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ABSTRACT 
 

 

Aim: Although frequently identified during coronary angiography, the mechanisms by which 

coronary collaterals develop, and their prognostic implications are, to date, unknown. This 

body of work aims to determine the prevalence and predictors of coronary collateral 

recruitment in the setting of ST elevation myocardial infarction (STEMI) and chronic total 

occlusion (CTO) and to determine their prognostic impact. Furthermore, to identify 

biochemical, cellular  and haemodynamic processes by which collaterals are recruited and 

mature, and influence haemodynamics in the coronary circulation. 

 

Methods: Anatomical grading of collaterals using the Rentrop classification was performed in 

a large cohorts of patients with STEMI and CTO to determine predictors, reproducibility and 

prognostic implications of collaterals. Data linkage with other health parameters including a 

history of obstructive sleep apnoea (OSA) and prior coronary artery bypass grafting (CABG) 

was performed to determine impact of comorbidities and haemodynamic modulation on 

collateral recruitment. Subsequent systematic reviews and meta-analyses were performed. 

Invasive haemodynamic assessment of coronary blood flow and pressure in the presence and 

absence of collaterals was correlated with endothelial, haematological, biochemical and 

proteomic markers in both human and animal studies.  

 

Results: The important and novel findings are;  

- The presence of acutely recruited robust collaterals in the setting of STEMI are associated 

with a reduction in mortality and improved left ventricular function.  

- In the setting of a CTO, robust collaterals do not reduce mortality or risk of future 

ischaemic events, but do increase likelihood of successful percutaneous revascularisation.  
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- Collateral maturation is driven by an elevation in shear stress, alterations in blood flow 

and tissue ischaemia.  

- The presence of collaterals results in a consistent increase in coronary blood flow in the 

donor vessel, with resultant effect on both pressure and flow derived indices of ischaemia 

assessment commonly used in clinical practice.  

- Recruitment and maturation of coronary collaterals are associated with upregulation of 

endothelial derived chemoattractant proteins, growth factors and transcription factors.  

- Coronary artery bypass grafting to a donor vessel, results in poorer collateral recruitment, 

likely driven by alterations in coronary blood flow and endothelial shear stress 

- The presence of OSA is associated with more robust coronary collaterals in both the 

setting of STEMI and CTO, however in more severe forms of OSA, characterised by 

severe and prolonged hypoxia, collateral recruitment is attenuated.  

 

Conclusions: Coronary collaterals impart significant prognostic implications in the setting of 

acute and chronic coronary artery disease, recruited as a result of alterations in coronary 

haemodynamics and tissue ischaemia with resultant downstream activation of growth factors, 

chemokines and transcription factors. Ongoing research is necessary to determine whether 

this prognostic advantage can be translated into meaningful therapeutic targets along with a 

greater understanding of clinical implications of collaterals.  
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Occlusion (CTO): Have We Reached a DECISION or Do We Continue to EXPLORE After 

EURO-CTO?. Heart, Lung & Circulation. 28: 1484-1489. 

https://doi.org/10.1016/j.hlc.2019.03.014 along with supplementary data for this thesis.  
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1.1 Coronary artery disease and collaterals in acute coronary syndromes and 

chronic total occlusion 

 
 

Coronary artery disease (CAD) is a pathological process characterised by atherosclerotic 

plaque accumulation in the epicardial arteries, both obstructive or non-obstructive (1). CAD 

remains the leading cause of morbidity and mortality in Australia, affecting 15% of people 

over the age of 75 (2). The process often has long stable periods, but can also become 

unstable, typically due to an acute thromboembolic event caused by plaque rupture or 

erosion. This dynamic nature allows classification of the disease into either acute coronary 

syndrome (ACS) or stable coronary disease, more recently termed chronic coronary 

syndrome.  

 

Coronary collaterals are preformed primitive anastomotic channels connecting a myocardial 

territory supplied by 1 epicardial coronary artery, with that supplied by another vessel (3), 

thereby providing an alternative source of blood supply to myocardium, in the setting of an 

occluded coronary artery (4). Although often considered the hallmark of CAD, collaterals are 

present in patients with normal coronary arteries (4,5), and have the ability to increase 

capacitance following an increase in myocardial oxygen demand. Collaterals can be seen in 

the setting of an ACS, where there is an abrupt epicardial coronary artery occlusion or in 

stable coronary disease where there is more gradual luminal stenosis prior to eventual 

occlusion. Although some previous studies have suggested that the presence of collaterals in 

are associated with smaller infarct size and less ventricular aneurysm formation, improved 

ventricular function (6), lower rates of future cardiovascular events (7) and improved survival 

(8,9), not all studies have found a similar prognostic benefit (10,11). Therefore a considerable 

controversy remains with respect to whether the presence of collaterals confers prognostic 

benefit in the setting of an ACS.  
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One of the other manifestations of severe CAD is a chronic total occlusion (CTO), which is 

the complete or near-complete occlusion of a coronary artery, defined as Thrombolysis in 

Myocardial Infarction (TIMI) grade 0 flow, present for greater than 3 months (12). 

Angiographically this is appreciated as filling of the occluded vessel through collaterals from 

either the ipsilateral vessel, or contralateral vessel (Figure 1.1). Whilst the precise timing of 

an occlusion is difficult to determine, often the distinction is based upon the onset of 

symptoms or a history of acute myocardial infarction (AMI) in the target vessel territory (13). 

Coronary CTOs are commonly identified during angiography, with rates between 20-52% 

(14,15) dependent on the indication for angiography, particularly higher in those patients 

with previous coronary artery bypass grafting (CABG) (16).  
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Figure 1.1: Coronary CTOs and Collaterals 

(A) A chronic total occlusion (CTO) of the right coronary artery (RCA) with no contrast 

opacification of the vessel distal to the point of occlusion (5-point star). (B) Contrast 

injection of the left coronary artery in the same patient shows contrast opacification of the 

distal RCA (7 point star) via septal collaterals (white arrows) from the left anterior 

descending artery (LAD). (C) Following RCA revascularisation there is contrast 

opacification of the RCA, with filling of the septal collateral (white arrow) from the RCA, 

suggesting bi-directional flow potential in collaterals. (D) Common types of collaterals; 

septal (SE), atrial (AT), branch to branch within ventricular free walls (BR) and bridging 

across the lesion from donor to recipient vessels (BL). Adapted from (17).   
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The presence of a CTO is associated with higher mortality (16), greater recurrence of 

ventricular arrhythmia (18) and ongoing anginal symptoms compared with other forms of 

stable CAD. Similar to the situation with ACS, there remains considerable controversy with 

respect to whether presence of robust coronary collaterals is associated with a prognostic 

benefit. Previous studies have shown that despite collaterals perfusing the territory subtended 

by an occluded vessel, these are insufficient to prevent ischaemia during increased demand 

(19). Whilst it may be expected that more robust angiographically assessed coronary 

collaterals would be associated with a lower degree of ischaemic myocardium, previous 

studies have shown no correlation between angiographic assessment of collaterals and 

invasively determined myocardial perfusion (20). Furthermore, well developed coronary 

collaterals do not correlate with positron emitting tomography (PET) derived myocardial 

blood flow (21), suggesting robust collaterals do not prevent ischaemia, and hence may not 

sufficiently obviate the risk of subsequent mortality. Another paradoxical finding with 

respect to angiographic collateral maturity is the finding of an increased risk of ventricular 

arrhythmias in those patients with robust collaterals as compared to those with poorer 

developed collaterals (18,22). This has been attributed to greater hibernating myocardium in 

the peri-infarct zone with electrical instability especially in the border zone of partially 

necrotic areas, and may explain the lack of benefit with robust collaterals.  

 

Along with the significant controversy with respect to prognostic implications of the presence 

and robustness of coronary collaterals, the mechanisms by which they are recruited and 

develop are uncertain and remain incompletely understood. This process, termed 

arteriogenesis, refers to the maturation and remodelling of pre-existing arterioles into 

functional vessels. These arterioles of 30-50m internal diameter, can grow into small 

arteries over 25-fold their original size (23).  Although often attributed to hypoxia stimulating 
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this growth, certain territories where arteriogenesis occurs, such as in the peripheral 

vasculature (24), skeletal muscle (25) and the mesentery (26) are not hypoxic, other 

territories where collaterals are also found, such as coronary arteries, are hypoxic, making a 

clear distinction difficult. Furthermore, analogous to a CTO, stenoses which slowly progress 

toward complete occlusion are often only minimally ischaemic, and yet this is the condition 

where collaterals show maximal adaptation (27,28). Consequently, it appears that the 

increase in fluid shear stress through arterioles, as a consequence of vessel occlusion and 

resultant activation of endothelial cells is the predominant driver of arteriogenesis. However, 

the mechanisms and mediators through which this mechanical input is transcribed into 

vascular adaptation remains uncertain.  

 

1.1.1 Revascularisation of CTOs  

 

Despite the association between CTO and poorer clinical outcomes, whether patients with a 

CTO should be revascularised, is an area of ongoing conjecture. Although a collateral 

circulation is the angiographic hallmark of a CTO, >90% of patients with a CTO have 

significant anginal symptoms of at least moderate severity, suggesting insufficient potential 

to increase coronary flow with stress, and consequently, viable myocardium (16,19,29). 

Observational data also suggests that the presence of a CTO is associated with higher 

mortality (16) and greater occurrence of ventricular arrhythmia (18) above that of patients 

with other forms of CAD.   

 

Despite these apparent negative prognostic effects of the presence of a CTO, there is 

significant geographic variation with respect to rates of revascularisation, with percutaneous 

coronary intervention (PCI) for a CTO attempted in 6-9% of cases in North America (30), 

while this number is significantly greater in Japan at 61.2% (31). Similarly, rates of surgical 
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revascularisation of patients with a CTO remains low at 23% (16), with the vast majority of 

patients (65%) being treated with guideline directed medical therapy (16). The hesitation to 

adopt a more ubiquitous approach to revascularisation may be attributable to the neutral 

results of recent randomised control trials  - EXPLORE (32), Euro-CTO (33) and 

DECISION-CTO (34), which compared PCI with optimal medical therapy (OMT).  

 

In the Evaluating Xience V and left ventricular function in PCI on occLusiOns afteR STEMI 

(EXPLORE) trial (32), patients undergoing PCI for ST elevation myocardial infarction 

(STEMI), who were found to have a concurrent CTO in a non-infarct related artery were 

randomised to either CTO PCI with OMT (n=150) or OMT alone (n=154) within 7 days of 

the index presentation. The primary endpoint was cardiac MRI determined left ventricular 

ejection fraction (LVEF) and left ventricular end diastolic volume (LVEDV) at 4 months. 

Procedural success was 77% by operator adjudication but 73% by core laboratory 

assessment. At 4 months, there was no difference in LVEF or LVEDV between the 2 groups, 

although in a sub-group analysis, in patients with a CTO of the LAD, CTO PCI resulted in a 

higher LVEF compared to OMT alone (47.2% vs 40.4%, p<0.05). Similarly, the longer term 

follow up (median follow up 3.9 years) showed no difference in LVEF, cardiac death or 

MACE, although freedom from angina was greater in the CTO PCI group (35). 

