ejection fraction (%): mean 
(SD) 

71.7 (12.0) 67.5 (13.3) <0.001 

Use of oral nitrates: n (%) 330 (54%) 159 (60%) 0.076 

Use of beta-blockers: n (%) 456 (74%) 189 (72%) 0.51 

Use of calcium channel blockers: n (%) 374 (61%) 158 (60%) 0.86 

Pravastatin (randomized allocation): n (%) 310 (50%) 139 (53%) 0.49 

*P-value of Studentized allo, Mann-Whitney, or chi-square test, where appropriate.  n = sample size; SD = standard 
deviation; MM = medical management; CABG = coronary artery by-pass grafting; PTCA = percutaneous transluminal 
coronary angioplasty 
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Notably, among the 616 patients without visible collaterals at baseline, 37 patients 

developed collaterals over the 24-month study duration under study medication. In 

agreement with data described by Rockstroh et al,25 this rate did not vary 

significantly (P = 0.58) by pravastatin (n = 20) or placebo (n = 17) treatment. 

In total, as listed in Table 2, 118 first-events occurred during follow-up of which 96 

in the group without collaterals and 22 in those with collaterals. Event-free survival 

after two years of follow-up was 84.4% in patients without collaterals, and 

significantly higher 91.6% (P = 0.002) in patients with collaterals (figure 1).   

As shown in Table 3, the unadjusted HR was 0.48 (95% CI: 0.30 - 0.77). Applying 

adjustment for confounders and cardiovascular risk factors (model 3), the HR was 

0.38 (0.23 - 0.65). The protective effect exerted by coronary collaterals appeared 

to vary insignificantly across the groups with different extent of coronary disease. 

This is illustrated in Table 3 by the absence of significant variation in HR: patients 

with single-vessel disease and collaterals had an adjusted HR of 0.23 (0.07 - 0.79), 

patients with two-vessel disease and collaterals had an adjusted HR of 0.50 (0.24 - 

1.05), patients with three-vessel disease and collaterals had an adjusted HR of 

0.43 (0.14 - 1.33), statistical significance of interaction P = 0.99. 

Tabel 2. Clinical end-points (number and %) at 24 months in patients with and without collaterals 

 
Collaterals not visible 

(n = 616) 
Collaterals visible 

(n = 263) 

Myocardial infarction 12 (1.9%) 5 (1.9%) 

Fatal MI 2 (0.3%) 0 (0%) 

CHD death 4 (0.6%) 2 (0.8%) 

PTCA 48 (7.8%) 8 (3.0%) 

CABG 30 (4.9%) 7 (2.7%) 

MI = myocardial infarction; CHD = coronary heart disease; PTCA = Percutaneous Transluminal Coronary Angioplasty; 
CABG = Coronary Artery Bypass Grafting. 
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Figure 1. 

Tabel 3. Estimates of cardiovascular risk in presence of coronary collaterals circulation, 
stratified by (A) intervention stratum and (B) number of vessels diseased and (C) history of 
myocardial infarction (MI).  

  
Crude 

HR (95% CI) 

Overall (n = 879) 
0.48 

(0.30 - 0.77) 

A 

Medically Managed 

(n = 372) 

0.55 

(0.28 - 1.05) 

PTCA treated 

(n = 228) 

0.84 

(0.38 - 1.86) 

CABG treated 

(n = 279) 

1.25 

(0.25 - 6.18) 

B 

1-vessel disease  

(n = 361) 

0.34 

(0.10 - 1.08) 

2-vessel disease  

(n = 300) 

0.51 

(0.26 - 1.00) 

3-vessel disease  

(n = 218) 

0.50 

(0.20 - 1.22) 

C 

History of MI  

(n = 416) 

0.56 

(0.32 - 1.00) 

No history of MI  

(n = 463) 

0.31 

(0.12 - 0.77) 

Model 1: adjusted for age and use of oral nitrates. Model 2: adjusted for age, mean MOD, history of MI infarction, 
treatment stratum (Medical, PTCA, CABG), use of oral nitrates. Model 3: adjusted for age, diastolic blood pressure, 
smoking currently, low-density lipoprotein, mean MOD, number of vessel disease, history of MI, treatment stratum 
(Medical, PTCA, CABG), use of oral nitrates. n = sample size; CI = confidence interval; HR = hazard ratio; MOD =  
minimum obstruction diameter; MI = myocardial infarction; PTCA = percutaneous transluminal coronary angioplasty; 
CABG = coronary artery by-pass grafting. 

 

Estimates of cardiovascular risk in presence of coronary collaterals circulation, 
stratified by (A) intervention stratum and (B) number of vessels diseased and (C) history of 

Model 1 

HR (95% CI) 

Model 2 

HR (95% CI) 

Model 3 

HR (95% CI) 

0.49 

(0.31 - 0.79) 

0.43 

(0.26 - 0.72) 

0.38 

(0.23 - 0.65) 

0.53 

(0.27 - 1.01) 

0.39 

(0.19 - 0.78) 

0.35 

(0.17 - 0.72) 

0.86 

(0.39 - 1.91) 

0.48 

(0.20 - 1.13) 

0.39 

(0.16 - 0.97) 

1.28 

(0.26 - 6.34) 

0.59 

(0.10 - 3.31) 

0.89 

(0.12 - 6.46) 

0.33 

(0.10 - 1.08) 

0.23 

(0.07 - 0.76) 

0.23 

(0.07 - 0.79) 

0.53 

(0.27 - 1.04) 

0.47 

(0.23 - 0.98) 

0.50 

(0.24 - 1.05) 

0.48 

(0.20 - 1.19) 

0.59 

(0.21 - 1.67) 

0.43 

(0.14 - 1.33) 

0.58 

(0.33 - 1.03) 

0.49 

(0.26 - 0.91) 

0.44 

(0.23 - 0.82) 

0.31 

(0.12 - 0.77) 

0.33 

(0.13 - 0.87) 

0.26 

(0.09 - 0.75) 

Model 1: adjusted for age and use of oral nitrates. Model 2: adjusted for age, mean MOD, history of MI infarction, 
treatment stratum (Medical, PTCA, CABG), use of oral nitrates. Model 3: adjusted for age, diastolic blood pressure, 

nsity lipoprotein, mean MOD, number of vessel disease, history of MI, treatment stratum 
(Medical, PTCA, CABG), use of oral nitrates. n = sample size; CI = confidence interval; HR = hazard ratio; MOD =  

on; PTCA = percutaneous transluminal coronary angioplasty; 
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DISCUSSION 

The findings of this follow-up study in a cohort of 879 patients with CAD 

demonstrate that the presence of coronary collaterals is a clinical predictor of 

cardiovascular prognosis. Moreover, a direct protective effect of collateral 

circulation is affirmed. This protective impact of collaterals varied insignificantly 

across categories of IHD burden. 

Prognostic impact of collaterals: potential sources of bias.  

To appreciate these findings, some issues need to be addressed. First, the data 

originate from a randomized trial in which assessment of the benefits of pravastatin 

treatment were the primary objective. Because the study medication was allocated 

at random, i.e., irrespective of presence or absence of collaterals, this will not have 

affected our findings. Moreover, not all participants in the trial were included in the 

present analysis because baseline angiograms were not available in five out of 884 

subjects. Again, this is unlikely to impact the results.  

A second important issue is confounding. To disclose the possible causal role of 

collaterals in preventing future events, confounding variables associated both with 

collateral presence and future events need to be taken into account. This generally 

includes age and sex but here also applies to the prior use of oral nitrates which 

may affect the visibility of collaterals while at the same time potentially reflecting a 

difference in prognosis. The question whether indicators of disease burden act as 

confounders is more difficult to answer. Severity of atherosclerosis and IHD 

determines presence of collaterals.26 At the same time, obviously, more diseased 

patients are at an increased risk of events irrespective of collateral presence. To 

estimate the true protective impact of collaterals, adjustment for indicators of 

disease severity such as degree of stenosis (reflected by MOD), number of vessels 

involved, initial revascularization strategy chosen (PTCA/CABG/MM) and history of 

MI appears indicated. From a clinical and prognostic perspective for patients, 

however, the overall eventual benefit of collaterals cannot be separated from the 

underlying disease severity. Consequently, we have provided estimates of risks 

with and without these adjustments. Furthermore, the risk of cardiovascular 
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outcome events such as repeat revascularizations, is potentially influenced by the 

initial revascularization strategy chosen. This in turn, is related to the severity of 

atherosclerotic disease and likely thereby related to the presence of collaterals 

(Table 1). We therefore additionally investigated the impact of collaterals on 

outcome, within the groups of initial treatment strategy (PTCA/CABG/MM) in a 

stratified analysis.  

Study limitations 

One may argue the method of assessment of coronary collaterals in the present 

study. Visual assessment of coronary collaterals has been reported originally by 

Rentrop et al, using balloon catheter occlusion.27, 28 A modified method in absence 

of balloon occlusion, assesses spontaneously visible collaterals, and is likely a 

more crude reflection of collateral flow. However, spontaneously visible collaterals 

may ultimately warrant protection from balloon-induced ischemia.18 Some 

underestimation of collaterals may have occurred when comparing to the original 

method of Rentrop or to functional quantification of collateral flow. However, from a 

clinical point of view, here we demonstrate that spontaneously visible collaterals on 

daily practice coronary angiograms is a strong predictor of prognosis. 

A second issue in the present study is the limited number of hard end-points. In 

this analysis a composite endpoint was used comprising repeat revascularizations 

(PTCA and CABG), myocardial infarction and coronary heart disease death. With 

regard to coronary collaterals it seems more appropriate to limit the analyses to 

hard clinical end-points such as myocardial infarction and cardiac death. Given the 

low number of such events within the 24-month follow-up period we were not able 

to perform such an analysis.  

Moreover, a limitation of this study is that the findings were obtained in males, 

although the importance of obtaining data in females is fully recognised.  Finally, a 

common limitation relates to statistical power in subgroup-analyses. While in the 

overall group of 879 patients, the sample was sufficiently large having a 80% 

power for a relative risk of 0.51 or less, the modest amount of end-points led to 

less power in subgroup-analyses such as the analysis stratified to initial 
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revascularization strategy. Although the point-estimate of the HR was below unity 

(which suggests protection in all strata), statistical significance was not reached in 

some subgroups such as the stratum of patients with initial CABG treatment. On 

the other hand, however, the overall group HR adjusted for the initial treatment by 

multivariable analysis (Table 3, Models 2 and 3), demonstrates that a robust 

protective effect. Hence, these adjusted analyses affirmed that the impact of 

collaterals on cardiovascular outcome is irrespective of the initial treatment, and 

direct protection from collaterals is present in the broad spectrum of patients with 

CAD, represented here. 

Context of the present analysis  

Our findings on the protective effect of collaterals are in agreement with previous 

studies11, 12  in which physiologically assessed collateral flow was taken as a direct 

measure of adequate collateral blood supply. These previous studies were 

performed within a homogenous population of patients with a moderate CAD 

burden. Moreover, previous data had suggested that collateral circulation visible on 

diagnostic angiography, may be functionally effective in preventing ischemia18 and 

adverse outcomes.19, 20 However, other studies could not uncover the beneficial 

role of collaterals,15, 16 which may relate to the extent of ischemic burden in the 

study populations. This prompted us to examine whether the protective effect of 

collaterals can be extrapolated to patients with a more extensive cardiac 

atherosclerotic burden. To this aim we stratified our population according to 

various degrees of disease burden as reflected by number of vessels diseased, 

history of MI and treatment strategy. The principal finding here is, that the 

protective ability of collaterals provides similar risk estimates across strata of IHD 

burden, reflected by no statistically significant interaction. Therefore, within the 

broad spectrum of CAD present in the current study population, the protective 

effect from collaterals seems independent of IHD severity. These findings are 

promising for therapies of activating collateral growth by growth factors and cell 

therapies for angio-, vasculo- and arteriogenesis, which are aimed at patients with 

extensive coronary artery disease suffering from refractory angina.   
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Conclusion 

In conclusion, these findings support the view that angiographical presence of 

collaterals is a clinically relevant prognostic factor. Coronary collateral circulation 

appears to have a directly protective effect on the risk of future cardiovascular 

events, which was demonstrated in this well-defined cohort of patients with a broad 

spectrum of CAD severity. While the protective effect of collaterals may 

theoretically be reduced in more extensive burden of IHD, the impact on 

cardiovascular risk appears present also in those with marked disease.  
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ABSTRACT 

Background – The appearance of collaterals is associated with the duration of 

chronic coronary occlusion. The question remains, however, as to whether 

collaterals are already apparent short after an acute coronary occlusion. We 

studied the appearance of collaterals during ST elevation myocardial infarction 

(STEMI), and examined clinical factors potentially associated with their early 

appearance. 

Methods – We studied 187 patients with STEMI who had angiography at various 

times after the onset of symptoms. Patients were divided into 6 intervals time 

duration of onset-to-angiography. 

Results – For the onset-to-angiography groups of 0 - 6 hours, >6 - 9 hours, >9 - 24 

hours, >1 - 7 days, >7 - 14 days and >14 days, the prevalence of angiographic 

collaterals (Rentrop 2-3) were 19%, 31%, 41%, 40%, 50% and 68% respectively (P 

for trend < 0,001). To investigate determinants of early collateral appearance, 98 

patients who presented within 12 hours of the onset were analyzed. Among the 

clinical factors, pre-infarction angina was the only independent determinant; odds 

ratio (OR) 3.1, 95% confidence interval (CI) 1.2 – 8.5. The likelihood of collateral 

presence following pre-infarction angina was higher for the 0-6 hours group than 

the 6-12 hours group (OR 7.7, 95% CI 1.4 – 43.9 vs. 1.8, 95% CI 0.5 – 6.3). 

Conclusions – As in chronic coronary occlusion, also after acute occlusion the 

appearance of angiographic visible collaterals is associated with the duration of 

occlusion. Probably, the recruitment of collaterals is more rapid than previously 

thought. Pre-infarction angina is the important clinical factors that associated with 

the early appearance of collaterals.  
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BACKGROUND 

Coronary collateral circulation potentially offers an important alternative source of 

blood supply during coronary occlusion. The angiographic appearance of collateral 

arteries during the early hours of acute myocardial infarction has been shown to 

reduce the size of infarction, promotes microvascular perfusion and improves 

hemodynamic condition.1 

It has been shown in animal experimental study that, during acute coronary 

occlusion, early reperfusion prevents or limits necrosis of jeopardized myocardium. 

2 The earlier presence of collateral flow can result in smaller infarct size.3 To our 

knowledge, the timing of the appearance of coronary collateral circulation during 

coronary occlusion in ST-elevation myocardial infarction (STEMI) has not yet been 

studied. Results from a previous report have suggested that filling of collateral 

vessels increases acutely within 90 seconds during balloon occlusion and 

disappears soon after balloon deflation.4 Another study showed that coronary 

collaterals may appear during the early hours of myocardial infarction without, 

however, demonstrating the temporal progression of collateral appearance.5   

We studied the timing of the angiographic appearance of coronary collaterals in 

patients with STEMI. We also examined clinical factors potentially associated with 

the early appearance of collaterals during acute coronary occlusion. 

SUBJECTS AND METHODS 

Data were used from a cross-sectional study in which each subject was seen at a 

particular point in time. Using subjects examined at different time intervals following 

myocardial infarction, the data was used to investigate changes over time.6 The 

angiographic appearance of coronary collaterals was assessed one time for each 

patient, i.e. at the coronary angiography soon after the myocardial infarction. The 

angiographic assessment from the patients who have varying onset of myocardial 

infarction comprise the data for the evaluation of timing of coronary collaterals 

appearance. We have chosen this study design because of the ethical reason. 

Using the October 2006 to October 2008 database of the National Cardiovascular 

Center Harapan Kita Hospital, Jakarta, Indonesia, we randomly identified patients 
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with STEMI who presented at the hospital within 14 days after onset of symptoms 

and underwent subsequent angiography. Patients were diagnosed with STEMI if 

they had chest pain of more than 30 minutes duration and electrocardiographic 

changes with ST segment elevation > 2 mm in at least 2 precordial leads or > 1 

mm in the limb leads. Inclusion criteria were patients with the Thrombolysis in 

Myocardial Infarction (TIMI) flow 0 or 1 in the culprit coronary artery. Primary 

percutaneous coronary interventions (PCI) were performed in patients who 

presented within 12 hours of the onset of symptoms. All patients received optimal 

drug treatment including aspirin, clopidogrel, nitrates, angiotension-converting 

enzyme inhibitors, beta-blockers and statins where appropriate. Exclusion criteria 

were previous coronary by-pass surgery, left main stenosis and a non-culprit lesion 

with a stenosis of more than 80% diameter.  

Time of onset of myocardial infarction was carefully determined by the occurrence 

of ischemic symptoms, defined as severe chest pain or chest discomfort lasting for 

more than 30 minutes. The discomfort was defined as sensations of constriction, 

crushing, oppressing, compressing or feelings of a heavy weight or squeezing in 

the chest. Patients whose onset of infarct-related pain could not be defined were 

excluded. 