 

The Euro-CTO trial (33), was a prospective, randomised, multicentre, open-labelled control 

trial comparing treatment between CTO PCI with OMT against OMT alone in a 2:1 

randomised ratio in 396 patients. The primary endpoint was the change in health status as 

assessed by the Seattle angina questionnaire (SAQ) at 12 months. OMT was defined as the 

use of aspirin, an angiotensin converting enzyme inhibitor and a statin, along with at least 2 

anti-anginals. Of note, complete revascularisation was mandated in the study, with 52.2% of 



SECTION I 

Chapter 1: Introduction 

 

 29 

patients undergoing DES to other vessels prior to randomisation of the CTO. Of the 259 

patients randomised to PCI, 220 patients (86.6%) had procedural success. At 12 months, in 

the intention to treat analysis, a greater improvement in SAQ subscales was seen in patients 

undergoing PCI as compared to OMT. This corresponded with significantly lower angina 

frequency, higher rates of freedom from angina and higher quality of life scores. Whilst not 

powered for hard endpoints, there was a lower rate of ischaemia driven revascularisation in 

the CTO PCI with OMT group compared to OMT alone (2.9% vs 6.7%, p<0.05), suggesting 

a role for CTO PCI with respect to both symptoms, quality of life and clinically relevant 

endpoints. However a criticism of this study was that patients and clinicians were not blinded 

to the treatment type which may have impacted the treatment effect.  

 

The Drug-Eluting Stent Implantation Versus Optimal Medical Treatment in Patients With 

Chronic Total Occlusion (DECISION-CTO) trial (34) was also a prospective, open-labelled 

randomised trial comparing CTO PCI with OMT against OMT alone (in a 1:1 fashion) with 

respect to clinical endpoints. Inclusion criteria were patients with stable angina, acute 

coronary syndrome (ACS) and silent ischaemia with the primary endpoint the composite of 

all-cause mortality, AMI, stroke or repeat revascularisation. The study was stopped 

prematurely after enrolment of 834 patients. Of the 459 patients randomised to PCI, the 

success rate was 91.1%. In the intention to treat analysis, at 3 years they reported no 

difference between the CTO PCI with OMT group compared to the OMT alone group with 

respect to the cumulative primary endpoint (20.6% vs 19.6%, p=0.54). Similarly, no 

difference in quality of life scores was observed between the groups.  

 

However this study has had significant criticisms with respect to its design, with patients 

having revascularisation of non CTO lesions following randomisation, meaning patients 
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within the OMT alone group had revascularisation of other lesions performed. Furthermore, 

there was significant cross over within groups (18.1% in the OMT group underwent PCI 

whilst 15.6% of the PCI group were only treated with OMT). When analysed based upon 

treatment received OMT did not meet the pre-specified non-inferiority margin, suggesting a 

symptomatic benefit with CTO PCI. 

 

While these studies suggested symptomatic benefit with CTO PCI, no mortality or morbidity 

advantage with revascularisation was observed. Importantly, no distinction was made in these 

trials on the robustness, functionality and interaction with myocardium of the coronary 

collaterals supplying the CTO. Specifically no distinction was made between those patients 

who had apparently robust collaterals compared with those who had poorer collaterals. It is 

thus imperative to have a detailed understanding of the hallmark of CTOs – coronary 

collaterals, to be able to determine their prognostic effect and implications to further guide 

treatment strategies in a cohort of patients in whom evidence based management is thus far, 

lacking.  

 

1.2 The Coronary Collateral Circulation 
 

The coronary collateral circulation which is a preformed network of primitive anastomotic 

connections between coronary arteries as detailed above, was first described in the 17th and 

18th centuries (36). Collateral arteries or connections have also been identified in different 

species, with considerable variation noted (36). Despite these early anatomical findings, 

considerable controversy initially remained about whether these collateral connections were 

found only in patients with pathological coronary disease, or were inherent and present in all 

humans with the ability to be recruited to functional vascular conduits. However, this was 
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largely put to rest by the seminal work of Fulton in the 1960s (37,38) using bismuth-

oxychloride-gelatin radiographic contrast medium containing uniformly sized particles of 

0.5-2.0µm, who found numerous anastomoses in normal hearts and those with CAD, with 

greater number and size of collaterals in those with CAD, suggesting collaterals are 

recruitable and mature in response to changes in the vasculature (Figure 1.2). 

 

Since this pioneering anatomical work, the focus has shifted towards understanding the 

functionality of these collaterals as well as to determine their prognostic effects, and more 

recently therapeutic approaches to stimulate their development for clinically meaningful 

outcomes.  
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Figure 1.2: Post Mortem Anatomical Assessment of Coronary Collateral Connections.  

 

(A): Post mortem coronary angiogram of a normal heart with ligation of the LAD performed 

prior to injection of contrast. The anastomotic connection was demonstrated by filling of the 

LAD distal to the occlusion. (B) Subendocardial coronary anastomotic connections shown in 

short axis of a patients with normal coronary arteries. (C&D) Coronary Angiogram and 

subendocardial connections in a patient with severe CAD and post mortem LAD ligation. 

Significantly greater numbers and size of connections noted compared with the patient with 

normal coronary arteries. Adapted from (36-38) 
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1.3 The Importance of understanding the Coronary Collateral Circulation in 

Coronary Artery Disease.  
 

 

The relatively high incidence and prevalence of functional coronary collaterals in patients 

with CAD lends weight to the importance of understanding the interplay between these 

vessels on coronary haemodynamics, perfusion effects, symptoms and outcomes. In 

particular these vessels are not simple passive conduits, but capable of exerting effects on 

multiple facets of coronary physiology. It is further important to understand the mechanisms 

by which collaterals are recruited, mature and develop to consider potential future therapeutic 

targets and options for patients with CAD, where current revascularisation strategies are not 

suitable in approximately 20 - 30% (39). 

 

1.4 Aims, Objectives and Scope of this Thesis 

 

The ultimate aims of this body of work is to identify, summarise and synthesise, the 

mechanisms by which coronary collaterals are recruited and transition from primitive 

connections to larger functional vascular systems in both the acute setting, such as during an 

ACS, as well as in the chronic setting. Furthermore, specifically identifying the biochemical, 

mechanical and physiological changes required for collaterals to become functional, and 

conversely the effect the collateral circulation has on coronary, endothelial and cardiac 

function, particular the way it affects prognosis and clinical outcomes. 

 

The specific aims of this work are;  

- To determine the current understanding of arteriogenesis and recruitment and 

maturation of the coronary collateral circulation. 
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- To identify the prevalence, predictors and prognostic implications of functional 

coronary collaterals in patients presenting with an ACS. 

- To identify the prevalence, predictors and prognostic implications of functional 

coronary collaterals in patients with a CTO.  

- To identify the effect of coronary collaterals on coronary haemodynamics with 

respect to pressure and flow perturbations and how these correlate with symptoms of 

ischaemia and angina in patients with native coronary circulation and prior CABG. 

- To identify endothelial, haematological, biochemical and proteomic markers which 

correlate with recruitment of the coronary collateral circulation in human and animal 

studies . 

- To identify the impact of intermittent hypoxia and intrathoracic cavity pressure 

swings in the setting of obstructive sleep apnoea (OSA) on the coronary collateral 

circulation in both the acute and chronic setting.  

 

The experimental and research work includes epidemiological population studies, 

observational cohort studies, invasive longitudinal clinical assessment as well as basic 

cellular and biochemical assessment from both human as well as animals. This provides a 

comprehensive body of work, which assesses many facets of the coronary collateral 

circulation and its implications.  

 

1.5 Significance of Research 

As detailed above, there remains significant knowledge gaps with respect to the mechanisms 

by which collaterals mature, and indeed what prognostic implications the presence or absence 

of collaterals imparts on clinical outcomes. To date, the prognostic implications of the 

presence and robustness of coronary collaterals in patients presenting with an ACS have not 
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been definitively determined. In particular this has implications for prognostication and use 

of health care resources, as well as determining future potential therapeutic options. 

Similarly, whilst the poor prognosis in patients with a CTO has been well described, whether 

the robustness of collaterals impacts on outcomes is uncertain. This has dramatic implications 

for identifying which patients may benefit from conventional revascularisation, which has 

consistently not been shown in randomised control trials including all-comers irrespective of 

degree of coronary collaterals. By understanding the effects of flow and pressure changes in 

the coronary arteries in patients with coronary collaterals, a greater understanding of the 

process by which they mature will be gained, along with determination of which chemokines, 

growth factors, transcription factors and others are implicated in this process. There has been 

little research into the effects of OSA, which is known to be associated with cardiovascular 

disease, on the coronary collateral circulation. This may be a key to understanding the 

manner in which OSA can have effects systemically.  

 

 

1.6 Ethics & Methodology 
 

1.6.1 Collateral Robustness Assessment 

 

A number of chapters in the subsequent thesis are based upon anatomical grading of coronary 

collaterals as determined on coronary angiography with subsequent correlation with clinical 

endpoints, physiological indices of coronary pressure and blood flow and systemic 

biomarkers. Collateral robustness was assessed using the Rentrop classification(40) and the 

Collateral Connection grade (CC)(20). The Rentrop classification grades collaterals into 4 

categories; where grade 0 = no filling of any collateral channel; Grade 1 = filling of the side 

branches of the infarct related artery; Grade 2 = Partial filling of the epicardial vessel of the 

infarct related artery’ Grade 3 = complete filling of the epicardial vessel. For the analyses, 
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unless otherwise states, patients were divided into those with poor collateral recruitment 

(Rentrop grade 0 or 1) and robust collateral recruitment (Rentrop grade 2 or 3) as has been 

done in previous studies (11,41-47). The CC grade is based on the size of collaterals, rather 

than their ability to opacify the epicardial vessel, was also assessed, whereby grade 0 = No 

continuous connection between donor and recipient artery, grade 1 = Continuous, threadlike 

connections (diameter ≤ 0.3mm) and grade 2 = Continuous, small, side-branch-like size of 

the collaterals throughout its course (diameter 0.4mm). 

 

All coronary angiograms were assessed by the author of this body of work with a subset of 

patients having 2 blinded senior clinicians assessing collateral robustness to ensure a high 

degree of interobserver correlation. This methodology was chosen as previous studies have 

shown very low rates of interobserver or intraobserver variability for Rentrop grading 

(20,48).  

 

Ethics approval was gained for all data that was obtained at the patient level. A number of 

different ethics approval was obtained for the purposes of the study. The following ethics 

approval was gained for each of the published chapters.  

 

1.6.2 Chapter 3, 4 & 14 Ethics Approval 

 

For these chapters, patients included in the Angiographic Predictors of Outcomes in Patients 

presenting with an ST Elevation Myocardial Infarction: The IMAGE MI Registry were 

included. The IMAGE MI study was a single centre, non-randomised, retrospective registry 

to evaluate clinical, biochemical and imaging outcomes in patients undergoing primary 

percutaneous coronary intervention (p-PCI) for the treatment of an ST elevation myocardial 

infarction (STEMI). Institutional ethics approval was obtained from the Northern Sydney 
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Local Health District Human Research Ethics Committee (NSLHD HREC) prior to 

commencing the project [Appendix I & II]. 

 

1.6.3 Chapter 6,13, 15 & 16 Ethics Approval 

 

 

Patients in the “Coronary Angiographic predictors of outcomes in patients presenting with 

cardiovascular based symptoms: The CATH LAB Study”, were included in the study. The 

CATH LAB study was a single centre non-randomised, retrospective registry to evaluate 

clinical, biochemical and imaging outcomes in patients undergoing coronary angiography and 

percutaneous coronary intervention (PCI). Institutional ethics approval was obtained from the 

Northern Sydney Local Health District Human Research Ethics Committee (NSLHD HREC) 

prior to commencing the project [Appendix III & IV]. Concurrently, patients were also 

included if they were recruited from the “A multicentre registry of percutaneous coronary 

intervention (PCI) for chronic total occlusions (CTO) in patients with stable angina - The 

AUSNZ CTO Registry”. The AUSNZ CTO Registry is a multi-centre, non-randomised, 

single-arm, prospective registry to evaluate clinical and patient-centred outcomes, in patients 

undergoing CTO PCI. Institutional ethics approval was obtained from the Northern Sydney 

Local Health District Human Research Ethics Committee (NSLHD HREC) prior to 

commencing the project [Appendix V & VI]. 