Pre-infarction angina was defined as new-onset chest pain or chest pain with 

increasing intensity or frequency within 72 hours before the onset of myocardial 

infarction. The presence of diabetes mellitus was based on self-reported use of 

diabetes medication, or a previous record of a fasting plasma glucose 

concentration ≥ 126 mg/dL (7 mmol/L), or a non-fasting serum glucose > 200 

mg/dL (11 mmol/L). Hypertension was based on self-reported use of 

antihypertensive medication or a previous record of a systolic blood pressure > 140 

mmHg and/or a diastolic blood pressure > 90 mmHg. Dyslipidemia was defined as 

a total cholesterol > 240 mg/dL, or self-reported use of lipid-lowering medication 

before admission. The study protocol was reviewed and approved by the ethical 

committee of the hospital. 
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Collaterals assessment 

Angiograms were stored digitally in DICOM format (512 x 512 matrixes). The 

criteria for the appropriateness of the angiograms to be reviewed were: 1) 

angiography was performed until contrast filling to the coronary veins, and 2) a 

minimum of two orthogonal views. Patients whose angiograms could not be 

adequately evaluated were excluded.  

Coronary collaterals were graded by the degree of filling of the vessel beyond the 

stenosis according to the Rentrop classification: grade 0 = no visible filling; grade 1 

= contrast medium passes through collateral channels but fails to opacify the 

epicardial vessel at any time; grade 2 = contrast material enters but fails to opacify 

the target epicardial vessel completely; grade 3 = contrast material enters and 

completely opacifies the target epicardial vessel. 4 Angiograms were assessed by a 

senior resident-in-training (S.N.) and an interventional cardiologist (S.S.). In the 

event of a difference in interpretation a third opinion was solicited. A random 

assessment of inter-observer variance showed high agreement between the 

researchers (kappa = 0.87, P < 0.001). Collaterals grading was performed blinded 

from the time of onset of myocardial infarction.  

Statistical analysis 

To determine the appearance of well-developed collaterals, we defined the 

presence of collaterals as those with a Rentrop flow grade 2 and 3. Differences 

between groups were assessed using chi-square for categorical variables; 

differences in continuous variables were evaluated using Student’s t-test. A two 

sided P value equivalent or less than 0.05 was considered statistically significant. 

Statistical analyses were performed with SPSS version 17.0 (SPSS Inc., US). 

To analyze the temporal appearance of coronary collaterals, subjects were 

grouped according to time units. The time intervals were determined arbitrarily. To 

test the time relationship of collateral appearance, we used a Kendall’s tau-b test. 

To assess the clinical factors associated with the early appearance of collaterals, 

we selected a subgroup of patients who presented within 12 hours of the onset of 

myocardial infarction. Using logistic regression analyses we examined pre-
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infarction angina, hypertension, smoking, diabetes, dyslipidemia and age as 

potential determinants of collateral appearance. We selected these clinical factors 

based on the recent insight on the potential determinant of coronary collateral 

presence.7-9 Logistic regression analysis was used for statistical analysis in this 

subgroup.  

RESULTS 

Table 1. Baseline characteristics of the study population. 

Variables n (%) or mean ± SD 

Age, years 54.9 ± 10.3 

Male 168 (89.8) 

Current smoker 116 (62.0) 

Hypertension 95 (50.8) 

Diabetes mellitus 50 (26.7) 

Dyslipidemia 96 (51.3) 

Previous PCI 5 (2.7) 

Pre-infarction angina 63 (33.7) 

Anterior infarction 112 (59.9) 

Fibrinolytic therapy 18 (9.6) 

Primary PCI 98 (52.4) 

Time onset-to-angiography 

0 - 6 hours 47 (25.1) 

>6 - 9 hours 39 (20.9) 

>9 - 24 hours 17 (9.1) 

>1 - 7 days 25 (13.4) 

>7 - 14 days 34 (18.2) 

>14 days 25 (13.4) 

Medication 

Aspirin 175 (93.6) 

Clopidogrel 175 (93.6) 

GpIIbIIIa inhibitor 71 (38.0) 

Beta-blocker 103 (55.1) 

Nitrates 57 (30.5) 

ACE inhibitor 121 (64.7) 

Statins 173 (92.5) 

SD indicates  standard deviation; PCI, percutaneous coronary intervention; ACE, angiotension-converting enzyme 
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A total of 187 patients were included in this study. The baseline characteristics of 

the study population are shown in Table 1. Sixty percent of subjects presented with 

anterior myocardial infarction. About 10% of subjects had received fibrinolytic 

therapy before the angiographic procedure. Sixty percent of patients presented 

within 12 hours. The duration from onset of myocardial infarction to angiography 

ranged from 1.6 hours to 557 hours (23 days), with a median of 9.9 hours. The 

prevalence of pre-infarction angina in the group of onset-to-angiography of 0-6 h, 

>6-9 h, >9-24 h, >1-7 d, >7-14 d, >14 d are 43%, 44%, 40%, 56%, 64% and 60%, 

respectively (P value = 0.62). 

Table 2. Angiographic characteristics and collateral assessment. 

Variables n (%) 

Infarct-related-artery  

LAD 112 (59.9) 

LCx 10 (5.3) 

RCA 65 (34.8) 

Non-infarct-related artery diseased  

None 140 (74.9) 

1-artery 43 (23.0) 

2-arteries 4 (2.1) 

TIMI flow 1 60 (32.1) 

Collateral grade   

Rentrop 0 85 (45.5) 

Rentrop 1 30 (16.0) 

Rentrop 2 48 (25.7) 

Rentrop 3 24 (12.8) 

Collateral anatomical pathways  

septal  64 (67.4) 

branches in ventricle wall 21 (22.1) 

bridging vessels  3 (3.2) 

atrial 7 (7.4) 

LAD indicates left anterior descending artery; LCx,  left circumflex artery; RCA, right coronary artery; TIMI, 
Thrombolysis in Myocardial Infarction 



Chapter 6 – Timing of collateral appearance 
 

 77

Collateral connections were mostly found for the right coronary artery (RCA) with 

filling to the left anterior descending (LAD) artery (56%) and for LAD filling to the 

RCA (23%) (Table 2). Most anastomoses were found via the septal connection. 

The frequency of collateral presence for the LAD, left circumflex (LCx) and RCA 

was 37%, 50% and 40% respectively (P = 0.67). 

Figure 1 reveals that the presence of collaterals increased significantly with 

increasing time (P for trend < 0.001). In subjects presenting within 6 hours of 

onset, the presence of collaterals was 19%. This increased to 31%, 41%, 40%, 

50% and 68% for assessments at 6-9 hours, 9-24 hours, 1-7 days, 7-14 days and 

>14 days. 

 
Figure 1. Prevalence of coronary collaterals appearing angiographically following coronary occlusion in 
ST-elevation myocardial infarction. 

Determinants of collateral presence 

Determinants of collateral presence were examined in 98 subjects who underwent 

angiography within 12 hours of onset of myocardial infarction (mean duration from 

onset-to-angiography 6.3 ± 2.5 hours). Table 3 compares subjects with and without 

collateral presence. Subjects with pre-infarction angina more often had collaterals. 

In addition, pre-infarction angina was shown to be an independent determinant of 

collateral presence, adjusted for time between onset of symptoms and 

angiography (odds ratio 3.1, 95% confidence interval [CI] 1.2 – 8.6). 
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We then examined the relationship between the presence of pre-infarction angina 

and the presence of collaterals according to two different categories of the time 

between onset of symptoms and angiography: 0-6 hours (n = 46) and 6-12 hours 

(n = 52). The likelihood of the presence of collaterals following pre-infarction 

angina was higher in the first six hours after onset of symptoms than in the later six 

hours period (odds ratio 7.7, 95% CI 1.4 – 43.9 vs. 1.8, 95% CI 0.5 – 6.3). 

Table 3. Comparison between Rentrop 0-1 collaterals and Rentrop 2-3 collaterals group of 
patients presenting within 12 hours after ST-elevation myocardial infarction. 

 All Rentrop 0-1 Rentrop 2-3  
Odds ratio  
(95% CI) 

P 
value 

Patients, n 98 70 28   

Age in years, mean ± 
SD 

55.1 ± 11.0 54.5 ± 10.8 56.8 ± 11.4 
1.0 

(1.0 - 1.1) 
0.35 

Male, n (%) 86 (87.8) 64 (91.4) 22 (78.6) 
0.3 

(0.1 - 1.2) 
0.08 

Pre-infarction angina, 
n (%) 

36 (42.9) 21 (35.0) 15 (62.5) 
3.1 

(1.2 - 8.3) 
0.02 

Hypertension, n (%) 54 (55.1) 38 (54.3) 16 (57.1) 
1.1 

(0.5 - 2.7) 
0.79 

Diabetes mellitus, n 
(%) 

25 (25.5) 21 (30.0) 4 (14.3) 
0.4 

(0.1 - 1.3) 
0.11 

Smoking, n (%) 65 (66.3) 49 (70.0) 16 (57.1) 
0.6 

(0.2 - 1.4) 
0.22 

Dyslipidemia, n (%) 48 (49.5) 35 (50.0) 13 (48.1) 
0.9 

(0.4 - 2.3) 
0.87 

Hours from onset to 
angiography, mean ± 
SD  

6.3 ± 2.5 6.0 ± 2.4 7.2 ± 2.4 
1.2 

(1.0 - 1.5) 
0.03 

CI indicates confidence interval, SD, standard deviation 

DISCUSSION 

The results of this study in 187 patients with detailed information on time between 

onset of symptoms and angiographic assessment of coronary collaterals show that 

the presence of collaterals increases significantly during first 24 hours, with 40% of 

patients showing collaterals at 24 hours versus 19% of patients after 6 hours. Pre-
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infarction angina was the independent determinant of the presence of collaterals 

during acute myocardial infarction independent of time of onset, particularly in the 

early hours of infarction. 

The presence of early angiographically visible collaterals (Rentrop 2 or 3) in our 

study was higher than in a previously reported study by Elsman et al.1 They 

examined 1,059 patients who underwent primary PCI within 6 hours after onset of 

STEMI and reported a prevalence of collaterals of 10%.  

The nature of the occurrence of coronary collaterals within a short time after acute 

coronary occlusion may be questioned since it is likely that the recruitment of new 

collaterals needs sufficient time to become functional. It is generally accepted that 

it takes a period of 3 to 5 days for a progressive occlusion of a coronary artery to 

result in the appearance of collaterals.  In an animal study, Khouri et al. found that 

progressive occlusion of a coronary artery over 3 to 5 days was associated with a 

more than fourfold increase in retrograde flow through collaterals as compared with 

retrograde flow collected immediately after sudden coronary occlusion.10  

Collaterals do not form de novo, but result from luminal enlargement of pre-existent 

small arterioles which have an internal diameter of 30-50 µm.11 In animal models of 

femoral artery occlusion, it has been shown that collateral enlargement occurs 

through an active process of positive remodelling.12 The process begins minutes 

after the femoral occlusion with the activation of the endothelial cells by shear 

stress. It is followed hours later by the induction and/or upregulation of adhesion 

molecules and the subsequent adhesion of blood monocytes. Remodeling further 

continues as the smooth muscle cells (SMCs) are transformed from contractile into 

proliferative and synthetic phenotypes. Mitosis of endothelial cells and SMCs starts 

about 24 hour after occlusion. Maximal growth of collaterals has been observed 

during the first 3 weeks and is almost complete at 21 days after occlusion. To be 

visible angiographically in humans, collaterals need to reach a diameter of at least 

0.5 mm.13  

The most likely explanation for the early appearance of collaterals in our study is 

that the collaterals are already being recruited before the onset of symptomatic 
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myocardial infarction. It has been shown that plaque rupture and/or thrombus 

formation may start at least 3 days before an occlusive thrombosis occurs and 

results in symptoms of infarction.14,15 Interestingly, the preceding diameter of 

stenosis of the culprit lesions was > 50%, and generally 60 to 70%.16 A 

considerably higher degree of stenosis may repetitively occur by the waxing and 

waning of a thrombus in the ruptured plaque. This degree of stenosis creates a 

sufficient pressure gradient across the arteriolar connection – and subsequently – 

may trigger the process of arteriogenesis. Collaterals become easily recruitable 

with the presence of a stenosis of 80% or more.17,18 Brief – 2-minute – repetitive 

occlusions of a coronary artery sufficiently increase collateral flow and 

recruitability.19  

In addition, our findings suggest that collateral growth is accelerated following 

acute myocardial infarction. Inflammation during infarction promotes 

arteriogenesis. The abundance of monocytes accelerates the growth of 

collaterals.20 Monocyte chemoattractant protein-1 (MCP-1), the most important 

chemokine that regulates migration and infiltration of monocytes, increases 

markedly 3 hours after the onset of chest pain during acute myocardial infarction.21 

The presence of MCP-1 in a collaterals network stimulates arteriogenesis. Ito et al., 

in an animal model, showed that infusion of MCP-1 into the proximal stump of an 

occluded femoral artery greatly accelerates the speed of collateral development.22 

It has also been shown that a higher level of MCP-1 is related to the appearance of 

visible collaterals in patients with acute myocardial infarction.23 

Finally, luminal filling of the growing collaterals may be increased by nitric oxide 

(NO)-mediated vasodilatation. Minutes after onset of ischemia, endothelial nitric 

oxide synthase activity increases24 and subsequently the NO level during early 

ischemia is increased. NO plays an important role in the initial phases of 

arteriogenesis after exposure to shear stress, mainly by vasodilatation of the 

collateral vessels.25 

In our data, the only clinical determinant associated with the appearance of 

collaterals during acute coronary occlusion was pre-infarction angina. Diabetes 

mellitus, hypertension, smoking and dyslipidemia were not associated with early 
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collateral appearance. These findings agree with previous reports on acute 

myocardial infarction.26,27 This association was most prominently seen in the 

patient group of early infarction. The strong association between pre-infarction 

angina and early collateral appearance supports the view that pressure gradients 

occurring before the onset of symptomatic infarction act as triggers for collateral 

recruitment. Not all patients may have developed collaterals despite the presence 

of triggers because they lack the intrinsic capacity to have preformed collaterals or 

to develop mature collaterals. 28 

Other factors have shown no, or only inconsistent, relationships to collateral 

presence and occurrence in acute myocardial infarction. Older age may result in 

reduced arteriogenesis. Previous studies have found that the prevalence of 

coronary collaterals is lower in older patients, particularly older than 65 or 70 years 

old. 27,29 This finding was not revealed in our study. This discrepant result might 

due to relatively fewer old patients in our study population (mean age 55 ± 11 

years). According to Abaci et al., patients with diabetes mellitus develop fewer 

visible collaterals despite the existence of more severe coronary artery disease.30 

However, Zbinden et al. reported the opposite in a study using quantitative 

collateral measurement.31 

Koerselman et al. found that a high systolic blood pressure is inversely associated 

with the presence of collaterals in a cross-sectional study among patients admitted 

for elective coronary angioplasty.9 Kyriakides et al. found the opposite result in a 

study on coronary collaterals in relation to systemic hypertension and left ventricle 

hypertrophy.32 Fujita et al. reported no association between hypertension and 

collaterals in acute myocardial infarction.27 

The extent to which smoking affects the presence of collaterals was investigated 

by Koerselman et al.8 They found a higher prevalence of coronary collaterals in 

current smokers. An experimental study supports the view that nicotine can 

promote arteriogenesis.33 Nevertheless, the association in patients with acute 

myocardial infarction should be treated with caution if only because smoking is 

also a strong determinant of severe coronary stenosis which consequently may 

promote collateral formation.  
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To appreciate our results, there were some limitations of our study that should be 

noted. Firstly, we evaluated the temporal appearance of collaterals in a cross-

sectional study, rather than by serial angiography in the same subjects. 

Consequently, the inherent inter-individual variability in developing collateral 

circulation may have affected our estimates of collateral presence over time. 

Secondly, the angiographic method we used to evaluate the presence of 

collaterals cannot identify vessels less than 100 µm diameter. Thirdly, since the 

study nature is observational and retrospective, it would be difficult to adjust all 

possible determinants of coronary collateral development. Furthermore, data 

variability on angiographic collateral grading due to non-predefined contrast 

injection volume and rate, durations of video recording and occurrence of too 

narrow windows of observation of the collaterals may present. To reduce the 

technical limitation, we have applied criteria for the appropriateness of the 

angiograms to be included in this study. 

In conclusion, the results of our study show that during STEMI the appearance of 

angiographic visible collaterals is associated with the duration of occlusion. The 

presence of collaterals doubles between 6 and 24 hours after onset of symptoms. 

Probably, the recruitment of collaterals is more rapid than previously thought. Pre-

infarction angina is the important clinical factors that associated with the early 

appearance of coronary collaterals. 

REFERENCES 

1. Elsman P, van 't Hof AW, de Boer MJ, Hoorntje JC, Suryapranata H, Dambrink JH, Zijlstra F. Role 
of collateral circulation in the acute phase of ST-segment-elevation myocardial infarction treated 
with primary coronary intervention. Eur Heart J 2004; 25:854-858.  

2. Reimer KA, Lowe JE, Rasmussen MM, Jennings RB. The wavefront phenomenon of ischemic cell 
death. 1. Myocardial infarct size vs. duration of coronary occlusion in dogs. Circulation 1977; 
56:786-794. 

3. Nienaber C, Gottwik M, Winkler B, Schaper W. The relationship between the perfusion deficit, 
infarct size and time after experimental coronary artery occlusion. Basic Res Cardiol 1983; 
78:210-226. 

4. Rentrop KP, Cohen M, Blanke H, Phillips RA. Changes in collateral channel filling immediately 
after controlled coronary artery occlusion by an angioplasty balloon in human subjects. J Am Coll 
Cardiol 1985; 5:587-592. 

5. Nitzberg WD, Nath HP, Rogers WJ, Hood WP, Jr., Whitlow PL, Reeves R, Baxley WA. Collateral 
flow in patients with acute myocardial infarction. Am J Cardiol 1985; 56:729-736. 

6.  Altman D. Designing research. In: Practical statistics for medical research. 1st ed. London: 
Chapman & Hall; 1991. 



Chapter 6 – Timing of collateral appearance 
 

 83

7. Fujita M, Tambara K. Recent insights into human coronary collateral development. Heart 2004; 
90:246-250. 

8. Koerselman J, de Jaegere PP, Verhaar MC, Grobbee DE, van der Graaf Y. Coronary collateral 
circulation: the effects of smoking and alcohol. Atherosclerosis 2007; 191:191-198. 

9. Koerselman J, de Jaegere PP, Verhaar MC, van der Graaf Y, Grobbee DE. High blood pressure 
is inversely related with the presence and extent of coronary collaterals. J Hum Hypertens 2005; 
19:809-817. 

10. Khouri EM, Gregg DE, McGranahan GM, Jr. Regression and reappearance of coronary 
collaterals. Am J Physiol 1971; 220:655-661. 

11. Scholz D, Cai WJ, Schaper W. Arteriogenesis, a new concept of vascular adaptation in occlusive 
disease. Angiogenesis 2001; 4:247-257. 

12. Scholz D, Ito W, Fleming I, Deindl E, Sauer A, Wiesnet M, Busse R, Schaper J, Schaper W. 
Ultrastructure and molecular histology of rabbit hind-limb collateral artery growth (arteriogenesis). 
Virchows Arch 2000; 436:257-270. 

13. Rockstroh J, Brown BG. Coronary collateral size, flow capacity, and growth: estimates from the 
angiogram in patients with obstructive coronary disease. Circulation 2002; 105:168-173. 

14. Rittersma SZ, van der Wal AC, Koch KT, Piek JJ, Henriques JP, Mulder KJ, Ploegmakers JP, 
Meesterman M, de Winter RJ. Plaque instability frequently occurs days or weeks before occlusive 
coronary thrombosis: a pathological thrombectomy study in primary percutaneous coronary 
intervention. Circulation 2005; 111:1160-1165. 

15. Ojio S, Takatsu H, Tanaka T, Ueno K, Yokoya K, Matsubara T, Suzuki T, Watanabe S, Morita N, 
Kawasaki M, Nagano T, Nishio I, Sakai K, Nishigaki K, Takemura G, Noda T, Minatoguchi S, 
Fujiwara H. Considerable time from the onset of plaque rupture and/or thrombi until the onset of 
acute myocardial infarction in humans: coronary angiographic findings within 1 week before the 
onset of infarction. Circulation 2000; 102:2063-2069. 

16. Manoharan G, Ntalianis A, Muller O, Hamilos M, Sarno G, Melikian N, Vanderheyden M, 
Heyndrickx GR, Wyffels E, Wijns W, De Bruyne B. Severity of coronary arterial stenoses 
responsible for acute coronary syndromes. Am J Cardiol 2009; 103:1183-1188. 

17. van Liebergen RA, Piek JJ, Koch KT, de Winter RJ, Schotborgh CE, Lie KI. Quantification of 
collateral flow in humans: a comparison of angiographic, electrocardiographic and hemodynamic 
variables. J Am Coll Cardiol 1999; 33:670-677. 

18. Meier B, Luethy P, Finci L, Steffenino GD, Rutishauser W. Coronary wedge pressure in relation to 
spontaneously visible and recruitable collaterals. Circulation 1987; 75:906-913. 

19. Billinger M, Fleisch M, Eberli FR, Garachemani A, Meier B, Seiler C. Is the development of 
myocardial tolerance to repeated ischemia in humans due to preconditioning or to collateral 
recruitment? J Am Coll Cardiol 1999; 33:1027-1035. 

20. Heil M, Ziegelhoeffer T, Pipp F, Kostin S, Martin S, Clauss M, Schaper W. Blood monocyte 
concentration is critical for enhancement of collateral artery growth. Am J Physiol Heart Circ 
Physiol 2002; 283:H2411-2419. 

21. Matsumori A, Furukawa Y, Hashimoto T, Yoshida A, Ono K, Shioi T, Okada M, Iwasaki A, Nishio 
R, Matsushima K, Sasayama S. Plasma levels of the monocyte chemotactic and activating 
factor/monocyte chemoattractant protein-1 are elevated in patients with acute myocardial 
infarction. J Mol Cell Cardiol 1997; 29:419-423. 

22. Ito WD, Arras M, Winkler B, Scholz D, Schaper J, Schaper W. Monocyte chemotactic protein-1 
increases collateral and peripheral conductance after femoral artery occlusion. Circ Res 1997; 
80:829-837. 

23. Park HJ, Chang K, Park CS, Jang SW, Ihm SH, Kim PJ, Baek SH, Seung KB, Choi KB. Coronary 
collaterals: the role of MCP-1 during the early phase of acute myocardial infarction. Int J Cardiol 
2008; 130:409-413. 

24. Depre C, Fierain L, Hue L. Activation of nitric oxide synthase by ischaemia in the perfused heart. 
Cardiovasc Res 1997; 33:82-87. 

25. Frank MW, Harris KR, Ahlin KA, Klocke FJ. Endothelium-derived relaxing factor (nitric oxide) has 
a tonic vasodilating action on coronary collateral vessels. J Am Coll Cardiol 1996; 27:658-663. 



Chapter 6 – Timing of collateral appearance 
 

 84

26. Kurotobi T, Sato H, Kinjo K, Nakatani D, Mizuno H, Shimizu M, Imai K, Hirayama A, Kodama K, 
Hori M. Reduced collateral circulation to the infarct-related artery in elderly patients with acute 
myocardial infarction. J Am Coll Cardiol 2004; 44:28-34. 

27. Fujita M, Nakae I, Kihara Y, Hasegawa K, Nohara R, Ueda K, Tamaki S, Otsuka K, Sasayama S. 
Determinants of collateral development in patients with acute myocardial infarction. Clin Cardiol 
1999; 22:595-599. 

28. Regieli JJ, Nathoe HM, Koerselman J, van der Graaf Y, Grobbee DE, Doevendans PA. Coronary 
collaterals--insights in molecular determinants and prognostic relevance. Int J Cardiol 2007; 
116:139-143. 

29. Nakae I, Fujita M, Miwa K, Hasegawa K, Kihara Y, Nohara R, Miyamoto S, Ueda K, Tamaki S, 
Sasayama S. Age-dependent impairment of coronary collateral development in humans. Heart 
Vessels 2000; 15:176-180. 

30. Abaci A, Oguzhan A, Kahraman S, Eryol NK, Unal S, Arinc H, Ergin A. Effect of diabetes mellitus 
on formation of coronary collateral vessels. Circulation 1999; 99:2239-2242. 

31. Zbinden R, Zbinden S, Billinger M, Windecker S, Meier B, Seiler C. Influence of diabetes mellitus 
on coronary collateral flow: an answer to an old controversy. Heart 2005; 91:1289-1293. 

32. Kyriakides ZS, Kremastinos DT, Michelakakis NA, Matsakas EP, Demovelis T, Toutouzas PK. 
Coronary collateral circulation in coronary artery disease and systemic hypertension. Am J 
Cardiol 1991; 67:687-690. 

33. Heeschen C, Weis M, Cooke JP. Nicotine promotes arteriogenesis. J Am Coll Cardiol 2003; 
41:489-496.



 

 
 

CHAPTER 7 

Impact of ischemic time on post-infarction left ventricular 

function in ST-elevation myocardial infarction treated with 

primary percutaneous coronary intervention  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Adapted from  

International Journal of Cardiology 2011; 

doi:10.1016/j.ijcard.2011.09.082. 

Sunanto Ng, Jan Paul Ottervanger, Arnoud W.J. van ‘t Hof, Menko-Jan de 

Boer, Stoffer Reiffers, Jan-Henk E. Dambrink, Jan C.A. Hoorntje, A.T. 

Marcel Gosselink, Harry Suryapranata. 

REPRODUCED WITH PERMISSION 

copyright © 2011 by Elsevier Ireland Ltd. 



Chapter 7 – Ischemic time and post-infarction LVEF 
 

 86

  



Chapter 7 – Ischemic time and post-infarction LVEF 
 

 87

ABSTRACT 

Background – Myocardial necrosis is a time-dependent event. Nevertheless, 

clinical studies on association between ischemic time and left ventricle function 

showed inconsistent findings. Aim of current study is to evaluate the association 

between ischemic time and the post-infarction left ventricular function in ST-

elevation myocardial infarction treated with primary percutaneous coronary 

intervention (PCI).  

Methods – In 2529 patients treated with primary PCI, left ventricular ejection 

fraction (LVEF) was measured before discharge (median day 4) by radionuclide 

ventriculography or by echocardiography if patients had atrial fibrillation. Ischemic 

time was calculated from symptom onset to first balloon inflation.  

Results – The correlation between ischemic time as continuous variable and LVEF 

was significant but weak (P = 0.002, r = -0.062). The LVEF of patients in ischemic 

time intervals of > 6, >3 – 6, and ≤ 3 h was 45.1 ± 11.7 %, 44.6 ± 11.9 %, and 43.2 

± 12.2 %, respectively (P = 0.029).  Adjusted odds ratio of the ischemic time 

intervals for LVEF < 40% was 1.14 (95% CI 1.00 – 1.30). TIMI flow 0 before and 

TIMI flow 3 after PCI were related with both longer ischemic time and low LVEF.  

Conclusion – Ischemic time was associated with post infarction LVEF in patients 

treated with primary PCI, although this association was weak. Initial TIMI flow and 

post-PCI TIMI flow played important role in impact of the ischemic time on the 

LVEF.  
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BACKGROUND 

Longer ischemic time has been associated with higher mortality in patients with 

ST-elevation myocardial infarction (STEMI).1, 2 It has been also shown to affect the 

infarct size.3 Nevertheless, its correlation with left-ventricular function in clinical 

measurement has not been convincingly elucidated.  

Myocardial necrosis is a time-wavefront event. It is conceivable to expect an 

association between ischemic time and extent of left ventricle dysfunction clinically 

in patients with acute myocardial infarction. Previous studies in the thrombolytic 

era showed an association between prolonged ischemic time and impaired left 

ventricular function.4 Nevertheless, data from studies in patients who were treated 

with primary percutaneous coronary intervention (PCI) showed inconsistent 

findings.5-7 

Aim of current study is to evaluate the association between ischemic time and the 

post infarction left ventricular ejection fraction (LVEF) in patients with STEMI 

treated with primary PCI. 

SUBJECTS AND METHODS 

The medical data from all patients who were admitted with the diagnosis of STEMI 

and underwent primary PCI at the Isala Klinieken (Zwolle, the Netherlands) were 

prospectively recorded from January 1994 to December 2004. Measurement of 

LVEF post infarction was routinely done during this period. To avoid double 

inclusion, only the first recorded admission for STEMI was included. Patients were 

diagnosed with STEMI if they had chest pain of > 30 minutes duration and 

electrocardiographic changes with ST segment elevation > 2 mm in at least 2 

precordials or > 1 mm in the limb leads. Before the primary PCI procedure, all 

patients received 300-500 mg of aspirin intravenously, and 3000-5000 International 

Units of unfractionated heparin. Primary PCI was performed with standard 

techniques if the coronary anatomy was suitable for angioplasty. Ischemic time 

was calculated from symptom onset to first balloon inflation. Coronary 

angiographic flow was determined in accord with the classification system of the 

Thrombolysis in Myocardial Infarction (TIMI). Angiographic data were assessed by 
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independent core-lab (Diagram BV, Zwolle). Additional treatment with glycoprotein 

IIb/IIIa inhibitors or stents was left to the discretion of the treating cardiologist. All 

patients were treated with optimal medication including angiotension-converting 

enzyme inhibitor, beta-blocker, aspirin and statin where appropriate.  

Left ventricular ejection fraction (LVEF) was measured before discharge (at 

median day 4) by radionuclide ventriculography or by echocardiography if the 

patient had atrial fibrillation. Radionuclide ventriculography was performed by using 

the multiple-gated equilibrium method following the labeling of red blood cells with 
99mTc-pertechnate. A General Electric 300 gamma-camera with low-energy all-

purpose parallel-hole collimator was used. Global LVEF was calculated by a 

General Electric Star View computer using the fully automatic PAGE program. In 

patients with atrial fibrillation, standard 2-dimensional and Doppler imaging was 

performed and stored in cineloop format by well-trained echocardiographists and 

reviewed by experienced cardiologists. The LV end-diastolic and end-systolic 

volume was measured and LVEF was calculated according to Simpson’s rule.8  

Dyslipidemia was defined as a total cholesterol > 240 mg/dL (6 mmol/L), or self-

reported use of lipid-lowering medication before admission. Presence of diabetes 

mellitus was based on a self-reported medication use for diabetes, a fasting serum 

glucose > 126 mg/dL (7 mmol/L), or a non-fasting serum glucose > 200 mg/dL (11 

mmol/L). Hypertension was defined as those who reported use of anti-hypertensive 

medication and if blood pressure was > 150 mmHg systolic and or > 100 mmHg 

diastolic on at least > 2 occasions. Study approval was obtained from the medical 

ethic committee of our hospital.  

Statistical analysis 

Statistical analysis was performed with the Statistical Package for the Social 

Sciences version 17.0 (SPSS Inc., Chicago, IL, US). Continuous data are 

presented as mean ± standard deviation or median (interquartile 25 – 75); whereas 

discrete data are given as absolute values and percentages. To define potential 

confounder in the baseline characteristic, we compared the characteristics in 

groups of ischemic time intervals. Arbitrarily, ischemic time was grouped into short 
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(≤ 3 hours), intermediate (>3 – 6 hours), and long (> 6 hours) ischemic time 

intervals. Correlation between two continuous variables was assessed using 

Pearson’s test.  Nominal variables were compared among groups using chi-square 

test. Continuous variables were compared using ANOVA method. Non-parametric 

continuous variables (ischemic time, patient delay, door-to-balloon) were 

compared using Kruskal Wallis test. 

To evaluate potential predictors for low LVEF after myocardial infarction, we 

perform univariate logistic regression with the LVEF < 40% as the dependent 

variable. Cut-off LVEF 40% was chosen as this value was often used in heart 

failure studies. Adjustment for potential confounders was done in stepwise 

multivariate logistic regression. P value of 0.05 is determined as significant.  

RESULTS  

A total of 2529 patients were included in current analysis. The median ischemic 

time was 4 hours (interquartile range/IQR 3.0 to 6.0 hours). Both door-to-balloon 

time and patient delay contributed to longer ischemic time. The baseline 

characteristics compared among the ischemic time intervals are listed in Table 1. 

Older age, female, diabetic or hypertensive patients had longer ischemic time. The 

peak CKMB level was higher in patients with longer ischemic time. 

Ischemic time expressed as a continuous variable significantly correlated with 

LVEF, but the correlation was weak (P = 0.002, r = -0.062). Correlation between 

ischemic time and LVEF was significant, but also weak, in patients with non-

anterior infarction (P = 0.038, r = -0.058) and was not significant in patients with 

anterior infarction (P = 0.117, r = -0.044). 

The correlation between ischemic time as continuous variable and peak CKMB 

level was significant in all patients (P <0.001, r = 0.107). The correlation between 

both variables was significant in patients with non-anterior infarction (P < 0.001, r = 

0.137) and was also significant in patients with anterior infarction (P < 0.006, r = 

0.078). 
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Table 1. Baseline characteristics stratified in group of ischemic time intervals.  