 

1.6.4 Chapter 9 and 10 Ethics Approval 

 

 

Consecutive patients presenting for elective CTO PCI between June 2018 and October 2020 

were approached to be included in the “A comprehensive evaluation of biochemical, 

haemodynamic, structural and cellular of collateral function in human coronary arteries in 

chronic total occlusions and coronary artery disease – The COLLATERAL CTO Study”. 

This is a single centre, prospective observational study including patients presenting for 
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elective CTO PCI as well as patients undergoing diagnostic angiography for stable coronary 

artery disease. Institutional ethics approval was obtained from the Northern Sydney Local 

Health District Human Research Ethics Committee (NSLHD HREC) prior to commencing 

the project [Appendix VII & VIII].  

1.6.5 Chapter 12 Ethics Approval 

 

 

Ethics approval to use animals was obtained from the Northern Sydney Local Health District 

Animal Ethics Committee (NSLHD-AEC), which conformed to the Australian code for the 

care and use of animals for scientific purposes (49) (Appendix IX).  
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Appendix I: IMAGE MI Study Protocol Cover Sheet 
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Appendix II: Northern Sydney Local Health District (NSLHD) Human Ethics 

Research Committee Approval for IMAGE MI Study 
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Appendix III: The CATH LAB Study Protocol Cover Sheet 
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Appendix IV: Northern Sydney Local Health District (NSLHD) Human Ethics 

Research Committee Approval for The CATH LAB Study 
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Appendix V: The AUSNZ CTO Registry Protocol Cover Sheet 
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Appendix VII: COLLATERAL CTO Study Protocol Cover Sheet 
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Appendix VIII: Northern Sydney Local Health District (NSLHD) Human Ethics 

Research Committee Approval for COLLATERAL CTO Study 
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Chapter 2: Recruitment and maturation of the coronary 

collateral circulation: Current understanding and perspectives in 

arteriogenesis 
 

 

 

This chapter is presented as the published work: Allahwala UK, Khachigian LM, Nour D, 

Ridiandres A, Billah M, Ward M, Weaver J, Bhindi R. Recruitment and maturation of the 

coronary collateral circulation: Current understanding and perspectives in arteriogenesis. 

Microvascular Research. 132:104058. doi: 10.1016/j.mvr.2020.104058 
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Chapter 3: Recruitment of acute coronary collaterals in patients 

presenting with an ST elevation myocardial infarction (STEMI)  
 

 

 

This chapter is presented as the published work: Allahwala UK, Weaver JC, Nelson GI, Nour 

D, Ray M, Ciofani JL, Ward M, Figtree G, Hansen P, Bhindi R. (2020). Effect of 

Recruitment of Acute Coronary Collaterals on In-Hospital Mortality and on Left Ventricular 

Function in Patients Presenting With ST Elevation Myocardial Infarction. American Journal 

of Cardiology. 125(10): 1455-1460. doi: 10.1016/j.amjcard.2020.02.023.  
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Supplementary Table 1: Predictors of Mortality 

 

Variable Died Alive p-value 

Age (years) 74.1 (+/- 13.9) 64.1 (+/- 13.5) <0.0001 

Women 36.2% 22.0% <0.001 

Body Mass Index (kg/m2) 25.8 (+/-4.7) 27.3 (+/-4.8) <0.01 

     Hypertension 

     Hypercholesterolemia 

     Smoker 

        Current 

        Former 

        Never 

     Diabetes 

     Family History of CAD before age 50 

55.3% 

42.8% 

 

18.9% 

28.4% 

52.7% 

26.1% 

6.9% 

44.1% 

37.7% 

 

33.8% 

27.9% 

38.4% 

15.1% 

29.8% 

<0.05 

0.32 

<0.05 

 

 

 

<0.01 

<0.0001 

Culprit Vessel 

      LAD 

      LCx 

      Right 

 

55.2% 

19.0% 

25.7% 

 

46.6% 

14.5% 

38.9% 

<0.05 

Thrombolysis in Myocardial Infarction Flow >1 24.8 33.3% 0.07 

Rentrop grade 2 or 3 6.7% 22.3% <0.0001 

Chronic Total Occlusion in remote vessel 11.4% 6.0% <0.05 

Pre-Hospital Arrest 36.2% 9.5% <0.0001 

Inotropes 39.0% 12.7% <0.0001 

Heart Rate (bpm) 88.3 (+/- 23.5) 79.1 (+/-19.2) <0.0001 

Systolic Blood Pressure (mmHg) 104.3 (+/-31) 124.7 (+/-27.3) <0.0001 

Arrhythmia during case 21.9% 4.9% <0.0001 

LV impairment 94.0% 60.5% <0.0001 

Ischemic Time (mins) 476.9 (+/- 667.2) 475.1 (+/-645.1) 0.98 

Thrombolysis 8.9% 12.5% 0.28 
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Supplementary Table 2: Multivariable predictors of In-hospital Mortality  

 

Variable OR 95% CI p-value 

Age (every 10 years older) 1.88 1.38-2.52 <0.0001 

Diabetes 2.53 1.09  - 5.86 <0.05 

Pre-Hospital Arrest 4.30 2.09-10.08 <0.0001 

LV Impairment 7.71 2.30-25.86 <0.001 

* Variables included in the initial model, which were removed (Collateral formation; p=0.22, 

Female sex; p=0.13, CTO in remote vessel p=0.21) 
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Supplementary Table 3: Multivariable Predictors of long term mortality 

 

Variable OR 95% CI p-value 

Age (every 10 years older) 1.71 1.36 – 2.14 <0.0001 

Diabetes 3.10 1.68 – 5.69 <0.0001 

Pre-hospital arrest 2.17 1.16 – 4.06 <0.05 

LV Function 

    Normal/Mild impairment 

    Moderate impairment 

    Severe impairment 

 

1 

1.88 

7.72 

 

 

0.98 – 3.62 

3.95 – 15.1 

<0.0001 
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Chapter 4: The effect of recurrent ST Elevation myocardial 

infarction on the ability to recruit acute coronary collaterals  
 
 
 
This chapter is presented as the published work: Allahwala UK, Weaver JC, Bhindi R. 

(2020). Spontaneous coronary collateral recruitment in patients with recurrent ST elevation 

myocardial infarction (STEMI). Heart Vessels. 35(3): 291-296. doi: 10.1007/s00380-019-

01493-z. 
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Chapter 5: Prognostic implications of the rapid recruitment of 

coronary collaterals during ST Elevation Myocardial Infarction 

(STEMI): A meta-analysis of over 14,000 patients 
 

 

 

This chapter is presented as the published work: Allahwala UK, Nour D, Alsanjari O, Bhatia 

K, Nagaraja V, Khatri JJ, Cockburn J, Hildick-Smith D, Sakata Y, Ward M, Weaver JC, 

Bhindi R. Prognostic implications of the rapid recruitment of coronary collaterals during ST 

elevation myocardial infarction (STEMI): a meta-analysis of over 14,000 patients. Journal of 

Thrombosis and Thrombolysis. doi: 10.1007/s11239-020-02282-6.  
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Appendix 1: Search Strategy 
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Supplementary Table 1: Newcastle Ottawa Scale for Included Studies 

Study Ref Selection Comparability Outcome NOS 

Quality 

Score  

 

Case Definition 

 

Representativeness 

of the cases 

 

Selection of 

cases 

 

Definition of 

Cases 

 

Comparability of cohorts  

 

Ascertainment of 

Exposure 

 

Same method of 

ascertainment for 

cases and controls 

 

Adequacy of 

follow-up of 

cohorts 

 

 

Allahwala 

2020 

* * controls are poor 

collaterals 
* * * multivariate analysis to 

correct for confounders 
* Collateral grading 

blinded to outcome 
* * 8 

Good 

Alsanjari 2019 

* * controls are poor 

collaterals 
* * * multivariate analysis to 

correct for confounders 
* Collateral grading 

blinded to outcome 
* * 8 

Good 

Antoniucci 

2002 

* * * * * multivariate analysis to 

correct for confounders 
* * * 8 

Good 

Chu 2019 

* only >65 included * * * multivariate analysis to 

correct for confounders 
* * * 7 

Good 

Desch 2010 

* * * * * multivariate analysis to 

correct for confounders 
* * * 7 

Good 

Elsman 1004 

* * * * No correction for confounders * * * 7 

Poor 

Freund 2020 

0 – included 

STEMI patients up 

to 48 hrs post 

symptoms 

Subgroup analysis of 

trial with small 

numbers of total with 

significant exclusion 

criteria 

* * * multivariate analysis to 

correct for confounders 

Collateral grading by 1 

physician alone 
* * 5 

Fair 



SECTION III 

Chapter 5: Collaterals in STEMI – a Meta-Analysis 

 107 

Hara 2016 

* * * * * multivariate analysis to 

correct for confounders 
* * * 8 

Good 

Hernandez 

2017 

* * * * * Propensity matching 

analysis 
* * * 8 

Good 

Kajiya 2014 

Patients underwent 

CT first, no 
inclusion or 

exclusions 

described 

Patients underwent CT 

first, no inclusion or 
exclusions described 

* * No correction for confounders * * * 5 

Poor 

Kim 2006 

Only patients with 

successful PCI and 

CMR included 

Select population alone * * * multivariate analysis to 

correct for confounders 
* * Very low mortality 

rate at 1 year 

suggest incomplete 

follow up 

5 

Fair 

Perez-

Castellano 

1998 

* Only anterior STEMI 

included 
* * * multivariate analysis to 

correct for confounders 
* * Only in-hospital 

outcomes 
6 

Good 

Rechciński 

2013 

* * * * No correction for confounders * * * 7 

Poor 

Sen 2017 

* * * * * * * * 8 

Good 

Shen 2014 

* * * * * * * * 8 

Good 

Sorajja 2007 

* Subgroup analysis of 

trial 
* * No correction for confounders * * * 6 

Poor 

Valim 2011 

Only patients in 

cardiogenic shock 

Small number of 

patients over long 
inclusion time 

* No definition on 

method of grading 
collaterals 

No correction for confounders * Uncertain Only in-hospital 

outcomes 
2 

Poor 
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Wang 2011 

* Only anterior STEMI 

included 
* * No correction for confounders * * * 6 

Poor 

Yaylak 2015 

* Only inferior STEMI 

included 
* * * * * Only in-hospital 

outcomes 
6 

Good 

Ying 2014 

* * * * * * * * 8 

Good 
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Supplementary Table 2: Odds ratio of outcomes after exclusion of 2 studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Outcome No. of Studies OR Heterogeneity (I2) Publication Bias 

[Eggers Regression] 

Mortality 18 0.40 [0.31-0.52] 0% 0.35 

In-Hospital Mortality 9 0.36 [0.26-0.51] 0% 0.47 

Long term Mortality 9 0.47 [0.28-0.78] 27% 0.34 
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Chapter 6: Predictors and Prognostic Implications of Well-

Matured Coronary Collaterals in patients with a chronic total 

occlusion (CTO) 

 

 

 

This chapter is presented as the published work: Allahwala UK, Kott K, Bland A, Ward M, 

Bhindi R. (2020). Predictors and Prognostic Implications of Well-Matured Coronary 

Collateral Circulation in Patients with a Chronic Total Occlusion (CTO). International Heart 

Journal. 61(2): 223-230. doi: 10.1536/ihj.19-456  
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Chapter 7: Prognostic impact of collaterals in patients with a 

coronary chronic total occlusion (CTO): A meta-analysis of over 

3,000 patients 

 

 

 

This chapter is presented as the published work: Allahwala UK, Nour D, Bhatia K, Ward M, 

Lo S, Weaver JC, Bhindi R. (2020). Prognostic impact of collaterals in patients with a 

coronary chronic total occlusion: A meta‐analysis of over 3,000 patients. Catheterization & 

Cardiovascular Interventions. DOI:10.1002/ccd.29348 
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Chapter 8: Applicability and Interpretation of Coronary 

Physiology in the Setting of a Chronic Total Occlusion 
 
 
This chapter is presented as the published work: Allahwala UK, Brilakis ES, Byrne J, Davies 

JE, Ward MR, Weaver JC, Bhindi R. (2019). Applicability and Interpretation of Coronary 

Physiology in the Setting of a Chronic Total Occlusion. Circulation: Cardiovascular 

Interventions. 12(7): e007813. DOI: 10.1161/CIRCINTERVENTIONS.119.007813. 
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Chapter 9: The impact of coronary collaterals on pressure and 

flow during percutaneous coronary intervention for chronic total 

occlusion 
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9.1 Abstract 
 

Background: Concurrent coronary disease in patients with a chronic total occlusion (CTO) is 

frequently identified during angiography. Fractional flow reserve (FFR) is a commonly used 

modality to assess the significance of a coronary lesion in producing ischaemia. As FFR is 

dependent on myocardial blood flow, it is uncertain whether a donor vessel, which supplies 

collaterals to a CTO, may be accurately assessed with FFR.  