Characteristics All 
Ischemic time 

P value 
Short Intermediate Long 

Patients, n  2529 1026 1114 389  

Age in year, mean ± SD 60 ± 12 59 ± 11 61 ± 12 61 ± 12 <0.001 

Female, n (%)  542 (21) 176 (17) 253 (23) 113 (29) <0.001 

Diabetes mellitus, n (%) 233 (9) 78 (8) 102 (9) 53 (14) 0.001 

Hypertension, n (%) 673 (27) 235 (23) 326 (29) 112 (29) 0.003 

Smoking, n (%) 1314 (52) 537 (53) 581 (53) 196 (51) 0.62 

Hyperlipidemia, n (%) 522 (21) 215 (22) 244 (22) 63 (17) 0.17 

Previous MI, n (%) 226 (9) 88 (9) 103 (9) 35 (9) 0.70 

Previous revascularization, n 
(%) 

170 (7) 71 (7) 80 (7) 19 (5) 0.31 

Admission data 

Peak CKMB level in U/L, 
median (25º - 75º percentile) 

210  
(108 – 368) 

186  
(92 – 332) 

219  
(115 – 387) 

248  
(131 – 419) 

<0.001 

Anterior infarction, n (%) 1261 (50) 514 (50) 528 (47) 219 (56) 0.20 

Killip class, n (%) 

1 2331 (92) 938 (92) 1039  (94) 354 (92) 

0.56 
2 126 (5) 59 (6) 43 (4) 24 (6) 

3 39 (2) 15 (2) 21 (2) 3 (1) 

4 22 (1) 10 (1) 8 (1) 4 (1) 

Ischemic time in hours, 
median (25˚-75˚ percentile) 

4.0  
(3.0–5.0) 

3.0  
(2.0 – 3.0) 

4.0  
(4.0 – 5.0) 

9.0  
(8.0 – 13.0) 

<0.001 

Patient delay in hours, 
median (25˚-75˚ percentile) 

2.5  
(1.8 – 3.8) 

1.6  
(1.2 – 2.0) 

3.0  
(2.5 – 3.7) 

7.7  
(6.0 – 12.0) 

<0.001 

Door-to-balloon time in hours, 
median (25˚-75˚ percentile) 

0.8  
(0.6 – 1.2) 

0.7  
(0.5 – 1.0) 

0.9  
(0.6 – 1.3) 

1.0  
(0.7 – 1.5) 

<0.001 

Angiographic data 

Multivessel disease, n (%) 1307 (52) 509 (50) 595 (54) 203 (53) 0.16 

TIMI 0 pre-PCI, n (%) 1626 (64) 632 (62) 721 (66) 273 (72) 0.001 

TIMI 3 post-PCI, n (%) 2249 (89) 940 (93) 986 (90) 323 (85) <0.001 

Short ischemic time : ≤ 3 hours, intermediate ischemic time: >3 – 6 hours, long ischemic time:  > 6 hours. SD = 
standard deviation; MI = myocardial infarction; PCI = percutaneous coronary intervention; TIMI = Thrombolysis In 
Myocardial Infarction.  
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The mean post-infarction LVEF was 44.6 ± 11.9 %.  The LVEF of short, 

intermediate and long ischemic time intervals were 45.1 ± 11.7 %, 44.6 ± 11.9 %, 

43.2 ± 12.2 %, respectively (P = 0.029) (Figure 1). There was a trend in decrease 

of LVEF in longer ischemic time intervals in both anterior and non-anterior 

infarction (Figure 2). The LVEF in anterior infarction is lower than in non-anterior 

infarction (39.5 ± 12.0 % vs. 49.7 ± 9.2 %, P < 0.001). There was no significant 

modification effect by infarct location in the association between ischemic time 

intervals and LVEF (P = 0.913). 

Figure 1. Plot of left ventricle ejection fraction by ischemic time intervals. 

Predictors of LVEF < 40% were older age, male, diabetes, anterior infarction, TIMI 

3 post-PCI, TIMI 0 pre-PCI and ischemic time (Table 2). After adjusted for age, 

gender, diabetes and infarct location, the odds ratio of ischemic time intervals for 

LVEF < 40% was 1.14 (95% CI 1.00 – 1.30). 

TIMI flow before and after PCI were considered as intermediate pathway in the 

relation between ischemic time and LVEF; therefore, they were not included in the 

confounder-adjustment analysis. Patients with longer ischemic time had higher 

likelihood of TIMI 0 flow pre-PCI (P = 0.001) and lower likelihood of TIMI 3 flow 

post-PCI (P < 0.001) (Table 1). Both variables were associated with low LVEF 

(Table 2). 
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Figure 2. Plot of left ventricle ejection fraction by ischemic time intervals stratified in infarct location. 

Table 2. Baseline determinants of low post-infarction left ventricle ejection fraction. 

Characteristics LVEF < 40% LVEF ≥ 40% 
Odds ratio (95% 

CI) 
P value 

Patients, n 811 1718   

Age in year, mean ± SD 61 ± 11 60 ± 12 1.01 (1.00 – 1.02) 0.005 

Female, n (%) 152 (19) 390 (23) 0.79 (0.64 – 0.97) 0.024 

Diabetes mellitus, n (%) 93 (12) 140 (8) 1.46 (1.11 – 1.93) 0.007 

Hypertension, n (%) 222 (28) 451 (26) 1.06 (0.88 – 1.28) 0.55 

Previous MI, n (%) 83 (10) 143 (8) 1.25 (0.94 – 1.67) 0.12 

Previous revascularisation, n (%) 44 (5) 126 (7) 0.72 (0.51 – 1.03) 0.07 

Anterior infarction, n (%) 657 (81) 604 (35) 7.87 (6.43 – 9.63) <0.001 

Multivessel disease, n (%) 435 (54) 872 (51) 1.13 (0.95 – 1.33) 0.17 

TIMI 3 post-PCI, n (%) 686 (86) 1563 (92) 0.54 (0.41 – 0.70) <0.001 

TIMI 0 pre-PCI , n (%) 562 (71) 1064 (63) 1.44 (1.20 – 1.72) <0.001 

Ischemic time in hours, median (25˚-
75˚ percentile) 

4.0  
(3.0 – 6.0) 

4.0  
(3.0 – 5.0) 

1.04 (1.01 – 1.07) 0.007 

Patient delay in hours, median (25˚-
75˚ percentile) 

2.8  
(1.8 – 4.3) 

2.3  
(1.7 – 3.5) 

1.02 (1.00 – 1.04) 0.030 

Door-to-balloon time in hours, median 
(25˚-75˚ percentile) 

0.8 (0.5 - 1.1) 0.9 (0.6 - 1.2) 0.65 (0.55 - 0.77) <0.001 

SD = standard deviation; CI = confidence interval; LVEF = Left ventricle ejection fraction; MI = myocardial infarction; 
TIMI = Thrombolysis In Myocardial Infarction; PCI = percutaneous coronary intervention. 
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DISCUSSION 

Our study demonstrated the association between ischemic time and LVEF after 

primary PCI. The correlation between ischemic time as continuous variable and 

LVEF was significant but weak. However, ischemic time was an independent 

determinant for LVEF less than 40%.  

Myocardial necrosis is a time-dependent event; progressing as a wave front with 

predominantly complete transmural necrosis after 6 hours.9 Early restoration of 

coronary flow can inhibit progress of this process and limit infarct size. Regardless 

the biological explanation, findings from previous studies on the impact of ischemic 

time on post-infarction LVEF were not convincing. In a study of 686 patients with 

STEMI treated with primary PCI, Maeng M et al. reported that a shorter symptom-

to-balloon time was associated with a better predischarge LVEF (54%, range 45% 

to 60% vs. 50%, range 44% to 58% vs. 50%, range 40% to 55% in < 3 hours, 3 – 5 

hours and ≥ 5 hours groups, respectively; P value < 0.001).6 Brodie et al. evaluated 

the impact of time-to-reperfusion on outcomes in 450 patients with STEMI.5 Their 

results showed no significant difference in LVEF among the time-to-reperfusion 

intervals. The same group of investigators found similar results in another larger 

cohort (n = 2082) of patients with STEMI.10 Noteworthy, they excluded the patients 

with shock in both studies. This may confound the result because the patients with 

shock may have lower LVEF. In another study which aimed to evaluate the 

importance of time-to-reperfusion on outcomes after primary PCI in 1843 patients 

with and without cardiogenic shock, Brodie et al. found that acute LVEF was 

significantly lower in groups of patients with later time-to-reperfusion (53.1 ± 13.0% 

vs. 51.3 ± 12.9% vs. 50.2 ± 12.4 in < 3 hours, 3 - < 6 hours and > 6 hours groups, 

respectively; P value = 0.004).11 

Despite significant, our finding revealed that the association between ischemic time 

and the LVEF is weak. This result is supported by the result from a study done by 

Francone et al.12 They studied the extent of myocardial damage by using 

cardiovascular magnetic resonance (within 5 days after PCI) in relation to different 

time-to-reperfusion intervals. Their result revealed a marginal difference of LVEF 

across the time-to-reperfusion intervals (P = 0.06).  
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The weak relation between ischemic time and LVEF after primary PCI might be 

explained by several reasons. The first possible explanation is the phenomenon of 

myocardial stunning.13 Despite restoration of the coronary blood flow, the post 

ischemic myocardium still exhibits delayed recovery of contractile function. Our 

finding which showed a stronger correlation between ischemic time and peak 

CKMB compared to the correlation between ischemic time and LVEF supports this 

notion. Patients with shorter ischemic time – despite of smaller enzymatic infarct 

size - may still exhibit impaired left ventricular function in the short period after 

reperfusion. Smaller infarct size at baseline has been shown to be the independent 

predictor of recovery of left ventricular function after primary PCI.14 Previous report 

from our group showed that a relative increase of 6% in LVEF may be observed at 

6 months after primary PCI.15 We suggest that patients with smaller infarct size in 

the short ischemic time intervals may exhibit better LVEF at longer follow up 

period. 

The second possible explanation is the time-of-treatment paradox. This 

phenomenon was described by van de Werf in elaborating the discrepancy effect 

of thrombolysis on survival and global left ventricle function.16 The idea is that an 

effective treatment given early in the course of an acute myocardial infarction 

saves lives of those patients with poor ventricle function. These patients would 

have died if no effective treatment had been given or if the treatment had been 

started later. The low LVEF of these early-reperfused patients will mask the gain in 

LVEF obtained by other patients in the same group and therefore distort the odds 

ratio with patients with longer ischemic time. This distortion may be worsened by 

the lower survival patients – regardless of their LVEF – in the group of longer 

ischemic time.17  

Both patient delay and door-to-balloon time contributed to longer ischemic time in 

our study population. Remarkably, our data revealed that worse LVEF had 

association with shorter door-to-balloon time. It may resemble that sicker patients 

had been transferred faster to the PCI.  

TIMI flow before and after PCI were likely part of the intermediate mechanisms in 

the impact of longer ischemic time to the LVEF post infarction. Longer ischemic 
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time was associated with higher rate of TIMI 0 before PCI. This finding is supported 

by data from other studies.6, 10 Longer occlusion time may lead to more organized 

and propagated thrombus formation intracoronary.  

Lower likelihood of achieving TIMI 3 flow with PCI after longer ischemic time was 

also reported by other studies.6, 18 Final TIMI ≤ 2 flow is thought to be due to 

microvascular dysfunction resulting from vasospasm, distal embolization, 

endothelial dysfunction secondary to endothelial injury, capillary plugging by 

platelets, neutrophils and erythrocytes, and intracellular and interstitial edema.19 

This clinical no-reflow phenomenon is related with longer coronary occlusion.20 

Possibly, patients with longer ischemic time should be treated more aggressive 

with (pre-hospital) platelet inhibition drugs, thrombosuction during PCI or use of 

distal protection devices.  

An interaction between TIMI flow before and after PCI also existed. We found that 

12% patients with baseline TIMI flow 0 failed to have TIMI 3 flow after PCI, while 

only 5% with baseline TIMI flow ≥ 1 failed to have TIMI 3 after PCI.  

Both TIMI 3 flow before reperfusion21  and achievement of TIMI 3 flow after PCI18 is 

strongly related to better LVEF. In patients with TIMI flow < 3 before PCI, ischemic 

time is linearly related to the likelihood of transmural necrosis and severe 

microvascular obstruction.22 This will subsequently lead to decreased global left 

ventricular performance. 

Another remarkable finding is that female gender was related to longer ischemic 

time. Same results were also reported by other studies.23, 24 Paradoxically, female 

gender was associated with better LVEF post infarction. Female gender has been 

shown independently related to smaller infarct size in acute myocardial infarction 

treated with PCI.25, 26 Higher hypoxic tolerance and more frequent ischemic pre-

conditioning were suggested as the possible explanation of that observation.26 Our 

data suggested that the advantage in myocardial salvage was – possibly to some 

extent – independent from the lack in time-to-treatment that women experience. 

Certain limitations should be noted in our study. We did not exclude patients with a 

previous history of myocardial infarction. Previous myocardial infarction may affect 
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baseline ventricular function. Nevertheless, there was no significant difference of 

prevalence of previous myocardial infarction between patients with shorter and 

longer ischemic time intervals. Several other characteristics may also have effects 

on the baseline ventricular function, including diabetes and multivessel disease. 

We did a multivariate analysis to adjust for potential confounders.  

In conclusion, ischemic time was associated with post infarction LVEF in patients 

with STEMI treated with primary PCI, although this association was weak. Longer 

ischemic time increased the likelihood of a subsequent LVEF < 40% at hospital 

discharge. Initial TIMI flow and post-PCI TIMI flow played important role in impact 

of the ischemic time on the LVEF. Efforts in achieving better TIMI flow before and 

after primary PCI may reduce the bad impact of ischemic time on left ventricle 

function. 
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ABSTRACT 

Background – Despite clear results in animal studies, there is still debate on the 

relevance of collaterals in ST-elevation myocardial infarction (STEMI). This study 

aims to evaluate the independent impact of collaterals on infarct size and post-

infarction left ventricular function after primary percutaneous coronary intervention 

(PCI).  

Methods – A cohort of 1,305 patients with STEMI and TIMI flow 0 was assessed 

for angiographic collaterals, enzymatic infarct size (CKMB) and left ventricle 

ejection fraction (LVEF). All patients were treated with primary PCI. LVEF was 

measured before hospital discharge (median day 4).  

Results – A total of 170 (13%) of the patients presented with collaterals (Rentrop 

2-3). Patients with non-anterior infarction and those with longer ischemic had more 

frequently collaterals. The peak CKMB level was higher in patients without 

collaterals than those with collaterals in anterior infarction subgroup (P = 0.027) 

and in non-anterior infarction subgroup (P = 0.031) analysis. The association 

between ischemic time and peak CKMB level was only observed in patients 

without collaterals. After stratified analysis to infarct location and ischemic time, 

there was no significant difference in LVEF between patients with and without 

collaterals.  

Conclusions – Presence of collaterals in STEMI is associated with decreased 

infarct size. Nevertheless, this does not translate into better post-infarction LVEF. 

Ischemic time may have less negative effects on infarct size in patients with 

collaterals. 
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BACKGROUND 

Previous studies have shown the beneficial effect of collaterals in stable coronary 

artery disease.1, 2 It has also been suggested that collateral circulation may reduce 

the risk of acute complications (left ventricle aneurysm, septal rupture and 

cardiogenic shock) during acute myocardial infarction.3, 4 Controversy still exists, 

however, concerning the long-term prognostic effect of collaterals after acute 

myocardial infarction.5 Enzymatic infarct size and left ventricular function after 

myocardial infarction are useful as intermediate markers for prognosis after 

infarction. 

Although results from animal study6 and study with thrombolysis therapy7 have 

firmly concluded that coronary collaterals determine the myocardial infarct size and 

post-infarction LVEF in acute myocardial infarction, the result from studies with 

primary percutaneous coronary intervention (PCI) revealed inconsistent 

conclusions.8, 9 Lack of correction for the infarct size and ischemic time, inclusion of 

patients with residual antegrade coronary flow before PCI, small sample size in 

subgroup analysis were some noteworthy limitations that may hamper the previous 

results. Therefore, we conducted a study to evaluate the independent impact of 

collateral presence on infarct size and early post-infarction left ventricle ejection 

fraction (LVEF) in patients treated with primary PCI. 

METHODS 

Data for this study derives from the prospective cohort of patients with ST-elevation 

myocardial infarction (STEMI) at the Isala Klinieken in Zwolle, The Netherlands, 

from January 1994 to December 2004. All patients underwent primary PCI. To 

avoid double inclusion, only the first recorded admissions for STEMI were 

included. Patients were diagnosed with STEMI if they had chest pain of greater 

than 30 minutes duration and electrocardiographic changes with ST segment 

elevation > 2 mm in at least 2 precordials or > 1 mm in the limb leads. Before the 

primary PCI procedure, all patients received 300-500 mg of aspirin intravenously, 

and 3000-5000 International Units of unfractionated heparin. Additional treatment 

with glycoprotein IIb/IIIa inhibitors or stents was left to the discretion of the treating 
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cardiologist. All patients were treated with optimal medication including 

angiotension-converting enzyme inhibitors, beta-blockers, aspirin and statins 

where appropriate. Coronary angiographic flow was determined in accordance with 

the classification system of the Thrombolysis in Myocardial Infarction (TIMI). 

Primary PCI was performed with standard techniques if the coronary anatomy was 

suitable for angioplasty. In the current study, we included patients with available 

data on collaterals and ejection fraction. Exclusion criteria were initial TIMI 

coronary flow before PCI > 0, previous myocardial infarction or history of coronary 

artery by-pass surgery. 

Coronary angiograms were assessed by an independent core lab (Diagram BV of 

Zwolle, The Netherlands). Coronary collaterals were assessed using Rentrop 

criteria: Grade 0 -  no visible filling of any collateral channel; grade 1 - filling of the 

side branches of the occluded artery, with no dye reaching the epicardial segment; 

grade 2 - partial filling of the epicardial vessel, and; grade 3 - complete filling of the 

epicardial vessel by collateral vessels.10 For the current analysis, coronary 

collaterals were defined as present if the grade was Rentrop 2 or 3.  

Post-infarction LVEF was measured before discharge (at median day 4) using 

radionuclide ventriculography or by echocardiography if atrial fibrillation. 

Radionuclide ventriculography was performed by using the multiple gated 

equilibrium method after labelling the red blood cells of the patient with 99mTc 

pertechnate. A General Electric 300 γ camera (General Electric, Milwaukee, WI) 

with a low-energy all-purpose parallel-hole collimator was used. Global LVEF was 

calculated by a General Electric Star View computer (General Electric) using the 

fully automatic PAGE program. With echocardiography, standard 2-dimensional 

and Doppler imaging was performed and stored in cine loop format by well-trained 

echocardiographists and reviewed by experienced cardiologists. The left 

ventricular end-diastolic and end-systolic volumes were measured and LVEF was 

calculated according to Simpson’s rule.11 

Protocol-specified blood sampling for creatine kinase-MB (CKMB) level was 

performed at baseline and at 8, 16, and 24 hours after PCI. Measurement of serum 

total CKMB levels was performed according to our local hospital standards, which 
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did not change over the course of the study. 

Ischemic time was calculated from symptom onset to first balloon inflation. 

Dyslipidemia was defined as a total cholesterol > 240 mg/dL (6 mmol/L), or self-

reported use of lipid-lowering medication before admission. The presence of 

diabetes mellitus was based on a self-reported medication use for diabetes, a 

fasting serum glucose > 126 mg/dL (7 mmol/L), or a non-fasting serum glucose > 

200 mg/dL (11 mmol/L). Hypertension was defined as the reported use of anti-

hypertensive medication and blood pressure > 150 mmHg systolic and/or > 100 

mmHg diastolic on at least two occasions. Study approval was obtained from the 

medical ethics committee at our hospital.  

Statistical analysis 

Statistical analysis was performed with the Statistical Package for the Social 

Sciences Version 17.0 (SPSS Inc., Chicago, IL, US). Continuous data values are 

presented as mean ± standard deviation or median (25º - 75º percentile) for non-

normally distributed variables while discrete data values are given as absolute 

values and percentages. To determine potential confounders in the baseline 

characteristics, we compared the characteristics in stratified groups of collaterals. 

LVEF(%) and peak CKMB(U/L) as dependent variables were treated as continuous 

data.  Nominal variables were evaluated with the chi-square test; continuous 

variables with the t-test or non-parametric Mann-Whitney test for non-normally 

distributed variables.  

Infarct location and ischemic time variables in particular were treated as potential 

confounding factors. An analysis of the association between collaterals and the 

dependent variables was subsequently performed with stratification of those two 

variables. Arbitrarily, ischemic time was grouped into short (≤ 3 hours), 

intermediate (>3 – 6 hours), and long (> 6 hours) ischemic time. To evaluate 

potential determinants for the dependent variables, we performed linear regression 

analysis. The selection of variables for multivariate analysis was based on 

theoretical reasoning and/or significant difference in baseline characteristics. A P 

value of 0.05 was determined as significant. 
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RESULTS 

Table 1. Baseline characteristics 

 
All 

(n = 1305) 
Rentrop 0-1 
(n = 1135) 

Rentrop 2-3 
(n = 170) 

P value 

Age, years 60 ± 12 60 ± 12 59 ± 13 0.646 

Female 283 (22) 245 (22) 38 (22) 0.821 

Diabetes 105 (8) 95 (8) 10 (6) 0.265 

Hypertension 346 (27) 302 (27) 44 (26) 0.830 

Smoking 689 (53) 600 (53) 89 (54) 0.910 

Dyslipidemia 227 (17) 189 (17) 38 (23) 0.061 

Previous PCI 21 (2) 17 (2) 4 (2) 0.409 

Anterior infarction 613 (47) 555 (49) 58 (34) <0.001 

Killip class  

1 1209 (93) 1043 (92) 166 (98) 

0.052 
2 61 (5) 57 (5) 4 (2) 

3 21 (1) 21 (2) 0 (0) 

4 12 (1) 12 (1) 0 (0) 

Ischemic time, hours 4.6 ± 2.6 4.5 ± 2.5 5.4 ± 3.2 0.001 

Patient delay, hours 3.5 ± 4.5 3.3 ± 3.4 4.8 ± 8.8 0.037 

Door-to-balloon, hours 0.9 ± 0.6 0.9 ± 0.5 1.1 ± 0.9 0.002 

Multivessel disease 664 (51) 574 (51) 90 (54) 0.481 

TIMI 3 post PCI 1147 (88) 992 (88) 155 (92) 0.132 

PCI indicates percutaneous coronary intervention; TIMI, Thrombolysis in Myocardial Infarction 

A total of 1,305 patients were included in the current analysis. There were 170 

(13%) patients with coronary collateral presence. The baseline characteristics are 

presented in Table 1. There were no significant differences in age, diabetes, 

hypertension, smoking and hyperlipidemia between patients with and without 

collaterals. There were more anterior infarction and shorter ischemic time in 

patients without collateral. Killip class during presentation was better in those with 

collaterals. There was no difference in achievement of TIMI 3 flow after PCI 

between both groups.  
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Collaterals and infarct size 

The peak CKMB was higher in patients without collaterals than those with 

collaterals (median 265 U/L, 25º - 75º percentile 159 – 425 U/L vs. 201 U/L, 128 – 

332 U/L, P<0.001). This significant difference was also seen in the subgroup 

analysis according to the infarct location and ischemic time interval (Table 2). The 

peak CKMB level was increased significantly with longer ischemic time intervals in 

patients without collaterals (P <0.001); but not significantly in patients with 

collaterals (P = 0.156). 

Table 2. Enzymatic infarct size of patients with Rentrop 0 or 1 collaterals and of patients with 
Rentrop 2 or 3 collaterals 

 Rentrop 0-1 Rentrop 2-3 P value 

A. All group analysis: 

CKMB, U/L 265 (159 – 425) 201 (128 – 332) <0.001 

B. Infarct location subgroup analysis: 

CKMB, U/L, in non-anterior 
infarction (n = 692) 

207 (130 – 326) 174 (110 – 291) 0.031 

CKMB, U/L, in anterior infarction  

(n = 613) 
353 (210 – 516) 257 (181 – 423) 0.027 

C. Ischemic time interval subgroup analysis 

CKMB, U/L, in ≤3 hours  

(n = 531) 
234 (142 – 393) 186 (115 – 288) 0.006 

CKMB, U/L, in >3 – 6 hours  

(n = 584) 
281 (163 – 438) 220 (142 – 365) 0.025 

CKMB, U/L, in >6 hours  

(n = 174) 
320 (197 – 472) 200 (116 – 291) 0.012 

Data is presented in median (25º - 75º percentile). 

Among the selected clinical and angiographic variables, collateral presence 

(inversely), ischemic time, anterior infarction and TIMI flow 3 after primary PCI 

(inversely) were the determinants of the infarct size (Table 3). 
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Table 3 . The multivariate linear regression analysis to evaluate the potential determinants of 
infarct size (peak CKMB, IU/L). 

Covariates coefficient 95% CI P 

Collateral (Rentrop 2-3) -53.2 -88.4 – -18.1 0.003 

Ischemic time, hours 37.1 19.9 – 54.4 <0.001 

Anterior infarction 140.3 116.5 – 164.0 <0.001 

TIMI post 3 -44.1 -81.1 – -7.0 0.020 

Age, years 0.2 -0.8 – 1.3 0.685 

Male 22.2 -7 – 51.6 0.140 

Diabetes -20.4 -22.6 – 31.3 0.358 

Hypertension 4.3 -22.6 – 31.3 0.754 

Multivessel disease 16.9 -7 – 41.0 0.168 

CI indicates confidence interval; TIMI, Thrombolysis in Myocardial Infarction  

Collaterals and LVEF 

In all group analysis, there was a higher LVEF in patients with collaterals (Table 4). 

After stratification in infarct location subgroup analysis, the LVEF showed no 

difference between the two groups. Only in subgroup of patients who presented ≤3 

hours there is a significant difference in LVEF between both collateral groups.  

Table 4. Post-infarction LVEF of patients with Rentrop 0 or 1 collaterals and of patients with 
Rentrop 2 or 3 collaterals 

 Rentrop 0-1 Rentrop 2-3 P value 

A. All group analysis: 

LVEF, % 43.8 ± 11.7 46.4 ± 11.7 0.027 

B. Infarct location subgroup analysis: 

LVEF, %, in non-anterior infarction (n = 692) 50.2 ± 8.7 49.8 ± 11.3 0.717 

LVEF, %, in anterior infarction (n = 613) 37.2 ± 10.8 38.6 ± 9.3 0.362 

C. Ischemic time interval subgroup analysis 

LVEF, %, in ≤3 hours (n = 531) 43.3 ± 11.5 47.3 ± 11.0 0.037 

LVEF, %, in >3 – 6 hours (n = 584) 44.6 ± 11.8 46.5 ± 12.6 0.122 

LVEF, %, in >6 hours (n = 174) 42.8 ± 11.9 44.2 ± 10.3 0.568 

LVEF indicates left ventricular ejection fraction 
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After stratified analysis in both infarct location group and ischemic time group, the 

difference in LVEF between both collateral groups disappeared (Figure). 

Figure. Association of collaterals and post-infarction left ventricular ejection fraction (LVEF) after 
primary percutaneous coronary intervention, stratified to ischemic time and infarct location. 

DISCUSSION 

Our study reveals that collateral presence had independent impact on infarct size 

in patients with STEMI who treated with primary PCI. Nevertheless, the post-

infarction LVEF was not different between patients with and without collaterals. 

The relation between infarct size and infarct location, ischemic time, collateral 

presence and TIMI flow after primary PCI was validated in this clinical study. 

The importance of collateral blood flow for myocardial salvage has been 

demonstrated since the late 1970s in animal studies.12, 13 During acute myocardial 

infarction, collateral flow is distributed mainly to subepicardial layers thereby 

limiting the extension of necrosis from the subendocardial to the subepicardial 

layers.13, 14 In the presence of collaterals, infarct size is determined by duration of 

coronary occlusion, size of area at risk and myocardial oxygen demand.15, 16  

Several studies have evaluated the potential impact of coronary collaterals on 

infarct size and in clinical settings. Habib et al. reported the protective effects of 

collaterals in 125 patients with failed thrombolysis in limiting infarct size (peak CK 

level).7 They found this effect was independent of infarct location. Elsman et al. 
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reported the inverse relationship between collaterals presence and cumulative 

lactate dehydrogenase release, 36 hours after chest pain onset.8 

Recently, debate on collateral relevance in determining infarct size was revived by 

the findings of a study undertaken by Sorajja et al.9 In their study to evaluate infarct 

size (assessed by 99mTc sestamibi and peak CKMB) and collaterals presence in 

318 patients who were treated with primary PCI, they found baseline collateral flow 

was associated with smaller infarct size. Despite this finding, they concluded there 

to be no significant relationship between collateral flow and infarct size following no 

significant result in a subgroup analysis of infarct location. 

Despite the significant impact on infarct size, we found that there was no 

association between collateral presence and the post-infarction LVEF. This finding 

is different from those reports by Habib et al.7 They found a higher predischarge 

LVEF in the group with collaterals than those without. However, this result was not 

corrected for the potential confounding effect of infarct location and ischemic time.  

The discrepant impact of coronary collaterals on infarct size and post-infarction 

LVEF is not clear. First possible explanation is that the difference in impacted 

infarct size by collateral presence may not result in measurable difference in early 

post-infarction LVEF. During this early period after myocardial infarction, the 

ventricle may still exhibit impaired global function due to stunning effect despite of 

smaller infarct size in patients with collaterals.17 Apparent effect of collateral 

presence on LVEF may be significantly measured at longer period after myocardial 

infarction. The second possible explanation is the lack of sensitivity of LVEF 

parameter as a global measurement of left ventricular function.18 

With the advance of revascularisation, reestablishment of antegrade flow becomes 

an additional factor in determining infarct size. The achievement of TIMI 3 flow 

after primary PCI significantly reduces infarct size.19, 20 The likelihood of myocardial 

salvation is increased by presence of collaterals.21 Without collateral flow, the 

amount of myocardium that can be saved by reperfusion falls to negligible levels at 

around 45 minutes. The presence of collateral flow of between 25% and 50% of 

normal perfusion greatly delays infarction and when this flow is above 50% the 
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myocardium survive for more than 24 hours. Findings in our subgroup analysis 

confirmed this observation in human clinical setting. Without presence of 

collaterals, infarct size markedly increased in longer ischemic time. Conversely, 

presence of collaterals can delay the myocardial injury. 

Conflicting results for the significance of collaterals in determining infarct size might 

be due to lack of correction for occlusion time and patient selection. Occlusion time 

has an impact on assessing both infarct progression and collaterals presence. 

Indeed, both infarct progression and collaterals growth are time-dynamic 

processes starting at the onset of coronary occlusion. We therefore take into 

account the ischemic time as a potential confounding factor in the relationship 

between collaterals and infarct size. Furthermore, different from the previous 

reports,8, 9 the current analysis includes only patients with TIMI 0 flow before PCI 

so that the blood flow to the jeopardized myocardium during ischemia was 

exclusively from collaterals. The presence of even minimal residual antegrade flow 

(TIMI 1) has an impact on reducing final infarct size after angioplasty.22 

Several limitations should be noted in the current study. Firstly, the angiographic 

method of collateral measurement is a crude estimate of collateral presence. 

Nonetheless, current result has relevant clinical value because the angiographic 

method is widely and easily used in clinical practice. Secondly, we have used 

infarct location for a crude estimation of the size of area at risk. In fact, the area at 

risk is larger than the infarct location.23 There was therefore an underestimation for 

the area at risk.  

In conclusion, our study confirmed that presence of collaterals in STEMI is 

associated with decreased infarct size. Nevertheless, this does not translate into 

better post-infarction LVEF. Ischemic time may have less negative effects on 

infarct size in patients with collaterals. This result supports the notion that coronary 

collaterals should be taken into account for further development in the 

management of acute myocardial infarction.  
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ABSTRACT  

Background – It has recently been suggested that genetic factors may explain the 

variability in coronary collateral formation but the genetic loci involved have 

remained unresolved. Tumour necrosis factor-alpha (TNF-α) is a candidate due to 

its role in adaptive arteriogenesis. This study examines the relationship between 

polymorphisms in the promoter region of the TNF-α gene and coronary collaterals 

in patients with coronary artery disease (CAD). 

Methods - We examined genotypes at positions -238 (rs361525), -308 

(rs1800629) -and 376 (rs1800750) of the TNF-α gene of 879 patients with 

angiographically established CAD. Collaterals were defined to be present if filling 

of contrast was seen in any of the epicardial segments of a coronary artery via 

collaterals channels.  

Results – Patients with the rarer allele A at position -238 or at -376 revealed a 

higher frequency of collaterals. In the presence of worse coronary stenosis, the 

odds ratios were 4.05 (95% CI 1.68 – 9.80) and 4.93 (95% CI 1.03 – 23.8) for -

238A and -376A, respectively. The polymorphism at position -308 was not 

associated with the presence of collaterals. 

Conclusion – The results support the view that a G to A polymorphisms in the 

promoter region -238 and -376 of the TNF gene affects the formation of coronary 

collaterals in subjects with established CAD. 
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BACKGROUND 

The recruitment of collateral vessels in response to coronary stenosis may improve 

long- term prognosis in coronary artery disease (CAD).1 However, the extent of 

collateral formation is highly variable among patients which appears to be only 

partially attributable to differences in the degree of coronary occlusion and 

ischemic burden.2 Several other factors associated with the presence of collateral 

formation have been described, including aging, hypercholesterolemia, 

hypertension and smoking.3   

Recent clinical insights suggest that genetic factors may determine the inter-

individual differences in developing adequate collateral circulation in cases of 

manifest CAD. Genome-wide RNA expression analysis revealed that the monocyte 

transcriptome of patients with coronary collaterals are significantly different from 

the transcriptome of collateral-poor patients.4, 5 This insight lead to the hypothesis 

that certain variants in the pro-arteriogenic gene can explain the heterogeneity in 

having coronary collaterals. 

Tumour necrosis factor-alpha (TNF-α), a proinflammatory cytokine, has been 

suggested to act as a positive modulator of adaptive arteriogenesis in animal 

studies.6 Several functional polymorphisms have been identified inside the 

promoter region of the TNF-α gene.7 We examine the relationship between 

polymorphisms at position -238, -308 and -376 of the TNF-α gene and the 

presence of coronary collaterals in patients with CAD.   

SUBJECTS AND METHODS 

For the present study, data was collected on subjects that had participated in the 

Regression Growth Evaluation Statin Study (REGRESS). The design and main 

findings of this clinical trial have been previously described.8 An angiographic sub-

study on coronary collaterals of the REGRESS cohort has been reported.9 In brief, 

participants included 884 males under 70 years of age who underwent coronary 

angiography due to symptomatic CAD and had at least one major coronary artery 

stenosis of more than 50 percent as assessed angiographically. Significant 

metabolic diseases, including renal disease and oral therapy or insulin–dependent 
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diabetes mellitus were some of the excluding criteria. A DNA sub-study was added 

to the main trial. Both the REGRESS trial and the DNA sub-study were approved 

by the institutional review boards of the participating centres and by the medical 

ethics committees of all centres. Written informed consent was obtained from all 

participants. 