 

Methods: Patients presenting for elective CTO percutaneous coronary intervention (PCI) 

were included in the study. All patients underwent coronary pressure and flow assessment of 

the donor vessel using a Doppler wire (ComboWire XT, Phillips Volcano), prior to and 

following CTO PCI. Indices recorded included the FFR, coronary flow reserve (CFR), peak 

velocity, coronary blood flow, hyperaemic microvascular resistance (HMR) and hyperaemic 

stenosis resistance (HSR).  

 

Results: 38 patients were included in the study, of which 28 (93.3%) had successful CTO 

PCI. 26 patients had paired coronary physiology performed, prior to and following CTO PCI. 

The mean age was 70.3 with 10% females. The CTO vessel was the left anterior descending 

artery in 13 cases (43.3%). Following successful CTO PCI, the FFR of the donor vessel 

increased significantly (0.86 vs 0.89, p<0.0001), crossing the ischaemic threshold from <0.80 

to >0.80 in 42.9% of patients of patients with an initial FFR<0.80. This change in FFR was 

driven by a significant reduction in corrected resting coronary blood flow (179.2mL/min vs 

153.0mL/min, p<0.05). The increase in FFR was seen irrespective of the CTO or donor 

vessel or the degree of stenosis in the donor vessel. 75% of patients had an abnormal CFR of 

the donor vessel prior to CTO PCI.  
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Conclusion: In patients presenting for CTO PCI, the donor vessel has a significant 

underestimation of FFR, which, following CTO revascularisation and collateral regression, 

increases by a mean of 0.03, attributable to a reduction in coronary blood flow and associated 

effects of microvascular dysfunction. Whether this change in coronary blood flow and 

therefore FFR is maintained over the long term and implications for management should be 

confirmed.  
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9.2 Introduction 
 

 

As presented in chapter 8, the presence of functional coronary collaterals results in a 

significant impact on pressure and flow haemodynamics in patients with a chronic total 

occlusion (CTO). Approximately 50% of these patients require revascularisation of a vessel 

remote from the CTO (1). Coronary angiography alone does not correlate with the 

haemodynamics of the coronary circulation to guide management strategies. The ultimate 

goal for management of obstructive coronary disease is to relieve flow limiting lesions and 

thereby improve myocardial oxygenation and perfusion. Blood flow is difficult to accurately 

measure within the coronary circulation, due to equipment which is challenging to accurately 

use and reliance on surrogate markers of flow. While pressure and flow, in the basal setting 

are not proportional, during maximal hyperaemia, commonly achieved through the 

administration of the potent vasodilator adenosine, resistance is minimal and constant. 

Therefore in this setting, pressure can be used as a surrogate for flow.  

 

9.2.1 Pressure derived indices of lesion severity 

 

9.2.1.1 Hyperaemic Indices of lesion severity - Fractional Flow Reserve  

 

The fractional flow reserve (FFR) is a pressure derived ratio of the mean coronary pressure 

(Pd) at a point distal to an epicardial stenosis, relative to the mean aortic pressure (Pa) during 

maximal hyperaemia where FFR = Pd/Pa. Consequently, the FFR represents the fraction of 

normal coronary blood flow across a stenosis, with a normal value being 1.0, i.e. pressure 

(and flow) proximal and distal is equivalent (Figure 9.1). 
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Figure 9.1: Concept of Fractional Flow Reserve Measurements 

 

When no epicardial stenosis is present (blue lines), the driving pressure Pa determines a 

normal (100%) maximal myocardial blood flow. In the case of stenosis responsible for a 

hyperaemic pressure gradient of 30mmHg (red lines), the driving pressure will no longer be 

100mmHg but instead will be 70mmHg (Pd). Because the relationship between driving 

pressure and myocardial blood flow is linear during maximal hyperaemia, myocardial blood 

flow will only reach 70% of its normal value. This numerical example shows how a ratio of 2 

pressure (Pd/Pa) corresponds to a ratio of 2 flows (Qs
max/QN

max). It also demonstrates how 

important it is to induce maximal hyperaemia. Pv=central venous pressure. Adapted from (2)  
 

 

Three large scale randomised trials have been published, namely the DEFER (3), FAME (4) 

and FAME II (5) trials which initially showed the non-inferiority of deferral of percutaneous 

coronary intervention (PCI) in patients with FFR negative stenosis, and subsequently 

superiority of FFR guided revascularisation over angiography alone. These results have 

firmly established FFR as an integral tool in the assessment of coronary artery disease 

severity, receiving class I, level of evidence A in the European Society of Cardiology 

guidelines to assess the presence of ischaemia and to guide revascularisation (6).  

 

9.2.1.2 Resting indices of lesion severity   

 

Due to the need for administration of vasodilators, with consequent cost, patient experienced 

side effects and risk, there has been a move to develop resting indices of coronary artery 

severity assessment. The most validated of these is the instantaneous wave free ratio (iFR). 
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Similar to FFR, iFR relies on the proportional relationship of pressure and flow that occurs 

with constant intracoronary resistance. However, instead of requiring pharmacological 

vasodilatation to achieve this, it is measured over a diastolic wave-free period in the cardiac 

cycle where intracoronary resistance is naturally constant (7). iFR is calculated as the ratio of 

distal to proximal pressures over this wave-free period. Several large clinical studies have 

shown iFR is non-inferior to FFR with respect to clinical outcomes, and consequently has 

been increasingly adopted in clinical practice (8,9). Subsequently a number of industry 

specific resting indices have been suggested as equivalent to iFR, using propriety specific 

algorithms to detect pressure difference. The most commonly used algorithms are the resting 

full-cycle ratio (RFR) [Abbott laboratories, Illinois, USA], the diastolic hyperaemia-free ratio 

(DFR) [Boston Scientific, Massachusetts, USA] and the resting full cycle Pd/Pa. [Figure 9.2 

and Table 9.1], which have been validated to a lesser extent than iFR.  

 

Figure 9.2: Schematic representation of timing within cardiac cycle and calculation of resting 

indices are calculated.  

 

 

DFR, diastolic hyperaemia-free ratio; iFR, instantaneous wave-free ratio; Pd/Pa, ratio of 

mean distal coronary artery pressure to mean aortic pressure in the resting state; RFR, 

resting full-cycle ratio. Adapted from (10) 
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Table 9.1: Resting Indices currently available 

 

Adapted from (10) 

 

9.2.2 Flow measures of lesion severity 

 

Although flow is difficult to directly measure, Doppler wires and temperature sensor wires 

can be used to measure surrogates of blood flow. These flow derived indices may detect 

pathology in epicardial vessels, microvascular dysfunction or a combination of both.  

 

9.2.2.1 Coronary Flow Reserve 

 

Coronary flow reserve (CFR) is the ratio of hyperaemic blood flow (Qmax) to resting 

myocardial blood flow (Qrest), where CFR = Qmax/Qrest (11). It is a combined measure of the 

capacity of the major resistance components, that is, the epicardial coronary artery and the 

vascular bed, to achieve maximal blood flow under hyperaemic stimulation. CFR can be 

measured invasively by either a temperature-sensitive guide wire applying the coronary 

thermodilution technique or a Doppler sensor equipped guide wire measuring Doppler flow 

velocity (12,13).  
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Coronary thermodilution measurements, using a PressureWire [Abbott laboratories, Illinois, 

USA], requires brisk saline injections during resting and hyperaemic conditions to calculate 

CFR based on the average mean transit time of multiple saline boluses. Although it correlates 

well to absolute coronary flow in research settings (14), this method is prone to measurement 

errors due to sensitivity to the saline injections, as well as possible alterations to coronary 

haemodynamics during brisk injection (15).  

 

The Doppler technique, assessed using a Doppler wire (FloWire® or ComboWire®, Volcano, 

Philips Healthcare, Best, The Netherlands) provides Doppler flow velocity values, but also 

allows tracking of real-time phasic flow velocity signal providing both additional information 

on the functional status of the coronary circulation and direct feedback with regard to signal 

quality, allowing more advance physiology techniques to be employed. It is, however, 

significantly subject to operator’s experience and proper positioning of the guide wire in 

order to obtain a reliable flow signal (15). CFR using the Doppler wire technique is 

calculated as;  

CFR = 
𝐴𝑃𝑉𝐻

𝐴𝑃𝑉𝐵
 

 

where APVH = average peak velocity at steady state hyperaemia and APVB = average peak 

velocity at baseline, both measured over 5 cardiac cycles and measured in cm/sec. The 

diagnostic accuracy of CFR has been evaluated with non-invasive ischaemia testing with a 

relatively high accuracy of 81% with an ischaemic value set at <2.0 as compared with 

myocardial perfusion scintigraphy, exercise stress electrocardiography and dobutamine stress 

echocardiography. CFR has the same level of accuracy as FFR in detecting ischaemia 

compared with these modalities (16). Furthermore, non-randomised trials have shown a 

significant relationship with lower CFR and poorer clinical prognosis with higher rates of 

adverse events (17). 
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The Doppler wire method of attaining CFR has the additional advantage of allowing 

simultaneous pressure and velocity sensors, thereby providing haemodynamic information on 

the physiological state of the entire coronary circulation, both epicardial and microvascular. 

Particularly in the CTO setting, this is imperative as previous small studies have suggested 

these patients have significant microvascular dysfunction (18-20).  

 

9.2.2.2 Hyperaemic Microvascular Resistance 

 

The hyperaemic microvascular resistance (HMR) describes the maximal vasodilatory 

capacity of the microvasculature, indexed for distal perfusion pressure using mean, whole 

cardiac cycle pressure and flow velocity (21,22). An assessment of microvascular resistance 

at hyperaemia is calculated as: 

HMR = 
𝑃𝑑

𝐴𝑃𝑉𝐻
 

 

Where Pd = distal coronary pressure and APVH = average peak velocity at steady state 

hyperaemia. The HMR is measured in mmHg/cm/sec and is measured over 5 cardiac cycles 

during steady hyperaemia. This is based on application of Ohm's law, where resistance is 

equal to pressure divided by flow. This index is pressure dependent, such that in the context 

of an epicardial stenosis, HMR is higher than post percutaneous intervention in the same 

vessel, where local autoregulatory processes modulate microvascular tone despite 

hyperaemic stimulation (22). 

9.2.2.3 Hyperaemic Stenosis Resistance 

 

Hyperaemic stenosis resistance (HSR) is a measure using both mean coronary pressures and 

flow velocity to calculate the resistance across a particular stenosis or vessel segment.This 

index provides a physiological means of quantifying the impediment to maximal flow caused 



SECTION V 

Chapter 9: Impact of Coronary Collaterals on Pressure and Flow Haemodynamics 

 

 150 

exclusively by the stenosis. Like FFR, it is independent of basal haemodynamic conditions, 

with high reproducibility and low variability (23). It was found to have a higher diagnostic 

accuracy than FFR (24), and therefore provides a more refined assessment of stenosis 

severity. An optimal cut-off value of 0.8mmHg/cm/sec has been proposed, with values above 

this considered the threshold for ischaemia (24). It is calculated as: 

HSR = 
𝑃𝑎−𝑃𝑑

𝐴𝑃𝑉𝐻
 

 

All measurements are taken over 5 cardiac cycles during steady state hyperaemia and is 

measured in mmHg/cm/sec 

9.2.2.4 Absolute Coronary Blood Flow 

 

Absolute coronary blood flow (CBF) can be estimated if coronary diameter is known and 

flow velocity is measured and has been validated in animals (25) and used in clinical studies 

(19). CBF is calculated as:  

 

CBF = (𝜋𝑟2) x
 𝐴𝑃𝑉

2
 

 

APV can be measured in hyperaemia or the basal setting, with the CBF measured in mL/min. 

Coronary blood flow is exquisitely related to oxygen demand and therefore, cardiac work 

(26), with an increase in heart rate (27) and systolic blood pressure (28) associated with an 

increase in coronary blood flow. Consequently, to correct for these factors, resting absolute 

coronary blood flow can be corrected for the rate pressure product [RPP] (defined as the heart 

rate x systolic blood pressure) (19). The corrected resting CBF is calculated as: 

Corrected CBF = 𝐶𝐵𝐹 x 
 10,000

𝑅𝑃𝑃
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9.2.2.5 Index of Microvascular Resistance 

 

The index of microvascular resistance (IMR) assesses microvascular resistance using distal 

coronary pressure and thermodilution-derived flow: 

IMR = 
 𝑃𝑑

1/Tmn
 

where Tmn is the mean transit time of a bolus of saline injected at room temperature into the 

coronary artery at maximal hyperaemia. A higher value suggests abnormal microvascular 

resistance, with differing optimal cut-offs quoted in the literature of 21.5 units (29), 23units 

(11) or 40 units (30). It has been shown to be an independent predictor of acute and short-

term myocardial damage, an early marker of myocardial viability, LV recovery and long-

term outcome in patients undergoing primary PCI (30). 

 

9.2.3 Rationale for the study 

 

One of the primary determinants of FFR and all pressure derived indices is the territory of 

myocardium subtended by the epicardial vessel. As described in chapter 8, larger territories 

of myocardium supplied by a vessel result in greater per unit blood flow. In the setting of a 

CTO, the myocardial territory supplied by a donor vessel is far greater than in the normal 

setting, as collaterals perfuse the area subtended by the CTO vessel. As FFR provides a 

vessel specific value to determine the need for revascularisation, interpretation in the setting 

of a CTO is difficult. In particular, this has implications for whether a patient requires 

revascularisation for the CTO (which is in a constant state of ischaemia) (31,32) and the 

donor vessel, or just the CTO alone.  

 

Consequently, the aim of the study was to determine the impact of the presence, and 

subsequent regression of coronary collaterals on donor vessel coronary haemodynamics. 

Furthermore, to determine the prevalence of microvascular dysfunction in patients with a 
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CTO, and subsequent effects on measures of epicardial and microvascular physiological 

indices.  

 

9.3 Methods 
 

9.3.1 Study Population 

 

Consecutive patients presenting for elective CTO PCI between June 2018 and October 2020 

were approached to be included in the “A comprehensive evaluation of biochemical, 

haemodynamic, structural and cellular of collateral function in human coronary arteries in 

chronic total occlusions and coronary artery disease – The COLLATERAL CTO Study”. 

This is a single centre, prospective observational study including patients presenting for 

elective CTO PCI as well as patients undergoing diagnostic angiography for stable coronary 

artery disease. Institutional ethics approval was obtained from the Northern Sydney Local 

Health District Human Research Ethics Committee (NSLHD HREC) prior to commencing 

the project. Patients with a previous coronary artery bypass graft (CABG) to either the donor 

or the CTO were excluded as were patients with predominantly ipsilateral or “bridging” 

collaterals.  

 

9.3.2 Coronary Physiology Assessment  

 

In patients undergoing CTO PCI, dual vascular access was obtained as per clinical indication, 

with an 8 French sheath in the right femoral artery and a 6 French sheath in the right radial 

artery. The CTO vessel was accessed with an 8F guiding catheter, while a 6F guiding catheter 

was used for the donor. Heparin was administered at the beginning of the procedure with 100 

international units of heparin per kg intra-arterial. Additional heparin was given routinely 

every hour.  

 



SECTION V 

Chapter 9: Impact of Coronary Collaterals on Pressure and Flow Haemodynamics 

 

 153 

Prior to CTO PCI, the 6-F guiding catheter was advanced into the ostium of the donor vessel, 

and an intracoronary bolus of 200 mcg of nitroglycerin was administrated. A 0.014-inch 

guidewire equipped with both a pressure sensor and a Doppler crystal (ComboWire XT, 

Philips Volcano Corporation, Del Mar, California) was initially equalised with the aortic 

pressure, before being advanced to a location distal to the collaterals in the donor vessel. The 

Doppler guidewire was manipulated until an optimal and stable Doppler flow signal was 

obtained. Baseline readings were recorded, at which time intravenous adenosine at a rate of 

140 μg/kg/hr was administered through a large bore peripheral cannula for 90 seconds to 

achieve hyperaemia. The FFR, CFR, HSR, HMR, APVH, APVB and heart rate were all 

recorded. The resting Doppler flow velocity, electrocardiographic signals, aortic pressure, 

and distal coronary pressure were simultaneously recorded using the ComboMap system 

(Philips Volcano Corporation). CTO PCI was subsequently performed as per the operator 

discretion. At the completion of CTO PCI, the donor vessel was re-interrogated with the 

ComboWire at both rest and hyperaemia.  

 

9.3.3 Angiographic Assessment 

 

The degree of collaterals was graded according to the Rentrop classification (33-41) and the 

Collateral Connection grade (CC) (42). The donor vessel was defined as the epicardial vessel 

from which the predominant contralateral collaterals arose. If the collateral vessels arose 

from a branch of a main epicardial vessel, the donor vessel was defined as the main epicardial 

vessel from which the branch arose. The size of the donor vessel and degree of stenosis in the 

donor vessel were determined using quantitative coronary angiography (QCA) program on a 

commercially available platform (McKesson, Irving TX, USA) using the known diameter of 

the guiding catheter to calibrate size. CTO PCI technical success was defined as <30% 
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residual diameter stenosis within the treated segment and restoration of Thrombolysis in 

Myocardial Infarction (TIMI) grade 3 antegrade flow. 

 

9.3.4 Clinical Data 

  

Past medical history and functional status was recorded prior to planned procedure through 

patient interviews. A history of diabetes, which is associated with microvascular dysfunction 

was defined as a self-reported history. Medication usage was defined as a prior history of 

taking medications for at least 4 weeks. Ejection fraction was documented based on 

echocardiography performed within 3 months of the planned CTO procedure.   

 

9.3.5 Statistical Analysis  

 

Categorical data was presented as number of cases and percentage of the total population. 

Continuous variables were firstly assessed by the Shapiro-Wilk test to ascertain normality of 

distribution, where normally distributed data was presented as means  standard deviation or 

as medians and interquartile ranges for data not normally distributed. Comparison between 

pre CTO PCI and post CTO PCI was performed using the Student’s paired T test where equal 

variances were not assumed. All tests were 2-sided, and p < 0.05 was considered statistically 

significant. Analyses were performed using SPSS (version 24, IBM, New York, New York). 

 

9.4 Results  
 

9.4.1 Study Population 

 

Over the study period, 38 patients with a CTO were recruited, of which, 30 patients had 

baseline coronary physiology of the donor vessel performed. 28 patients had successful CTO 

PCI (93.3%), with 26 patients subsequently having coronary physiology of the donor vessel. 

Of the 2 patients who did not have physiology repeated following CTO revascularisation, one 
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patient had a balloon mediated coronary perforation and pericardial effusion which was 

successfully treated with a covered stent. The second patient while undergoing attempt at 

repeat coronary physiology of the donor vessel sustained a probable guidewire induced 

coronary dissection requiring immediate stenting of the donor vessel. Therefore 26 patients 

were included in the final analysis (Figure 9.3). 

 

Figure 9.3: Patients included in the study 

 

 

 

 

 

 

 

 
 

 

The mean age of patients was 70.3 years with 10% females and a mean BMI of 29.0 kg/m2. 

The CTO vessel was the right coronary artery (RCA) in 14 cases (46.7%), the left circumflex 

artery in 9 cases (30%) and the left anterior descending artery (LAD) in 7 cases (23.3%).  The 

donor vessel physiologically interrogated was the LAD in 13 cases (43.3%), the LCx in 10 

cases (33.3%) and the RCA in 7 cases (23.3%), with a median stenosis of 40% in the donor 

vessel. The median Syntax score for included patients was 15.5  Most patients had Rentrop 

grade 3 (50%) or grade 2 collaterals (46.7%) [Table 9.2 & 9.3]. 
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Table 9.2: Baseline characteristics of patients undergoing CTO PCI  

Female Sex (n) 3 (10%) 

Age (yrs) 70.3 ± 12.2 

BMI (kg/m2) 29.0 ± 5.1 

Heart Rate (bpm) 70.5 ± 13.8 

Systolic blood pressure (mmHg) 136.3 ± 28.4 

Diastolic blood pressure (mmHg) 71.7 ± 14.5 

Past Medical History (n) 

   Hypertension 

   Hypercholesterolaemia 

   Diabetes Mellitus 

   Smoking History 

      Non-smoker 

      Ex-smoker 

      Current Smoker 

   Atrial Fibrillation 

 

22 (73.3%) 

28 (93.3%) 

7 (23.3%) 

 

8 (26.7%) 

17 (56.7%) 

4 (13.3%) 

7 (23.3%) 

Medications (n) 

   Aspirin 

   P2Y12 Inhibitor 

   Statin 

   ACE-I/ARB 

   Beta Blocker 

   Non-dihydropyridine CCB 

   Dihydropyridine CCB 

   Thiazide diuretic 

   Loop Diuretic 

   Aldosterone Antagonist 

   Long acting Nitrate 

 

28 (93.3%) 

28 (93.3%) 

23 (76.7%) 

18 (60%) 

18 (60%) 

1 (3.3%) 

8 (26.7%) 

3 (10%) 

2 (6.7%) 

2 (6.7%) 

6 (20%) 

LVEF (%) 60 (50 – 60) 

NYHA Class Symptoms (n) 

   I 

   II 

   III 

   IV 

 

4 (13.3%) 

15 (50%) 

10 (33.3%) 

1 (3.3%) 

CCS Class (n) 

   II 

   III 

   IV 

 

5 (16.7%) 

18 (60%) 

7 (23.3%) 

ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensinogen II receptor 

blocker; BMI = body mass index; bpm = beats per minute; CCB = calcium channel blocker; 

CCS =Canadian Cardiovascular Society; kg = kilograms; LVEF = left ventricular ejection 

fraction; m=metre; mmHg = millimetres of mercury; n = number, NYHA = New York heart 

association. 
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Table 9.3: Angiographic characteristics of patients undergoing CTO PCI  

Number of CTOs (n) 

   1 

   >1  

 

30 (100%) 

0 (0%) 

CTO Vessel (n) 

   LAD 

   LCx 

   RCA 

 

7 (23.3%) 

9 (30%) 