Angiographic data 

All coronary angiograms were reviewed initially by the REGRESS centre 

coordinator and were subsequently sent to the Central Angiographic Core 

Laboratory at the Interuniversity Cardiology Institute of The Netherlands (ICIN), 

Utrecht, The Netherlands, for assessment of quality according to standard 

guidelines. If the views obtained or the film quality was inadequate, the patient was 

excluded from the trial. The angiography protocol required administration of 

coronary vasodilators (5 to 10 minutes before angiography, 5 to 10 mg isosorbide 

dinitrate was administered sublingually; this was repeated during the procedure if 

necessary). For the purpose of the REGRESS study, minimum obstruction 

diameter (MOD) of the coronary stenosis was measured. The quality assurance of 

the quantitative coronary arteriography was strictly maintained.8 

Baseline coronary angiograms were analysed for the presence of collaterals for the 

purpose of the current study. Five of the 884 baseline angiograms of the 

REGRESS population had been lost; therefore 879 subjects were included in the 

current study. Coronary collaterals were assessed visually from these baseline 

angiograms with consensus readings by two experienced cardiologists blinded to 

the genotype data. Collaterals were defined to be present if filling of contrast media 

was seen in any of the epicardial segments of coronary arteries via collateral 

channels.  

DNA Analysis 

Genomic DNA was extracted from blood samples collected at baseline of the study 

according to standard procedures, and was available from 686 participants due to 

stock shortage. A previously validated G to A single nucleotide polymorphism 

(SNP) at positions -238 (rs361525), -308 (rs1800629) and -376 (rs1800750) in the 
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TNF-α gene promoter region was determined. Genotypes were assessed by the 

Line Arrays Detection System (Roche Molecular Systems), hybridizing an 

immobilized oligonucleotide probe with amplified DNA.10  

Statistical analysis 

Baseline demographic and clinical characteristics between the collateral groups 

were compared and tested using Student’s t test or chi-square test where 

appropriate. To assess the relationship between variants of the TNF gene and the 

presence of coronary collaterals, we compared the odds of collaterals across 

groups with contrasting genetic polymorphisms using logistic regression analysis.  

To inspect the potential impact of the severity of coronary stenosis on the 

genotype-phenotype relationship, we examined whether there was an association 

of TNF-α gene variants and the stenosis severity. The minimum obstruction 

diameter (MOD) was used to indicate the stenosis severity. Furthermore, we 

examine the association between collateral presence and TNF gene variants in 

stratified analyses based on MOD. Patients were divided into two group of stenosis 

severity; i.e. lower and higher than the median value of MOD. 

A two-sided P value of ≤ 0.05 was considered statistically significant. All statistical 

analyses were carried out by three of the authors (S.N., J.J.R. and A.H.Z.) using 

SPSS for Windows, release 15.0 (SPSS Inc., Chicago, IL, USA). All authors had 

full access to the data and take responsibility for its integrity.  

RESULTS 

The TNF genotype variants were successfully identified in approximately 79% of 

subjects, i.e. 686 genotypes at position -238, 692 at position -308 and 685 at 

position -376. GG is the wild type (the most prevalence) genotype at the three 

positions. The rare allele, A, was found at a prevalence of 5%, 18.6% and 1.5% at 

position -238, -308 and -376, respectively. There were 21 (3%) subjects with TNF-

308AA homozygote, whilst no rare allele (AA) homozygote was identified in the 

TNF -238 and -376 polymorphisms. All distributions of polymorphisms were in 

Hardy Weinberg equilibrium.11 The TNF-376A genotype was in strong linkage 
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disequilibrium with TNF-238A, such that no individuals were found who carried 

allele A in position -376 in the absence of TNF-238A. Thus, individuals carrying 

TNF-376A were a subset of those carrying TNF-238A.  

Table 1. Demographic and clinical characteristics of study population. 

Characteristics No collaterals Collaterals P value 

Patients, n  616 263  

Age in years, mean ± SD 56 ± 8 57 ± 8 0.04 

BMI in kg/m2, mean ± SD 26 ± 3 26 ± 3 0.13 

Current or former smoker, n (%) 540 (88) 234 (89) 0.58 

Current smoker, n (%) 161 (26) 82 (31) 0.13 

Family history, n (%) 305 (50) 121 (46) 0.36 

Hypertension, n (%) 171 (28) 74 (28) 0.91 

Previous myocardial infarction, n (%) 257 (42) 159 (61) <0.01 

Number of vessel diseased, n (%)    

1 vessel 302 (49) 59 (22) 

< 0.01 2 vessels 197 (32) 103 (39) 

3 vessels 117 (19) 101 (38) 

MOD in mm, mean ± SD 1.85 ± 0.34 1.54 ± 0.29 <0.001 

Medication, n (%)    

Nitrate  330 (54) 159 (60) 0.08 

Beta-blocker  456 (74) 189 (72) 0.51 

Calcium channel blocker 374 (61) 158 (60) 0.86 

BMI = body mass index; MOD = minimum obstruction diameter; SD = standard deviation. 

Table 2. Minimum obstruction diameters among the TNF gene variants. 

 Wild type A- carrier P value 

TNF-238    

Patients, n 617 69  

MOD in mm, mean ± SD 1.76 ± 0.36 1.80 ±0.38 0.42 

TNF-308    

Patients, n 456 236  

MOD in mm, mean ± SD 1.77 ± 0.36 1.75 ± 0.36 0.47 

TNF-376    

Patients, n 664 21  

MOD in mm, mean ± SD 1.77 ± 0.36 1.75 ± 0.27 0.77 

Wild type refers to GG genotype. Allele A-carrier refers to AG or AA genotypes. MOD = minimum obstruction diameter, 
SD = standard deviation. 
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Coronary collaterals were present in 263 (30%) of 879 patients in the full cohort. 

Patients with collaterals were slightly older, had more frequently had previous 

myocardial infarction and had more extensive coronary artery disease (Table 1). 

Patients with collaterals had smaller MOD than those without collaterals. There 

was no difference in MOD across the TNF genotypes (Table 2). 

Table 3. Pooled and stratified analysis of the association between TNF-238 variants and 
collateral presence. 

 No collaterals collaterals 
Odds ratio (95% 

CI) 
P value 

All 

WT, n (%) 442 (92) 175 (86) 1  

A-carrier, n (%) 41 (8) 28 (14) 1.72 (1.03 – 2.87) 0.037 

MOD ≤ 1.74 mm (n = 338) 

WT, n (%) 174 (96) 135 (86) 1  

A-carrier, n (%) 7 (4) 22 (14) 4.05 (1.68 – 9.80) 0.002 

MOD > 1.74 mm (n = 348) 

WT, n (%) 268 (89) 40 (87) 1  

A-carrier, n (%) 34 (11) 6 (13) 1.18 (0.47 – 2.99) 0.73 

 WT = wild type (GG genotype); A-carrier =AG or AA genotypes; MOD = minimum obstruction diameter; CI = 
confidence interval. 

Table 4. Pooled and stratified analysis of the association between TNF-376 variants and 
collateral presence. 

 No collaterals collaterals 
Odds ratio (95% 

CI) 
P value 

All 

WT, n (%) 475 (98) 189 (94) 1  

A-carrier, n (%) 9 (2) 12 (6) 3.36 (1.39 – 8.06) 0.007 

MOD ≤ 1.74 mm (n = 338) 

WT, n (%) 181 (99) 147 (95) 1  

A-carrier, n (%) 2 (1) 8 (5) 4.93 (1.03 – 23.8) 0.046 

MOD > 1.74 mm (n = 347) 

WT, n (%) 294 (88) 42 (91) 1  

A-carrier, n (%) 7 (2) 4 (9) 4.0 (1.12 – 14.29) 0.032 

 WT = wild type (GG genotype); A-carrier =AG or AA genotypes; MOD = minimum obstruction diameter; CI = 
confidence interval. 

Subjects with allele A in the TNF -238 genotype or TNF -376 genotype showed a 

higher frequency of collaterals (Table 3 and 4). In patients with MOD less than 
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median value (1.74 mm), the odds ratio of having collaterals for an allele A-carrier 

in position -238 was 4.05 (95% CI 1.68 – 9.80) and for an allele A-carrier in 

position -376 was 4.93 (95% CI 1.03 – 23.8). The presence of allele A at position -

308 was not related to the presence of collaterals (Table 5). 

Table 5. Pooled and stratified analysis of the association between TNF-308 variants and 
collateral presence. 

 No collaterals collaterals 
Odds ratio (95% 

CI) 
P 

value 

All 

WT, n (%) 323 (66) 133 (65) 1  

A-carrier, n (%) 164 (34) 72 (35) 1.07 (0.76 – 1.50) 0.71 

MOD ≤ 1.74 mm (n = 342) 

WT, n (%) 122 (67) 97 (61) 1  

A-carrier, n (%) 61 (33) 62 (39) 1.28 (0.82 – 1.99) 0.28 

MOD > 1.74 mm (n = 350) 

WT, n (%) 201 (66) 36 (78) 1  

A-carrier, n (%) 103 (34) 10 (22) 0.54 (0.26 – 1.14) 0.11 

WT = wild type (GG genotype); A-carrier =AG or AA genotypes; MOD = minimum obstruction diameter; CI = 
confidence interval. 

DISCUSSION 

Our findings indicate that polymorphisms in the promoter region of the TNF-α gene 

are related to the presence of coronary collaterals. The presence of allele A at 

position -238 and -376 was associated with a higher prevalence of coronary 

collaterals. The current study, with complete data on 686 patients with documented 

CAD, is to our knowledge the largest study to date to examine the relationship of 

genetic polymorphisms and the presence of coronary collaterals. 

The exact mechanism for the mediating effects of TNF- α promoter polymorphisms 

on collateral circulation cannot be directly deduced from the current clinical data. 

Human monocytes, the main source of TNF- α synthesis, show large and stable 

inter-individual differences in TNF- α production levels.12, 13 Although genetic 

polymorphisms in the promoter region of TNF- α have repeatedly been related with 

the variation in the TNF- α production, the data are still conflicting.7, 14 The allele A 

carrier at position -308 and  -238 have been associated with higher TNF-α 
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production, but this might be because they are linked to a functional polymorphism, 

at -376 for example.7 The TNF-376 polymorphism is located in a region of multiple 

DNA-protein interactions, and the less common allele (-376A) acts to recruit OCT-1 

to this region.15 OCT-1 is a transcriptional factor whose interactions with other 

proteins leads to diverse effects on gene regulation, acting in most cases to 

enhance transcription.16 

Pre-clinical findings suggested that TNF-α has essential modulating roles in 

arteriogenesis. Hoefer et al. revealed that mice lacking functional TNF- α had 

reduced (45%) collateral artery perfusion compared with controls after ligation of 

the femoral artery.17 TNF- α is responsible for the adhesion and activation of 

additional monocytes via upregulation of cell adhesion molecules on both 

endothelial cells and monocytes, and by upregulation of granulocyte-macrophage 

colony-stimulating-factor (GM-CSF). Injection of lipopolysaccharide (LPS), the 

most potent stimulator of TNF- α production, produces increased collateral 

conductance in rabbit hind limbs.18 

Intriguing data for patients with CAD shows an inverse correlation between 

circulating TNF-α levels and collateral flow,19 and it has been suggested that this 

inverse relationship reflects a situation whereby augmented expression of TNF-α is 

needed in patients with poorly grown collaterals, while TNF-α is downregulated in 

patients with adequate collateral flow. 

Interestingly, our results showed that TNF-376A was in strong linkage 

disequilibrium with TNF-238A. Furthermore, the odds ratio of having collateral for 

TNF-376A and for TNF-238A was comparable in the presence of worse coronary 

stenosis. Knight et al. revealed that the intimate relationship between -376A and -

238A allele has been preserved in certain populations, such as East African, West 

African and European populations.15 The TNF-376A has been suggested as a 

more recent mutation from a haplotype bearing the TNF-238A allele.  

To appreciate these findings, some limitations need to be addressed. The gene for 

TNF- α is located within the MHC region on chromosome 6p21.3.7 This is a highly 

polymorphic region, and the TNF- α itself contains a large number of 
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polymorphisms. The possibility that the current analysed polymorphisms have 

linkage to other functional genotypes is not excluded. In this regard, additional data 

on the TNF-α level or transcriptional activity would be important information. The 

second issue in the present study is the method of assessment of coronary 

collaterals. The angiographic method provides a more crude, although well 

established, estimate of collateral flow than the quantitative method. 

In conclusion, the results of this study support the view that a G to A polymorphism 

in the promoter region -376 and -238 of TNF gene affects the formation of coronary 

collaterals in subjects with established coronary artery diseases. This finding may 

help to explain the large inter-individual variation in coronary collateral formation 

following coronary stenosis. 
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ABSTRACT 

Background – Although coronary collaterals may provide protection during acute 

ischemia, the marked inter-individual variability of their presence is still 

insufficiently explained by clinical determinants. Genetic predisposition may explain 

this variation, and the genetic potential to produce monocyte chemoattractant 

protein-1 (MCP-1) is a plausible substrate given its established role in 

arteriogenesis. We investigate the relationship between genetic variations of MCP-

1, and the presence of coronary collaterals.  

Methods – This cross-sectional study involved 226 patients with stable coronary 

artery disease undergoing angiography. Collaterals were defined angiographically 

as Rentrop-grade ≥ 1. Polymorphism of MCP-1 was examined at position -2518 

(rs1024611).  

Results – The prevalence of AA, AG and GG genotypes were 53%, 40% and 7%. 

Patients carrying allele G (AG or GG) had a greater likelihood of having collaterals 

(odds ratio [OR] 1.4, 95% confidence interval [CI] 0.8 – 2.4). Stratified in a 

subgroup of patients with diabetes and without diabetes, the ORs were 0.7 (95% 

CI 0.2 – 2.5) and 1.9 (95% CI 1.0 – 3.6), respectively. 

Conclusion – Genetic variation in the MCP-1 gene is related to the presence of 

collaterals in patients with coronary artery disease, most clearly in patients without 

diabetes. These findings indicate that genetic variation in MCP-1 may mediate 

clinical collateral formation and help to explain its inter-individual variation. 
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BACKGROUND 

Well-developed coronary collaterals provide protection during the occurrence of 

major cardiac ischemic events.1, 2 Hence insights into the mechanism and factors 

affecting variability in collaterals presence may indicate new approaches for the 

treatment of patients with coronary artery disease. Unfortunately, there is a marked 

interindividual variation in coronary collaterals development. The reasons why 

some patients develop collateral circulation whereas others do not are not well 

understood. Moreover, one fifth of individuals without a stenotic lesion can have 

immediately recruitable collateral flow.3 Conversely, for a given severity of 

stenosis, collateral flow is present to variable extent.4 Clinical determinants cannot 

explain completely the individual differences in collaterals presence.5 Therefore, 

aside from the external factors, there are plausible genetic differences in the 

individual propensity to recruit collaterals in response to ischemia.  

The presence of a genetic influence in collateral formation is supported by studies 

in mice. There is wide genetically determined variability in pre-existing mouse hind 

limb collateral morphology.6 Mice lacking the gene encoding CCR2 – a major 

receptor for monocyte chemoattractant protein-1 (MCP-1) – had impaired collateral 

vessel growth after femoral artery ligation.7 Wang et al. identified a genetic locus 

that affects the number and diameter of native collaterals in the cerebral circulation 

of mice.8 Polymorphism in this locus is strongly associated with collateral extent in 

different mice strains. 

Several lines of evidence support the view that the chemokine MCP-1 (systematic 

name: CCL2) is important in arteriogenesis. MCP-1 is a member of the C-C 

chemokine family, and a potent chemotactic factor for monocytes. MCP-1 is one of 

the earliest genes expressed after artery occlusion.9, 10 Local levels of MCP-1 

increased soon after coronary occlusion using balloon angioplasty in humans.11 In 

addition, the infusion of MCP-1 into the proximal stump of an occluded femoral 

artery in rabbits greatly accelerates collateral development.12 In humans, the gene 

encoding MCP-1 is located on chromosome 17 (chr.17, q11.2).13 Several genetic 

variations of MCP-1 have been reported, of which the well-described common 

promoter variant at position -2518 (rs1024611; alternatively designated -2578) has 
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been consistently reported to influence serum levels of MCP-1 with likely 

associated functional properties.14, 15  

Based on the important role of MCP-1 in arteriogenesis and the presence of 

functional variants of the MCP-1 gene in humans, we hypothesized that a 

polymorphism of the MCP-1 gene is related to the presence of collaterals in 

patients. We examined whether the promoter single nucleotide polymorphism at -

2518 of the MCP-1 gene relates to collateral presence in patients with stable 

coronary artery disease. In addition, in view of the putative analogous inflammatory 

based-mechanism of diabetes and arteriogenesis,16 we also examined whether 

diabetes modifies the association between the MCP-1 polymorphism and 

collaterals.  