14 (46.7%) 

Predominant Donor Vessel (n) 

   LAD 

   LCx 

   RCA 

 

13 (43.3%) 

10 (33.3%) 

7 (23.3%) 

Rentrop Classification(n) 

   0 or 1 

   2 

   3 

 

1 (3.3%) 

14 (46.7%) 

15 (50%) 

CC Score (n) 

   1 

   2 

   3 

 

6 (20%) 

21 (70%) 

3 (10%) 

Stenosis in donor vessel (%) 40 (30 – 50) 

Syntax Score (n) 15.5 (11.1 – 21.5) 

Successful CTO PCI (n) 28 (93.3%) 

PCI Approach (n) 

   Anterograde 

   Retrograde 

 

24 (85.7%) 

4 (14.3%) 

CC= Coronary Collateral; CTO = chronic total occlusion; LAD = left anterior descending 

artery; LCx = left circumflex artery; PCI = percutaneous coronary intervention; RCA = 

right coronary artery;  

 

 

9.4.2 Pressure and flow indices in the donor vessel 

 

Of the 26 patients who underwent physiological assessment of the donor vessel prior to and 

following CTO PCI, all had FFR values recorded. 20 patients had Doppler data of high 

fidelity to allow interpretation of flow derived indices, while 16 of the 26 patients (61.5%) 

had flow indices recorded following revascularisation (Figure 9.4).  
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Figure 9.4: Example of pressure and flow indices measured   

 (A) Coronary angiogram showing a CTO of the left circumflex artery (LCx) with no contrast 

opacification (white arrow) distal to the site of occlusion. (B) Following CTO PCI, there is 

now anterograde contrast opacification of the LCx (white arrow). (C) Prior to CTO PCI of 

the LCx, contrast opacification of the distal LCx (thick arrow) from collaterals from the right 

coronary artery (RCA). (D) Following CTO PCI of the LCX, no collateral filling of the LCx 

(6 point star) from the RCA. Panel showing an example of the “Combomap” system showing 

simultaneous pressure and flow readings.  

 

Following successful CTO PCI, the FFR of the donor vessel increased from 0.86 to 0.89 

(p<0.0001). There was an associated decrease in the average peak velocity at baseline 

(23.7cm/sec vs 20.4cm/sec, p<0.01) and corrected resting CBF (179.2mL/min vs 

153.0mL/min, p<0.05) (Figure 9.5). Seven patients (26.9%) had a resting donor vessel FFR 

below the threshold for ischaemia (FFR<0.80). Of these patients, following successful CTO 

PCI, 3 patients (42.9%) no longer had an ischaemic donor vessel, while 4 remained 

ischaemic. In patients with a baseline FFR<0.80, following successful CTO PCI, the FFR 

increased from 0.74 to 0.78 (p<0.0001).  
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Figure 9.5: Changes in FFR, APV-B and corrected resting CBF in donor vessel pre and post 

CTO PCI 

[LEFT PANEL]: FFR of the donor vessel pre-CTO PCI and post-CTO PCI, showing a 

significant increase (0.86 vs 0.89, p<0.0001; n=26). [MIDDLE PANNEL]: Average peak 

velocity at baseline (APV-B) of the donor vessel pre-CTO PCI and post-CTO PCI, showing a 

significant reduction (23.7cm/sec vs 20.4cm/sec, p<0.01; n = 16). [RIGHT PANNEL]: 

Corrected resting coronary blood flow (CBF) of the donor vessel pre-CTO PCI and post-

CTO PCI showing a significant reduction (179.2mL/min vs 153.0mL/min, p<0.05; n=16).  

 

 

Prior to CTO PCI, 15 patients (75%) had an abnormal CFR (<2.0) of the donor vessel. In 

patients in whom both FFR and CFR was recorded, 11 (73.3%) had an abnormal CFR with a 

non-ischaemic FFR. Prior to CTO PCI, in patients in whom both FFR and HSR were 

measured, in the 5 patients with an ischaemic FFR (<0.80), all had a non-ischaemic HSR 

(<0.80). Following CTO revascularisation, in the patients in whom both FFR and HSR were 

measured, 2 patients had an ischaemic FFR value, and 1 of these patients (50%) had an 

ischaemic HSR value. Following successful CTO PCI there was no difference in CFR, APV-

H, hyperaemic CBF, HSR or HMR of the donor vessel (Table 9.4). 
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Table 9.4: Invasively measured pressure and flow indices in the predominant donor vessel 

 

 Pre CTO PCI Post CTO PCI p-value 

FFR (ratio) 0.86 ± 0.09 0.89 ± 0.08 <0.0001 

CFR (ratio) 1.80 ± 0.82 1.78 ± 0.92 0.94 

APV-B (cm/sec) 23.67 ± 8.59 20.38 ± 8.73 <0.01 

Resting Coronary Blood Flow* (mL/min) 179.2 ± 82.9 153.0 ± 100.00 <0.05 

APV-H (cm/sec) 43.50 ± 26.78 40.88 ± 12.94 0.68 

Hyperaemic Coronary Blood Flow (mL/min) 324.6 ± 193.2 315.3 ±153.4 0.82 

HMR (mmHg/cm/sec) 2.76 ± 2.45 3.09 ± 2.49 0.71 

HSR (mmHg/cm/sec) 0.35 ± 0.27 0.29 ± 0.28 0.18 

HR (bpm) 75.13 ± 13.53 79.38 ± 16.01 0.17 

N = 26 for FFR values and n=16 for all other values. * Corrected for RPP 

APV-B = Average peak velocity at baseline; APV-H = Average peak velocity during 

hyperaemia; bpm = beats per minute; CFR = Coronary Flow Reserve; cm= centimetre; FFR 

= fractional flow reserve; HMR = hyperaemic microvascular resistance; HR = heart rate; 

HSR = hyperaemic stenosis resistance; min = minute; mL = millilitre; mmHg = millimetres 

of mercury; sec = second;  

 

In patients in whom the LAD was the donor vessel, there was a significant increase in FFR 

following successful CTO PCI (0.80 vs 0.85, p<0.0001) as was seen with an LCx donor 

vessel (0.88 vs 0.91, p<0.01) and RCA donor vessel (0.91 vs 0.94, p<0.05) [Figure 9.6].  

 

Figure 9.6: Changes in FFR, pre and post CTO PCI stratified by donor vessel 

 [LEFT PANEL]: FFR of the LAD pre-CTO PCI and post-CTO PCI, showing a significant 

increase (0.80 vs 0.85, p<0.0001; n=11). [MIDDLE PANNEL]: FFR of the LCx pre-CTO 

PCI and post-CTO PCI, showing a significant increase (0.88 vs 0.91, p<0.01; n=8) [RIGHT 

PANNEL]: FFR of the RCA pre-CTO PCI and post-CTO PCI, showing a significant increase 

(0.91 vs 0.94, p<0.05; n=7).  
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There was a significant inverse correlation between degree of stenosis in the donor vessel and 

FFR value prior to CTO PCI (p<0.0001). Following CTO PCI, there was no correlation 

between degree of donor vessel stenosis and absolute change in FFR (p=0.66) or relative 

change in FFR (p=0.72) [Figure 9.7].  

 

Figure 9.7: Correlation of FFR with stenosis in donor vessel  

 [LEFT PANEL]: Significant inverse correlation with degree of stenosis in donor vessel and 

FFR (p<0.0001). [MIDDLE PANNEL]: No correlation between degree of stenosis in donor 

vessel and absolute change in FFR following CTO PCI (p=0.66) [RIGHT PANNEL]: No 

correlation between degree of stenosis in donor vessel and change in FFR relative to initial 

FFR (p=0.72).  

 

There was no difference in the FFR of the donor vessel with an LAD CTO as compared to a 

non-LAD CTO (0.89 vs 0.85, p=0.78). Following successful CTO PCI, there was a greater 

increase in the donor vessel FFR in patients with an LAD CTO as compared to a non-LAD 

CTO (0.041 vs 0.038, p<0.01), with no difference in relative change of FFR (4.9% vs 4.7%, 

p=0.06) [Figure 9.8] 
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Figure 9.8: Change in FFR in donor vessel perfusing an LAD CTO and non-LAD CTO 

 

[LEFT PANEL]: Greater increase in FFR of the donor vessel if supplying an LAD CTO 

compared to a non-LAD CTO (0.041 vs 0.037, p<0.01). [RIGHT PANEL]: No difference in 

relative change in FFR of the donor vessel if supplying an LAD CTO compared to a non-

LAD CTO (4.9% vs 4.7%, p=0.06).  

 

 

There was no difference in baseline donor vessel FFR in those with Rentrop grade 3 

collaterals compared with those with Rentrop grade 1 or 2 (0.87 vs 0.84, p=0.44). Following 

successful CTO PCI, there was a smaller absolute and relative change in FFR in those with 

Rentrop grade 3 collaterals compared with those with Rentrop grade 1 or 2 (0.03 vs 0.04, 

p<0.05 and 4.1% vs 5.5%, p<0.05 respectively) [Figure 9.9]. 
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Figure 9.9: Change in FFR in donor vessel stratified by Rentrop grade  

 

 

[LEFT PANEL]: Lower absolute change in FFR of the donor vessel if supplying Rentrop 

grade 3 collaterals compared to Rentrop grade 1 or 2 (0.03 vs 0.04, p<0.05). [RIGHT 

PANEL]: Lower relative change in FFR of the donor vessel if supplying Rentrop grade 3 

collaterals compared to Rentrop grade 1 or (4.1% vs 5.5%, p<0.05).  

 

Seven patients had a history of diabetes mellitus, with all 7 (100%) undergoing successful 

CTO PCI, with a resultant increase in the donor vessel FFR (0.87 vs 0.91, p<0.0001) (Figure 

8). This was associated with a significant reduction in the corrected resting coronary blood 

flow (150.3mL/min vs 98.9mL/min, p<0.05). There was no difference in CFR between 

patients with diabetes mellitus and those without (1.4 vs 1.8, p=0.32). There was a greater 

increase in the absolute and relative FFR in patients without diabetes mellitus compared with 

those with diabetes mellitus (0.04 vs 0.03, p<0.05 and 5.0% vs 3.9%, p<0.05 respectively)  
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Figure 9.10: Changes in FFR in donor vessel pre and post CTO in patients with Diabetes 

Mellitus  

 
 

 

 
 

9.5 Discussion 

 
In patients undergoing CTO PCI, the presence of functional, angiographically visible 

coronary collaterals, results in a significant under-estimation of the FFR of the donor vessel, 

which following collateral regression, results in an immediate increase by a mean of 0.03. 

This is associated with a significant reduction in peak coronary blood velocity and resting 

coronary blood flow. As the use of FFR has dramatically increased in recent years due to its 

ease of performance and significant evidence base (43), this study identifies that in the setting 

of a CTO, accurate interpretation must include an expected increase in donor vessel value. 

 

In the setting of maximal hyperaemia, the relationship between pressure and flow is 

essentially linear (44) and consequently situations which result in changes in flow affect FFR. 

A well-recognised example of this is in the setting of previous infarct, where myocardium is 

not viable and there is a resultant reduction in blood flow to the territory compared with 

normal viable myocardium (45).  
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Contrastingly, in the setting of a CTO, the donor vessel is perfusing a larger territory than 

normal, with greater coronary blood flow. As illustrated in this study, following restoration of 

anterograde perfusion of the CTO vessel, there is a reduction in coronary blood flow of the 

donor vessel, with a resultant increase in the FFR. This is seen in  all donor vessels, while the 

change in FFR was greater when the donor vessel was supplying a CTO of the LAD. As the 

LAD supplies up to 50% of left ventricular myocardial mass (46), it is not surprising that in 

this situation there is greater coronary flow through the donor vessel, which rapidly reduces 

following CTO revascularisation. While baseline FFR was closely related to the degree of 

stenosis in the donor vessel, following CTO PCI, the change in FFR was not related to the 

stenosis, suggesting the territory of myocardium supplied by the vessel is a more important 

determinant of the FFR.  