SUBJECTS AND METHODS 

The study populations originated from the “Second Manifestations of ARTerial 

disease (SMART)” study. The SMART study is a single-centre prospective cohort 

study among patients referred to the University Medical Center Utrecht for the first 

time due to atherosclerotic vascular disease or for the treatment of marked 

atherosclerotic risk factors. Details of the study design and methods have been 

described elsewhere.17 Clinical definitions relevant to the current analysis will be 

described below. Genomic deoxyribonucleic acid (DNA) extraction was performed 

at patient-enrolment (1998-2002) by an in-house company, U-Diagnostics BV, 

Utrecht, The Netherlands. DNA was extracted from buffy coats using QIAamp spin 

columns (QIAGEN N.V., Venlo, the Netherlands) and stored at -80ºC. We 

examined 226 subjects from the cohort who underwent diagnostic coronary 

angiograms for elective percutaneous coronary intervention (PCI) and of whom 

genomic DNA was available. The study was approved by the ethics committee of 

the University Medical Center Utrecht.  All patients gave informed consent to 

participate. 

Collateral assessment 

The presence of coronary collaterals on each baseline coronary angiogram was 

defined and visually assessed with the Rentrop's classification (grade 0 – no filling 
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of collateral vessels; grade 1 – filling of collateral vessels without any epicardial 

filling of the recipient artery; grade 2 – partial epicardial filling by collateral vessels 

of the recipient artery; grade 3 – complete epicardial filling by collateral vessels of 

the recipient artery). Coronary collateral presence was defined as the presence of 

minimal or well-developed collaterals (grade 1, 2 or 3). Grading was done 

independently by a trained research physician (J.K.) and a cardiologist 

(P.P.Th.d.J.), who were blinded to the clinical data. If an angiogram was graded 

differently, the images were reviewed and consensus was reached. The pre-PCI 

angiograms were graded in random order. To assess the inter-observer variability 

of the grading, 100 randomly selected angiograms were scored by another 

cardiologist not involved in the study and unaware of the results of the readings of 

the two other observers and of the clinical data, during a separate session. The 

strength of agreement between the two observers (J.K. and P.P.Th.d.J.) and the 

other cardiologist was good (Kappa 0.65, 95% confidence interval [CI] 0.51–0.79).  

DNA genotyping 

Identification of the single nucleotide polymorphism at position -2518 of the MCP-1 

gene was performed by two investigators blinded to the clinical data (M.E. and 

S.N.), using polymerase chain reaction (PCR) and allele-specific restriction 

enzyme digestion method. A segment of 234 bp was amplified from the genomic 

DNA using forward primer  

5’-TCTCTCACGCCAGCACTGACC-3’ and reverse primer 5’-

GAGTGTTCACATAGGCTTCTG-3’, as follows: one µL (~25 ng) of genomic DNA 

was added to 49 µL of amplification mix containing 10 mM Tris-HCl, pH 8.3, 50 mM 

KCl, 2.5 mM MgCl2, 200 µM of each deoxynucleoside triphosphates (dNTPs), 0.32 

µM of each primer and 2 U of Taq DNA Polymerase (AmpliTaq®, Applied 

Biosystems, Foster City, CA). The DNA fragment was amplified for 32 cycles at 

95°C for 30 seconds, 58°C for 1 minute, 72°C for 30 seconds. Additional 

conditionings of 5 minutes at 95°C before cycling and of 30 minutes at 72°C after 

cycling were applied to optimize the result. PCR products were digested with 

restriction endonuclease Pvu II (New England BioLabs) and resulted in 159 and 75 

bp fragments when G allele is present at position -2518 (Figure). The products 
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were separated on a 2% agarose gel containing ethidium bromide, and visualized 

under UV light. 

Figure. A segment of 234 bp at distal regulatory region of MCP
electrophoresis. The presence of G allele at position 
fragments was present. AA = A/A homozygous genotype; AG =A/G heterozygous genotype; GG = G/G 
homozygous genotype; M = marker. 

Diabetes mellitus was defined as fasting plasma glucose 

serum glucose ≥11.1 mmol/L, or the use of oral anti

Hypertension was defined as systolic blood pressure 

pressure ≥95 mmHg or the use of antihypertensive drugs. Information on smoking 

was derived from the self-administrated, standardized questionnaires. A subject 

was defined as a smoker if he or she currently smoked or had recently quit (for less 

than 12 months) when entering the study. 

Statistical analysis 

To test any difference in characteristics between groups, goodness

Weinberg equilibrium, as well as agreement of genotype frequency in our study 

with previous studies, we applied the chi

The dependence of collateral presence on the genetic determinant was analyzed 

with logistic regression; significance was tested by use of the likelihood ratio test 

and Wald’s test. Subsequently, multivariate analysis was performed by adding 

variables that were distributed differently among the genotype variants. We used 

the odds ratio (OR) to express the extent of association between collateral 

presence and MCP-1 polymorphism. Stratification for the diabetes group was done 
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were separated on a 2% agarose gel containing ethidium bromide, and visualized 

. A segment of 234 bp at distal regulatory region of MCP-1 gene was identified in 2% gel agarose 
electrophoresis. The presence of G allele at position -2518 was identified when a pair of 159 bp and 75 
fragments was present. AA = A/A homozygous genotype; AG =A/G heterozygous genotype; GG = G/G 

Diabetes mellitus was defined as fasting plasma glucose ≥7.0 mmol/L, non-fasting 

11.1 mmol/L, or the use of oral anti-diabetic drugs or insulin. 

Hypertension was defined as systolic blood pressure ≥160 mmHg, diastolic blood 

mHg or the use of antihypertensive drugs. Information on smoking 

administrated, standardized questionnaires. A subject 

was defined as a smoker if he or she currently smoked or had recently quit (for less 

ing the study.  

To test any difference in characteristics between groups, goodness-of-fit of Hardy 

Weinberg equilibrium, as well as agreement of genotype frequency in our study 

with previous studies, we applied the chi-square test.  

e dependence of collateral presence on the genetic determinant was analyzed 

with logistic regression; significance was tested by use of the likelihood ratio test 

and Wald’s test. Subsequently, multivariate analysis was performed by adding 

re distributed differently among the genotype variants. We used 

the odds ratio (OR) to express the extent of association between collateral 

1 polymorphism. Stratification for the diabetes group was done 
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to examine the modification effect of diabetes with that association. A two sided P 

value of equal or less than 0.05 was considered statistically significant. All 

analyses were performed using the SPSS package for Windows, version 17.0 

(SPSS Inc., Chicago, Illinois, US). 

RESULTS 

In total, 226 samples of genomic DNA were successfully extracted from blood 

samples.  No adequate PCR products were obtainable from 2 samples; therefore 

224 patients were included in analysis. We succeeded in genotyping A-2518G 

variants with frequencies of 53%, 40% and 7% for the AA, AG and GG genotypes 

respectively. The genotypes distribution among patients without collaterals was in 

Hardy Weinberg equilibrium. The frequency of mutant-allele G was 24%. Table 1 

shows the patients’ profile according to the MCP-1 genotypes. Patients carrying 

allele G (AG or GG genotypes) had a higher prevalence of diabetes compared to 

AA homozygous (26% vs. 15%, P = 0.048). 

Table 1 Patient profile according to MCP-1 genotype 

Characteristic 
All 

patients 

MCP-1 Genotypes 
P value 

AA AG or GG 

Patients, n 224 119 105  

Age in years, mean ± SD 58 ± 9 57 ± 9 58 ± 10 0.67 

Female, n (%) 41 (18) 25 (21) 16 (15) 0.27 

Hypertension, n (%) 85 (38) 46 (39) 39 (38) 0.83 

Hyperlipidaemia, n (%) 186 (83) 101 (85) 85 (81) 0.36 

Diabetes, n (%) 45 (20) 18 (15) 27 (26) 0.048 

Previous MI, n (%) 95 (42) 44 (37) 51 (49) 0.10 

Smoking, n (%) 63 (28) 36 (30) 27 (26) 0.40 

Previous PCI and/or CABG, n 
(%) 

66 (30) 35 (29) 31 (30) 0.99 

Multi-vessel disease, n (%) 87 (39) 40 (34) 47 (45) 0.09 

MI = myocardial infarction; PCI = percutaneous coronary intervention; CABG = coronary artery bypass grafting.  
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Table 2. Baseline characteristics according to collateral presence or absence. 

Characteristics 
Collaterals 

present 
Collaterals 

absent 
P value 

Patients, n 84 140  

Age in years, mean ± SD 57 ± 10 58 ± 9 0.64 

Female, n (%) 12 (14) 29 (21) 0.23 

Hypertension, n (%) 25 (30) 60 (43) 0.06 

Hyperlipidaemia, n (%) 71 (85) 115 (82) 0.73 

Diabetes, n (%) 23 (27) 22 (16) 0.035 

Smoking, n (%)  32 (38) 31 (22) 0.012 

Previous MI, n (%) 41 (49) 54 (39) 0.16 

Duration since MI until PCI in years, 
median (25º-75º percentile) 

1 (0-9) 1 (0-4) 0.66 

Previous PCI and/or CABG, n (%) 26 (31) 40 (29) 0.71 

Multi-vessels disease, n (%) 47 (56) 40 (29) <0.001 

MI = myocardial infarction; PCI = percutaneous coronary intervention; CABG = coronary artery bypass grafting. 

Compared to patients without collaterals, diabetes, smoking, and multi-vessel 

disease was more common in patients with collaterals (Table 2). Patients carrying 

G allele (AG or GG) had a higher prevalence of collateral presence compared to 

patients with AA homozygous (Table 3).   

Table 3. Presence of collateral according to MCP-1 genotype and a stratified analysis according 
to presence of diabetes  

MCP-1 -2518 
genotype 

Collaterals 
present 

Collaterals 
absent 

Odds ratio  
(95% confidence interval) 

All patients 

AG or GG, n (%) 46 (55) 59 (42) 1.7 (1.0 - 2.9) 

Diabetes  

AG or GG, n (%) 13 (57) 14 (64) 0.7 (0.2 - 2.5) 

No diabetes  

AG or GG, n (%) 33 (54) 45 (38) 1.9 (1.0 – 3.6) 

The crude OR of having collaterals for an allele G-carrier was 1.7 (95% CI 1.0 - 

2.9). After adjustment for age, gender, smoking, multi-vessel disease, diabetes and 
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previous MI, the OR was 1.4 (95% CI 0.8 – 2.6). In the subgroup of patients 

without diabetes (n=179), the association of G allele carrier and collaterals was 

more pronounced than in patients with diabetes (Table 3). 

DISCUSSION 

The findings in the current study indicate that the presence or absence of coronary 

collaterals in patients with coronary artery disease is influenced by genetic 

variations in MCP-1. Individuals who carry the G-allele at position -2518 in the 

MCP-1 gene had a higher potential to have coronary collaterals. However, the 

presence of diabetes seemed to diminish the association of this polymorphism with 

presence of collaterals. Thus far, these are the first clinical data on the relevance 

of variants in the MCP-1 gene in relation to collaterals in humans.  

The mechanistic basis for the impact of genetic variation in MCP-1 on collateral 

presence cannot be explained by the current data. However, in view of the existing 

literature a role of the modulation effect of shear stress on gene expression in 

endothelial cells is plausible.18 Utilizing a specially designed “shear stress model” 

to expose cultured cells to defined mechanical force, shear-induced molecular 

responses in endothelial cells have been identified, including effects on the rate of 

transcriptional activity of specific subsets/variant of genes. In an in vitro study using 

epithelial-like HeLa cells and bovine aortic endothelial cells, Shyy et al. revealed 

that exposure to shear stress leads to a 35-fold and 7-fold increase in reporter 

activity in the promoter region of the MCP-1-encoding gene.19  They found that 

site-specific mutations affect inducibility by shear stress. These site-specific 

regions are located in the promoter segment of the gene and have been termed 

shear-stress response elements.  

In humans, Rovin et al. have shown that an A to G polymorphism at promoter 

region -2518 affects the transcriptional activity of the distal regulatory region.20 

Activated monocytes from individuals heterozygous or homozygous for G at -2518 

produced more MCP-1 than cells from individuals homozygous for A at -2518. 

Our findings suggest that the presence of diabetes attenuates the impact of the G-

allele on collateral formation. This might be explained by several mechanisms in 
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which diabetes modifies arteriogenesis. Chronic hyperglycemia impairs shear-

induced vasodilatation, impairs outward collateral remodeling and inhibits 

monocyte chemotaxis.21 In fact, although MCP-1 production is increased in 

diabetes, the migratory response of diabetic monocytes to MCP-1 is strongly 

reduced.22  

Study strengths and limitations 

Although the background of this hypothesis is supported by sound clinical and 

experimental studies, the findings of our current analysis are limited by a sample 

size that is relatively small for a genetic association study and the potential of false 

positive findings. However, the probability of false positive findings is reduced by a 

high prior probability.23 The prior probability of the current findings is supported by 

results from previous clinical and animal research and the functional relation of the 

-2518 polymorphism as discussed above. Nevertheless, a larger study should be 

performed to confirm our findings.  

Linkage of the A-2518G polymorphisms to other functional SNPs cannot be 

excluded. A tight linkage between MCP-1-2518G and -2835A has been reported;24 

although the functional status of the -2835 SNP still has to be studied. Whereas it 

remains possible that the association is due to linkage with another - as yet 

unknown - polymorphism, so far the evidence for functional transcriptional activity20 

and other genetic association studies;14, 24 support the assertion that A-2518G has 

the most likely relation to collateral formation. 

In conclusion, the current findings demonstrate that an A to G polymorphism at 

position -2518 of MCP-1 gene is related to the presence of coronary collaterals. 

Allele G-carriers have a higher likelihood of having collaterals. In patients with 

diabetes, this association seems to be attenuated. Considering the prominent role 

of MCP-1 and monocytes in arteriogenesis, this finding is important in explaining 

the inter-individual variability in developing collaterals and indicates ways to affect 

collateral formation in humans with coronary artery disease.  
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Appendix 

At the time of this study, the SMART Study Group consisted of A. Algra, MD, PhD; Y. van 

der Graaf, MD, PhD; D.E. Grobbee, MD, PhD; G.E.H.M. Rutten, MD, PhD, Julius Center for 

Health Sciences and Primary Care; J.D. Banga, MD, PhD; F.L.J. Visseren, MD, PhD, 

Department of Internal Medicine; B.C. Eikelboom, MD, PhD; F.L. Moll, MD, PhD, 

Department of Vascular Surgery; L.J. Kappelle, MD, PhD, Department of Neurology; H.A. 

Koomans, MD, PhD, Department of Nephrology; W.P.Th.M. Mali, MD, PhD, Department of 

Radiology, and P.P.Th. de Jaegere, MD, PhD, Department of Cardiology; University Medical 

Center Utrecht, Utrecht, The Netherlands. 
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CHAPTER 11 

General Discussion 

Coronary collaterals – an opportunity to optimize 
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BENEFICIAL ROLE OF CORONARY COLLATERALS 

In a chronic progressive coronary artery disease (CAD), collaterals develop 

strongly and in some cases can provide sufficient flow to maintain myocardial 

perfusion and protect against future adverse cardiac events. In the presence of 

Rentrop 2 or 3 collateral flow, 25% to 30% of patients with a chronic total occlusion 

have maintained functional myocardial perfusion.  The true percentage is probably 

underestimated since individuals with severe coronary stenosis but good 

myocardial perfusion due to collaterals may not present to the clinic.   

In the case of acute myocardial infarction, the benefit of collaterals may be 

reasonably questioned since the occurrence of coronary occlusion is acute. It is 

argued that the recruitment of functional collaterals needs sufficient time to 

become effective. Collateral recruitment is a dynamic process of vessel 

remodelling. Generally, it takes 3 to 5 days from coronary occlusion to a 

measurable collateral presence. Interestingly, however, we have found – and this 

is confirmed in other studies – that a substantial percentage (10% to 20%) of 

individuals develop collaterals in acute myocardial infarction.1 

Depending on whether this ‘acute’ collateral circulation can provide adequate 

functional perfusion, this could offer an opportunity to save more myocardium from 

infarction – and subsequent complications. In fact, there is some evidence that 

collaterals are associated with a lower risk of LV aneurysm, rupture, cardiogenic 

shock and fatal arrhythmias during acute myocardial infarction.  

Collaterals can prevent adverse events by reducing the number of infarcted 

myocardial cells. This is important for our understanding that collaterals can be 

beneficial in patients with myocardial infarction. Evidence in humans is provided by 

the studies by Habib et al. and Elsman et al.1, 2 Nevertheless, a study by Sorajja et 

al. provides negative results.3 We therefore re-studied this issue in our large 

sample of patients with acute ST-elevation myocardial infarction (STEMI). After 

coupling with confounding factor issues (infarct size and ischemic time), our study 

reconfirms that there is a significant correlation between collateral presence and 

reduced infarct size.  
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When an acute coronary occlusion occurs, the wavefront 

commences. The infarct size increases as ischemia persists. The ideal scenario is 

that as soon as an acute coronary occlusion occurs, an immediate alternative 

pathway is available, thereby avoiding fatal destruction of the myocardi

The area at risk will be reduced, infarct size will be lower and subsequent fatal 

mechanical, hemodynamic and arrhythmia complications of STEMI

In addition, successful acute revascularization 

– can still be achieved after unavoidable logistical delay if more salvageable area 

is maintained through the presence of collateral flow. 

 

 

Figure. The ideal concept of collateral relevance in the chain of management of myocardial infarction. 
CAD = coronary artery disease; MI = myocardial infarction.
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Chapter 11 – General discussion 

When an acute coronary occlusion occurs, the wavefront of myocardial infarction 

commences. The infarct size increases as ischemia persists. The ideal scenario is 

that as soon as an acute coronary occlusion occurs, an immediate alternative 

pathway is available, thereby avoiding fatal destruction of the myocardium (Figure).  

The area at risk will be reduced, infarct size will be lower and subsequent fatal 

ythmia complications of STEMI will be reduced. 

In addition, successful acute revascularization – in terms of salvaged myocardium 

can still be achieved after unavoidable logistical delay if more salvageable area 

is maintained through the presence of collateral flow.  

 

The ideal concept of collateral relevance in the chain of management of myocardial infarction. 
CAD = coronary artery disease; MI = myocardial infarction. 

MI management
prompt revascularisation

Heart failure 
management

acute MI 

time 



Chapter 11 – General discussion 

 145

CAN WE IMPROVE COLLATERAL FUNCTION?  

Collaterals should ideally be present or be readily recruitable whenever needed 

when coronary occlusion occurs. This means that efforts at manipulation, either to 

promote collateral presence or their recruitability, should be made before the 

severe ischemia or infarction occurs (Figure). In line with this point of view, 

collateral promotion should take place at any point before myocardial infarction 

occurs in individuals with CAD. 

Numerous studies have been undertaken to explore the possibility of augmenting 

collateral function, mostly within the setting of peripheral artery disease. With our 

current knowledge of arteriogenesis, it is seems feasible to manipulate the growth 

of collaterals by means of either biochemical or biophysical intervention.  

Biochemical manipulation mainly employs the growth factors involved in 

arteriogenesis. In human coronary systems, studies have been performed using 

granulocyte-macrophage colony stimulating factor 4 and adenoviral fibroblast 

growth factor-25. Although the results are promising, their drawback is the 

concurrent effect on plaque rupture. Most growth factors involved in arteriogenesis 

are the inflammatory chemokines which also play a role in atherogenesis and/or 

plague rupture.  

Biophysical intervention to promote collateral growth is theoretically feasible since 

the main trigger for arteriogenesis is shear stress to the endothelial system. 

Studies on the effect of endurance exercise and external counterpulsation have 

revealed promising results. 6-8  

Despite the results of studies supporting the feasibility of collateral promotion, none 

have shown robust results in improvement of collateral function. Given the fact that 

different mouse strains show differences in pre-existing collateral anastomoses as 

well as in the rate of growth of collateral arteries,9 similar heterogeneity in humans 

should be anticipated.  

Our studies and those of others which show the association of genetic variants of 

mediators in arteriogenesis and collateral presence support the notion of genetic 

background as a factor in the heterogeneity of collateral presence in humans.  



Chapter 11 – General discussion 

 146

Gaining knowledge of genetic variants in collaterals has at least two clinical 

objectives. Firstly, it can explain – alongside the clinical determinants – the inter-

individual variation in capacity to recruit collaterals.  This can in particular explain 

why within a certain coronary stenosis there is variable presence of collateral flow. 

Interestingly, variance in collateral prevalence in different races has been 

suggested.10 Collateral-associated genetic variant -2518G of monocyte 

chemoattractant protein-1 has been reported as overexpressed in different races.11 

Whether this finding correlates with race-variance of collateral presence should be 

further investigated. 

Secondly, genetic association studies of collaterals explain the variable response 

in the experimental studies of collateral stimulation. We can imagine how 

ineffective efforts to promote collateral growth will be when there is lack of pre-

existing collateral arterioles. In this regard, specific genetic association studies 

should focus on the genes that are involved in the early formation of vessels, i.e. 

vascular modulating growth factors such as vascular endothelial growth factors, 

hypoxia-inducible factors, fibroblast growth factors and transforming growth factors.   

CONCLUSION 

Knowledge of the benefit of collateral presence in coronary artery disease grants 

us the opportunity to optimize current management. In particular, the early 

presence of functional collaterals as alternative pathways during acute coronary 

occlusion will be the ideal situation in live-saving and/or increasing the chance for 

better myocardial salvation.  More studies are needed on the stimulation of 

collateral growth with simultaneous awareness of the genetic heterogeneity in the 

possession of collaterals. 
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SUMMARY 

Despite the current recognition of the importance of early and sustained 

reperfusion by either medication or revascularization in acute myocardial infarction, 

we still have to deal with time delay to reperfusion. We can imagine the potential 

benefit to the patient if, as soon as acute coronary occlusion occurs, there is an 

alternative pathway to redirect blood flow to the jeopardized myocardium. In the 

heart, we know that there is indeed sometimes such a pathway, namely coronary 

collateral circulation. 

Chapter 2 is the review of the role of collateral circulation in coronary artery 

disease both in stable condition and acute coronary events. It also presents the 

concept of spontaneous and recruitable collaterals. Significance of collaterals 

circulation then leads us to the importance of understanding on how collaterals 

grow. In chapter 3, a review on the dynamic process of collateral growth is 

presented. Brief reviews on vasculogenesis and angiogenesis are also presented 

here to differentiate it to the main mechanism of collaterals growth, arteriogenesis. 

Arteriogenesis is triggered by shear stress which subsequently transduced into 

biochemical signals and results in luminal expansion of the pre-existing collateral 

arterioles. With conflicting opinions, the role of ischemia in initiating collaterals 

growths is thus far still debateable. The reviews in those first two chapters will gave 

basic insights on studies that we have done and present in the next chapters. 

Chapter 4 and 5 describe the evidences for beneficial effects of collateral 

circulation in stable coronary artery disease. Presence and extent of coronary 

collaterals are related to the perfusion of the regional myocardium which is 

jeopardized by total or subtotal chronic coronary occlusion (chapter 4). In a study 

of patients who were referred for percutaneous coronary intervention, we revealed 

that event-free survival after two years was 84% in those without collaterals, and 

92% in those with collaterals (chapter 5).  

Chapter 6 to 8 present the studies of patients with ST-elevation myocardial 

infarction (STEMI). As in chronic coronary occlusion, the appearance of collaterals 

during STEMI is associated with the duration of occlusion (chapter 6). The 
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presence of collaterals doubles between 6 and 24 hours after onset of symptoms. 

Probably, the development of collaterals is more rapid than previously thought. In 

chapter 7, we revealed in a study of patients treated with primary percutaneous 

coronary intervention ischemic time was associated with post-infarction left 

ventricle ejection fraction (LVEF), although this association was weak. TIMI flow 

before and after primary percutaneous coronary intervention played an important 

role on the impact of ischemic time on LVEF. In chapter 8, we present our study 

which revealed that presence of collaterals in STEMI was associated with 

decreased infarct size. Ischemic time may have less negative effects on infarct size 

in patients with collaterals. Nevertheless, this did not translate into better post-

infarction LVEF in patients with collaterals.   

Chapter 9 and 10 describe our study on the genetic background for collateral 

presence. Chapter 9 presents our study on the association between tumor 

necrosis factor-α (TNF-α) polymorphisms and collateral presence. We examined 

genotypes at positions -238, -376 and -308 of the TNF-α gene and found that 

Guanine (G) to Adenine (A) polymorphism in position -238 and -376 were related 

to the collateral presence. Chapter 10 presents our study on the association 

between monocyte chemoattractant protein-1 (MCP-1) polymorphism and 

collateral presence. We revealed that an A to G polymorphism in position -2518 of 

the MCP-1 gene was related to the presence of collaterals, most clearly in patients 

without diabetes. The results in chapter 9 and 10 help to explain the inter-individual 

variation in collateral formation.
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RINGKASAN 

Walaupun banyak kemajuan yang telah dicapai dalam tata laksana infark miokard 

akut terutama dalam strategi revaskularisasi primer, masih harus ada usaha yang 

lebih progresif terutama dalam menahan perluasan area infark akibat tertundanya 

tindakan – baik oleh karena faktor klinis maupun logistik. Dapat dibayangkan 

besarnya manfaat yang didapat, jika segera setelah terjadinya oklusi koroner akut 

tersedia jalur alternatif untuk aliran darah ke daerah miokard yang terancam. 

Sirkulasi semacam ini kita kenal sebagai sirkulasi kolateral koroner.  

Bab 2 adalah tinjauan pustaka mengenai peranan sirkulasi kolateral dalam 

penyakit jantung koroner stabil dan dalam kejadian koroner akut. Tinjauan ini juga 

mengulas konsep kolateral yang muncul spontan dan yang direkrut. Pentingnya 

peranan kolateral koroner membawa kita pada keingintahuan akan proses 

terbentuknya pembuluh kolateral. Bab 3 adalah tinjauan pustaka mengenai proses 

pertumbuhan pembuluh kolateral, arteriogenesis. Di sini juga dibahas mengenai 

vaskulogenesis dan angiogenesis secara singkat, untuk membedakannya dengan 

arteriogenesis. Arteriogenesis dipicu oleh tegangan geser yang diolah menjadi 

sinyal biokimia dan pada akhirnya mengakibatkan membesarnya pembuluh 

arteriol. Masih menjadi perdebatan apakah iskemi sendiri merupakan pemicu 

pertumbuhan kolaeral. Dua tinjauan tersebut memberi dasar pengetahuan untuk 

studi-studi yang dipapar di bab-bab selanjutnya. 

Bab 4 dan 5 memaparkan studi mengenai manfaat keberadaan kolateral koroner 

pada penyakit jantung koroner stabil. Keberadaan dan besaran kolateral koroner 

berpengaruh pada perfusi area miokardium yang terancam akibat tersumbatnya 

pembuluh koroner (bab 4). Studi pada pasien yang dirujuk untuk intervensi 

koroner perkutan, kami menemukan bahwa angka bebas-kejadian setelah dua 

tahun adalah 84% pada kelompok pasien tanpa kolateral dan  92% pada yang 

dengan kolateral (bab 5).  

Bab 6 hingga 8 memaparkan studi-studi pada pasien dengan infark miokard akut 

dengan elevasi segmen ST. Sebagaimana pada oklusi koroner kronis, juga pada 

infark miokard akut, kemunculan kolateral berhubungan dengan durasi oklusi (bab 
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6). Kemunculan kolateral meningkat dua kali pada kelompok pasien yang awitan 6 

jam dibandingkan dengan yang 24 jam. Pertumbuhan kolateral mungkin lebih 

cepat daripada yang diperkirakan sebelumnya.  Di bab 7, studi kami menunjukkan 

bahwa pada pasien infark miokard akut yang diterapi dengan intervensi koroner 

perkutan primer ejeksi fraksi ventrikel pasca infark berkaitan dengan durasi iskemi, 

namun hubungan ini ternyata lemah. Aliran koroner sebelum dan sesudah 

intervensi koroner perkutan berperan penting dalam dampak durasi iskemi pada 

ejeksi fraksi ventrikel. Di bab 8, studi kami menunjukkan keberadaan kolateral 

pada saat infark miokard akut berkaitan dengan luasan infark yang lebih kecil. 

Pada pasien dengan kolateral, dampak negatif durasi iskemi pada luasan infark 

lebih kurang. Namun, keberadaan kolateral tidak berkaitan dengan ejeksi fraksi 

yang lebih baik.   

Bab 9 dan 10 memaparkan studi mengenai latar belakang genetik keberadaan 

kolateral koroner. Bab 9 memaparkan hubungan antara polimorfisme tumor 

necrosis factor-α  (TNF-α) da  keberadaan kolateral koroner. Kami meneliti 

genotipe pada posisi -238, -376 dan -308 gen TNF-α  dan menemukan bahwa 

polimorfisme Guanine (G) menjadi Adenine (A) pada posisi -238 dan -376 

berkaitan dengan keberadaan kolateral. Bab 10 memaparkan studi mengenai 

polimorfisme monocyte chemoattractant protein-1 (MCP-1) dan keberadaan 

kolateral koroner. Keberadaan alel G pada posisi -2518 berhubungan dengan 

keberadaan kolateral. Studi di bab 9 dan 10 diharapkan dapat menyumbangkan 

penjelasan pada variasi antar-individu dalam memiliki kolateral koroner.
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SAMENVATTING 

Hoewel het belang van vroege en aanhoudende reperfusie bij patiënten met een 

ST elevatie myocardinfarct (STEMI) door medicatie of revascularisatie voor 

iedereen duidelijk is, is er vaak nog veel vertraging tot het moment van reperfusie. 

Men kan zich voorstellen dat bij een acute coronaire occlusie er een potentieël 

voordeel voor de patiënt is, indien er een alternatieve route voor de bloedstroom 

naar het bedreigde myocard aanwezig is. We weten dat er inderdaad soms zo’n 

alternatieve route aanwezig is in het hart, namelijk coronaire collaterale circulatie. 

Hoofdstuk 2 geeft een overzicht van de rol van de collaterale circulatie bij 

coronaire hartziekten, zowel bij stabiele angina pectoris als bij acute coronaire 

syndromen. Het geeft ook een beschrijving van de verschillende concepten van 

reeds aanwezige en “recruitable” collateralen. Dit geeft tevens inzicht in de manier 

waarop collaterale circulatie ontstaat. In hoofdstuk 3 wordt het concept van het 

dynamische proces van collaterale groei verder uitgewerkt, waarbij de begrippen 

“vasculogenese”, “angiogenese” en “arteriogenese” worden beschreven. 

Arteriogenese wordt geactiveerd door shear stress, hetwelk door biochemische 

signalen aanleiding geeft tot lumen verwijding van reeds aanwezige collaterale 

arteriolen. De rol van ischemie bij het ontstaan van collateralen is nog onduidelijk. 

Hoofdstuk 2 en 3 geven een theoretische basis voor de studies die in de volgende 

hoofdstukken worden beschreven.  

Hoofdstukken 4 en 5 beschrijven aanwijzingen voor gunstige effecten van 

collaterale circulatie bij patiënten met stabiele angina pectoris. De (mate van) 

aanwezigheid van coronaire collateralen is gerelateerd aan het betrokken myocard 

in het stroomgebied van een coronair vat dat volledig of bijna volledig is afgesloten 

(hoofdstuk 4). In een onderzoek bij patiënten die verwezen waren voor een 

Percutane Coronaire Interventie (PCI), werd aangetoond dat de “event-vrije” 

overleving na 2 jaar 84% was bij patiënten zonder collateralen en 92% bij 

patiënten met collateralen (hoofdstuk 5). 

Hoofdstukken 6 tot 8 beschrijven studies bij STEMI patiënten. Net zoals bij 

chronische occlusies, lijkt de aanwezigheid van collaterale coronaire circulatie bij 
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deze patiënten geassocieerd te zijn met de duur van de occlusie (hoofdstuk 6). De 

aanwezigheid van coronaire collateralen verdubbelt in de 6 tot 24 uur na begin van 

klachten. Het lijkt erop dat de aanwezigheid van (zichtbare) collateralen sneller 

verloopt dan eerder gedacht. In hoofdstuk 7 werd bij STEMI patiënten de 

mogelijke relatie tussen ischemische tijd en de linker ventrikel ejectie fractie 

onderzocht. Alle patiënten werden behandeld met primaire PCI en de ejectie 

fractie werd gemeten na 3-5 dagen na opname. Er bleek een (zwakke) associatie 

te bestaan tussen ischemische tijd en ejectie fractie. De bloeddoorstroming voor 

en na de primaire PCI beïnvloedde sterk de associatie tussen ischemische tijd en 

ejectie fractie. In hoofdstuk 8 wordt een studie beschreven naar de mogelijke 

relatie tussen aanwezigheid van collateralen en infarct grootte. De aanwezigheid 

van collateralen bleek geassocieerd met een verminderde infarct grootte. Ook bij 

infarct grootte bleek de duur van de ischemie tijd minder nadelige gevolgen te 

hebben bij patiënten met goede collateralen. 

In hoofdstuk 9 en 10 worden studies beschreven naar de genetische achtergrond 

van collateraal vorming. In hoofdstuk 9 wordt de mogelijke associatie tussen 

tumor necrosis factor-α (TNF-α) polymorphisme en de vorming van collateralen 

onderzocht. We onderzochten genotypes  -238, -376 en -308 van het TNF-α gen. 

Het bleek dat Guanine (G) tot Adenine (A) polymorphisme in de -238 en -376 

positie waren geassocieerd met de aanwezigheid van collateralen. In hoofdstuk 

10 wordt een studie beschreven naar de associatie tussen monocyte 

chemoattractant protein-1 (MCP-1) gen polymorphisme en collateraal vorming. Het 

bleek dat een A tot G polymorphisme in positie -2518 van het MCP-1 gen was 

geassocieerd met de aanwezigheid van collateralen, met name bij patiënten 

zonder diabetes mellitus. De resultaten van hoofdstukken 9 en 10 geven hierdoor 

een verklaring voor de inter-individuele variatie in het vormen van collateralen. 
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