 

This absolute increase in FFR of 0.03, is in keeping with the results of a similar sized study 

of 34 CTOs (19), which found an increase of 0.028 in the donor vessel following CTO PCI, 

also driven by a reduction in coronary blood flow. However in another study of 34 patients 

(20), there was no difference in FFR of the donor vessel immediately following CTO PCI, 

although at 4 months the FFR increased by 0.03. In a study of 14 successful CTO PCI out of 

50 attempts (47), 6 patients went from an ischaemic FFR to a non-ischaemic FFR of the 

donor vessel (mean change of 0.100.04), 3 remained ischaemic (mean change of -

0.010.04) and 4 remained non-ischaemic (mean change of 0.002  0.04). The donor vessel 

was the LAD in 92.9% of cases in the latter study. These findings of a similar change in FFR 

have dramatic implications for management of patients with a CTO, since patients in whom a 

donor vessel is in the so called ‘grey-zone’ for ischaemia, generally between 0.75 - 0.80, may 

not require revascularisation of the donor vessel, once the CTO is revascularised.   
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While a significant reduction in resting coronary blood flow in the donor vessel was 

observed, this was not the case for hyperaemic coronary blood flow, which numerically 

reduced, but was not significant. Similarly, the average peak velocity at baseline of the donor 

significantly reduced following CTO PCI, although this was not seen in the average peak 

velocity at hyperaemia. This finding is potentially incongruous, as FFR is a hyperaemic 

index. While there was a trend toward a reduction in hyperaemic flow measures, these did not 

meet statistical significance, which may be a marker of insufficient size and power. An 

alternative explanation for this may be microvascular dysfunction following PCI where there 

is upregulation of the adrenergic system, which can attenuate coronary flow and blunt 

hyperaemic response to adenosine (48). Similarly, myocardial stunning following 

revascularisation is associated with an elevation in left ventricular end diastolic pressure 

(49,50) which would further attenuate coronary blood flow.  

 

This implication of significant microvascular dysfunction is noted immediately following 

CTO revascularisation (51), which may be due to plaque embolisation to the microcirculation 

along with oedema from trauma of entering the extra-luminal space, or coronary dissection 

and microperforations, all of which result in possible attenuation of adenosine mediated 

maximal hyperaemia. Studies have suggested that an HMR of >2.0 is consistent with 

microvascular dysfunction (21,52), which was present in 8 out of 20 pre CTO PCI (40%) 

donor vessels and 12 out of 16 (75%) post successful CTO PCI donor vessels, suggesting the 

recorded hyperaemic coronary blood flow may be an underestimation of the true value. 

However, previous studies have suggested that a reduction in FFR in the donor vessel 

following CTO PCI is noted 4 months following revascularisation (20), suggesting 

immediate post PCI microvascular dysfunction alone is unlikely to explain the significant 

change in FFR.   
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Of the 7 patients who had an FFR of the donor vessel below the ischaemic threshold, 3 

(42.9%) were no longer ischaemic following CTO revascularisation, and hence collateral 

regression. Previous studies have suggested that 38% of patients with a CTO are referred for 

CABG, possibly due to concomitant multivessel coronary artery disease (53). Early graft 

failure, where there is occlusion of a graft within 1 year of surgery is seen in 10-20% of 

patients (54-56). Lower graft flow at the time of surgery, as is seen in the setting of non-

haemodynamically significant stenosis is a strong predictor of graft failure (57). It is thus 

imperative to understand the underestimation of the FFR of a donor vessel, to identify 

likelihood of successful grafting and therefore appropriateness of referral for CABG.  

 

Seventy five percent of patients prior to CTO PCI had an abnormal CFR in the donor vessel, 

while immediately following CTO PCI, 73.3% of patients had an abnormal CFR in the donor 

vessel. The CFR allows simultaneous assessment of both epicardial and microvascular 

function, although does not determine at which level the dysfunction lies. While the CFR was 

<2.0 in all patients with an ischaemic FFR, the value was abnormal even in patients with a 

normal FFR. This may reflect microvascular dysfunction, which is further strengthened by 

the finding of non-ischaemic HSR in patients with an apparent ischaemic FFR. HSR has been 

shown to have a higher diagnostic accuracy than FFR (24) to discriminate ischaemia as has 

been shown in the current study. Indeed an abnormal CFR has been independently associated 

with poorer prognosis even in the setting of a normal FFR (58). This finding of significant 

microvascular dysfunction, may explain why randomised control trials of PCI in CTO 

(1,59,60), which treats only the epicardial stenosis, has failed to show a consistent prognostic 

benefit. Future treatment strategies based on microvascular function should be considered.  
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There was no difference in donor vessel FFR in patients with Rentrop grade 3 collaterals or 

those with Rentrop grade 1 or 2 collaterals. However, following successful CTO PCI, the 

absolute and relative change in donor vessel FFR was greater in those with poorer collaterals  

(0.04 vs 0.03, p<0.05 and 5.5% vs 4.1%, p<0.05). This would initially appear counterintuitive 

to changes in flow, with well-developed collaterals providing more flow to the CTO, and a 

consequent greater reduction in flow following collateral regression. Indeed in a small series 

of 8 patients (61), the change in donor vessel FFR was greater in those with Rentrop grade 2 

or 3 collaterals, while those with Rentrop grade 1 had no change in the FFR.  However, 

Werner et al. previously showed that there was no relationship between Rentrop classification 

and collateral function, suggesting that even in anatomically poorly visualised vessels, 

collateral function may be significant (42), possibly explaining this finding. Furthermore, it is 

possible that larger collaterals may take longer to completely regress and become non-

functional, explaining the smaller change in FFR in this cohort of patients. Previous studies 

have suggested that loss of collateral function following CTO PCI can take between 24 hours 

to 1 year (62,63), although others, have suggested immediate reduction and loss of collateral 

function (64-67), suggesting further research is required to determine when collateral 

function is lost (19).  

 

Diabetes mellitus has multiple effects on the cardiovascular system, including an attenuated 

increase in coronary blood flow in the setting of hyperaemia (68) attributable to 

microvascular dysfunction (69). In diabetic patients with a reduced CFR, even in the absence 

of detectable epicardial coronary disease, prognosis is equivalent to that of non-diabetic 

patients with prior coronary events (70). There was no difference in baseline donor vessel 

CFR or FFR values compared with non-diabetic patients. As seen in the entire cohort, in 

patients with diabetes, following revascularisation there was an increase in donor vessel FFR. 
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However, the degree of change was lower than in patients without diabetes, suggesting that 

whilst this change in FFR is constant, it may be less pronounced in diabetic patients and other 

cohorts with microvascular dysfunction.  

 

9.5.1 Limitations  

 

This study provides significant and in-depth information in the interpretation of coronary 

physiology in the donor vessel of a CTO, however there are limitations. Firstly, the dataset 

included is relatively small, particularly in patients in whom reproducible and accurate 

Doppler flow data was achieved. The ComboWire is technically challenging to use and 

requires manipulation not only to detect a flow tracing, but ensure that it is in the direction of 

the maximal flow. This is one of the reasons that flow wires have almost entirely been 

superseded by pressure wires in clinical practice. Nevertheless, the results from this study are 

hypothesis generating and provide a basis for ongoing research. Furthermore, the repeat 

physiological assessment was performed immediately following CTO revascularisation, 

which remains controversial with respect to whether collaterals remain functional. However, 

there was a constant and reproducible reduction in coronary blood flow, suggesting a 

reduction in flow through these collaterals. Whilst further autoregulation over time may occur 

and further change in blood flow, a clinically relevant change in FFR was detected in almost 

50% of patients immediately and is of more relevance to decisions regarding 

revascularisation than remote studies conducted months in the future.  
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9.6 Conclusion 
 

In patients presenting for CTO PCI, the measured donor vessel FFR is significantly 

underestimated, which, following CTO revascularisation and collateral regression, increases 

by a mean of 0.03. This is attributable to a reduction in coronary blood flow through the 

donor vessel, irrespective of CTO vessel or donor vessel. This change is more pronounced 

with a CTO of the LAD, reflecting the larger territory of myocardial mass perfused by the 

donor vessel, and hence greater flow. This has significant implications for clinicians when 

determining revascularisation management strategies. The significant microvascular 

dysfunction identified in 75% of patients with a CTO however may have implications for the 

immediate interpretation of hyperaemic derived pressure indices of lesion severity. Whether 

this change in coronary blood flow and therefore FFR is maintained over the long term and 

implications for revascularisation management remain to be confirmed.  
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Chapter 10: The effect of Coronary Collaterals on Endothelial, 

Haematological, Biochemical and Proteomic Biomarkers 
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10.1 Abstract 
 

Background and Aims: The recruitment and maturation of coronary collaterals in patients 

with a chronic total occlusion (CTO) occurs through increased fluid shear stress as a result of 

progressive coronary artery occlusion, with resultant inflammation and downstream 

alterations in protein and gene expression. The aim of the study was to determine whether 

patients with angiographically confirmed coronary collaterals with a CTO had differing 

concentrations of biochemical, haematological and proteomic markers compared with 

patients without a CTO. 

 

Methods: Patients with stable angina presenting for diagnostic angiography or planned CTO 

percutaneous coronary intervention (PCI) were included in the study. All patients had 

baseline blood collected from a peripheral vein and aortic root prior to administration of 

medications or PCI. Endothelial cell derived proteins fibroblast growth factor 2 (FGF-B), 

monocyte chemoattractant protein 1 (MCP-1) and intracellular adhesion molecule 1 (ICAM-

1) were quantified using enzyme linked immunosorbent assay (ELISA). Haematological and 

biochemical markers were also measured.  

 

Results: A total of 140 patients were included in the study, 84 patients with a CTO and 56 

patients with stable coronary artery disease (CAD). Patients with a CTO were older (72.5yrs 

vs 68.6yrs, p<0.05), more likely to be taking aspirin (89.3% vs 75%, p<0.05) and an 

angiotensin converting enzyme inhibitor (ACE-I) or angiotensinogen II receptor blocker 

(ARB) (61.9% vs 41.1%, p<0.05). Patients with a CTO were more symptomatic with greater 

rates of CCS class III angina (22.6% vs 7.1%, p<0.05) and higher rates of NYHA class III or 

IV (41.7% vs 19.7%, p<0.05) and a higher syntax score (20.6 vs 6.6, p<0.0001).  
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Patients with a CTO had a higher plasma FGF-B (74.2pg/mL vs 64.8pg/ml, p<0.0001), MCP-

1 (46.1pg/mL vs 22.9pg/ml, p<0.0001) and ICAM-1 (54ng/mL vs 40.8ng/ml, p<0.001) 

compared with patients with CAD. There was no difference in plasma concentration of FGF-

B, MCP-1 or ICAM-1 in patients with multiple CTOs compared with a single CTO or with 

maturity of collaterals. Six months following successful CTO revascularisation and thereby 

collateral regression there was an increase in MCP-1 (p<0.01) and ICAM-1 (p<0.001). 

Patients with a CTO had a lower peripheral lymphocyte count (p<0.05), higher monocyte 

count (p<0.05) and higher neutrophil to lymphocyte ratio (p<0.05).  

 

Conclusion: In patients with a CTO, plasma concentrations of the endothelial cell derived 

biomarkers, FGF-B, MCP-1 and ICAM-1 are significantly higher than in patients without 

coronary collaterals, suggesting their function in collateral recruitment. MCP-1 and ICAM-1 

concentrations are higher following CTO PCI, signifying a role of ischaemic preconditioning 

and persisting collateral recruitment potential. Alterations in peripheral leukocyte count and 

relative changes in cell lineages reflect the importance of these cell types in coronary 

collateral recruitment and maturation. The implications of these findings, and their role as a 

clinically relevant biomarker or potential therapeutic strategy for patients with severe 

coronary disease requires further assessment.   
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10.2 Introduction 

 
The recruitment of coronary collaterals from a primitive network of pre-existing anastomotic 

connections can occur rapidly, as in the setting of an acute coronary syndrome, or more 

progressively such as in the setting of a chronic total occlusion (CTO). The current 

understanding of collateral recruitment is through arteriogenesis, the maturation of preformed 

vascular connections, with the process dependent on an increase in shear stress, initial 

inflammation, alterations in gene expression and an optimal redox state, acted upon by 

degrees of hypoxia and ischaemia (1) (See Section II).   

 

A number of endothelial cell biomarkers are candidates to correlate with the presence and 

degree of coronary collaterals, namely fibroblast growth factor 2 (FGF-B), monocyte 

chemoattractant protein 1 (MCP-1) and intracellular adhesion molecule 1 (ICAM-1).  

 

FGF is a monomeric polypeptide expressed widely by a number of cells, including 

endothelial cells in response to shear stress, which, when bound to FGF receptors, results in 

fibroblast proliferation, mitogenesis, cellular migration, differentiation, wound healing and 

angiogenesis. There are 23 distinct FGF factors, with FGF-B or basic fibroblast growth factor 

(bFGF) acting as a nitric oxide dependent vasodilator, capable of inducing systemic 

hypotension and coronary vasodilatation (2). In-vitro and in-vivo studies have shown that 

FGF is associated with smooth muscle cell proliferation and angiogenesis (3), and hence may 

be a candidate as a biomarker for the presence of collaterals.  

 

MCP-1 is a member of the CC-chemokine family, a potent chemotactic factor for monocytes 

(4). MCP-1 is induced in the vascular endothelium by an increase in fluid shear stress (5) and 

is involved in attracting and binding monocytes that invade the intimal space (6), which 
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subsequently results in collateral maturation and functionality. ICAM-1 is a surface 

glycoprotein which is expressed on endothelial cells, predominantly in response to 

inflammation (7), promoting the adhesion of monocytes, neutrophils and lymphocytes (8,9). 

 

Therefore, concentrations of FGF-B, MCP-1 and ICAM-1, identified in the systemic 

circulation may correlate with the presence and degree of coronary collaterals. 

Haematological markers, in-particular leukocyte populations, which are related to the 

maturation of coronary collaterals as well as commonly measured biochemical proteins may 

also be potential biomarkers.  

 

The aim of this study was to determine whether patients with angiographically confirmed 

coronary collaterals with a CTO had differing concentrations of biochemical, haematological 

and proteomic markers compared with patients without collaterals. Furthermore, the aim was 

to determine the effect of CTO revascularisation, and consequent collateral regression on 

plasma concentration of these markers.  

 

 

10.3 Methods 
 

The COLLATERAL CTO Study is a prospective, single centre observational study including 

patients presenting for elective CTO PCI and consecutive patients undergoing diagnostic 

angiography for symptomatic stable coronary artery disease (CAD) (See Chapter 1). Patients 

were divided into one of 2 groups; those with a confirmed CTO and those without. All 

patients underwent coronary angiography for clinically indications. A CTO was defined as 

the presence of TIMI grade 0 flow in an epicardial artery, present for at least 3 months (10) 

based upon historical onset of symptoms or compared to previous angiographic imaging.  
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10.3.1 Blood Sample Acquisition and Storage 

 

Blood samples were collected from patients prior to their diagnostic coronary angiogram 

following a minimum of an 8 hour fast. Patients were instructed to take their regular 

medications on the day of the procedure, with the exception of metformin or anticoagulation, 

which were withheld for 48 hours. Venous blood was collected from the antecubital vein 

using an 18 or 20 gauge needle. Blood was initially stored in a fridge at 4°C. Patients 

subsequently underwent insertion of arterial access, either through the radial or femoral 

artery, as clinically indicated and planned. Arterial blood was also collected from the aortic 

root prior to heparin administration. Both sets of bloods were collected in a tube containing 

3.2% buffered sodium citrate solution (Greiner Bio One, Austria) which were centrifuged for 

20 minutes at 1,000 relative centrifugal force (RCF) at 4°C (11). Plasma was subsequently 

aliquoted into sterile 1.5mL Eppendorf microcentrifuge tubes (Merck & Co, New Jersey, 

USA) and stored immediately in a -80°C freezer. Any samples with visible haemolysis or 

lipaemia were excluded from analysis. 

 

For patients who underwent successful CTO PCI, arterial blood was collected from the aortic 

root just prior to removal of the guiding catheter. If patients were staying in hospital 

overnight, a repeat venous blood sample, as described above was taken 24 hours post CTO 

revascularisation. Finally another peripheral venous sample was taken 6 months following 

successful CTO revascularisation.  

 

10.3.2 Enzyme Linked Immunosorbent Assay  

 

 

Stored plasma was used to measure the concentrations of endothelial cell markers FGF-B, 

MCP-1 and ICAM-1 using a commercially available enzyme linked immunosorbent assay 
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(ELISA) [Thermo Fisher Scientific, Massachusetts, USA]. Samples were removed from -

80°C freezer and batch thawed on ice to slowly rewarm to room temperature and were mixed 

gently. The samples were prepared and incubated on a standard 96 well plate, before being 

placed in a spectrophotometer with absorbance read at 450nm to determine concentrations, 

using commercially available kits: FGF-B (Human FGF-B ELISA Kit [Invitrogen, California, 

USA]), MCP-1 (Human MCP-1 ELISA Kit [Invitrogen, California, USA]) and ICAM-1 

(Human sICAM-1 ELISA Kit [Invitrogen, California, USA]).  

 

Concentrations in both arterial and venous samples were performed in the first 15 patients, 7 

CTO patients and 6 CAD patients. An initial analysis was performed to determine the intra-

class coefficient with subsequent analysis performed on only the arterial samples. Due to the 

very high intraclass correlation coefficient between recordings, further analysis on 

subsequent patients was not performed.  

 

10.3.3 Haematological and Biochemical Results 

  

 

Peripheral venous blood, as described in 10.3.1 was also collected in a 3.5mL vacutainer tube 

containing spray coated silica and a polymer gel (Greiner Bio One, Austria) and 2 x 4mL 

vacutainer tubes sprayed with Ethylenediaminetetraacetic acid (EDTA) (Greiner Bio One, 

Austria). The samples collected in the EDTA tubes were analysed for haemoglobin (g/L), 

white cell count and differentials (x 109/L), platelet count (x 109/L) and glycosylated 

haemoglobin (mmol/L). The spray coated tube was used to determine, serum creatinine 

(umol/L), troponin I (ng/L), N Terminal pro B-type Natriuretic Peptide (NT pro-BNP) (ng/L), 

albumin (g/L), cholesterol (mmol/L), C reactive protein (CRP) (mg/L), low density 

lipoprotein (LDL) (mmol/L), high density lipoprotein (HDL) (mmol/L) and triglycerides 

(mmol/L).  
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For biochemistry results, samples were centrifuged at 4,500 RCF for 5 minutes and kept at 

room temperature for the duration of the analysis. An Abbott Architect c16000 instrument 

[Abbott laboratories, Illinois, USA] was used along with the following reagents for each test; 

creatinine (Jaffe colourimetric assay); albumin (Bromcresol purple colourimetric assay), 

cholesterol (Cholesterol esterase: cholesterol oxidase enzymatic assay); triglyceride (Lipase: 

Glycerol-kinase: Glycerol phosphate oxidase enzymatic assay) and  HDL Cholesterol 

(Homogenous Accelerator Selective Detergent method). LDL was calculated using the 

Friedewald equation. The Abbott Architect i2000 instrument [Abbott laboratories, Illinois, 

USA] was used for troponin I (ARCHITECT STAT High Sensitive Troponin-I 

chemiluminescent microparticle immunoassay (CMIA)) and NT-pro-BNP (Alere NT-

proBNP for ARCHITECT chemiluminescent microparticle immunoassay (CMIA). The 

Abbott Architect c8000 instrument [Abbott laboratories, Illinois, USA] was used for HbA1c 

(ARCHITECT Enzymatic HbA1c assay).  

 

10.3.4 Demographic Data Acquisition 

 

After obtaining written informed consent, patients were asked interview questions with 

regards to their past medical history, current medications as well as functional effect of 

angina and dyspnoea. These were semi quantitatively scored using the New York Heart 

Association (NYHA) Class and the Canadian Cardiovascular Society (CCS) angina 

classification, both of which are readily used clinically and validated for clinical and research 

use (12,13). Patients had their weight and height recorded to calculate the body mass index 

(BMI). Left ventricular ejection fraction (LVEF) was recorded from an echocardiogram 

performed within 3 months prior to the angiogram, whilst a history of valvular heart disease 
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was defined as at least moderate severity mitral or aortic valve stenosis or regurgitation. 

Baseline heart rate, systolic blood pressure and diastolic blood pressure were recorded.   

 

 

 

10.3.5 Angiographic Assessment and Grading 

 

The presence and degree of collaterals was graded according to the Rentrop classification 

(14) and Collateral Connection grade (CC) (15). The severity of coronary disease was graded 

using the TAXUS Drug-Eluting Stent Versus Coronary Artery Bypass Surgery for the 

Treatment of Narrowed Arteries (SYNTAX) score (16).  

 

10.3.4 Statistical Analysis 

 

Categorical data was presented as number of cases and percentage of the total population, 

while continuous variables were presented as means  standard deviation for normally 

distributed data or as medians and interquartile ranges for data not normally distributed.  

Continuous data was analysed with Student’s T-test for normally distributed data or the 

Mann-Whitney U test for not normally distributed data. Categorical variables were compared 

using a Chi-square test. To determine the correlation between arterial and venous samples, 

the intraclass correlation coefficient was analysed, where a level >0.9 was defined as 

excellent reliability, 0.75 – 0.9 was defined as good reliability, 0.5 – 0.75 was defined as 

moderate reliability while <0.5 was defined as poor reliability (17). To determine whether 

there was any temporal change in concentrations of endothelial cell biomarkers, an analysis 

of variance (ANOVA) regression between each time point was performed. All tests were 2-

sided, and p < 0.05 was considered statistically significant. Analyses were performed using 

SPSS (version 24, IBM, New York, New York) and Prism 8.0 (GraphPad Software, San 

Diego, California). 

 



SECTION V 

Chapter 10: Coronary Collaterals and Endothelial, Haematological and Biochemical Markers 

 

 187 

10.4 Results 
 

Over the study period, 140 patients who underwent diagnostic coronary angiography were 

included in the study. Of these, 56 patients (40%) had stable coronary artery disease (CAD), 

and 84 (60%) had a CTO. Of the patients with a CTO, 15 (17.9%) had multiple CTOs. Of the 

patients with CAD, 20 (35.7%) underwent PCI, 5 (8.6%) were referred for coronary artery 

bypass grafting (CABG), and 31 (55.3%) were managed medically. Of the 84 patients with a 

CTO, 52 patients (61.9%) underwent PCI, 18 (21.4%) were referred for CABG and 14 

(16.7%) underwent medical management. Of the patients undergoing PCI, 37 (71.2%) were 

successful, while 15 (28.8%) were unsuccessful. The patients who had an unsuccessful CTO 

PCI were subsequently managed with repeat CTO PCI attempt, CABG or medical 

management as shown in Figure 10.1.  

 

Figure 10.1: Patients included in the study 
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10.4.1 Baseline Characteristics 

 

Baseline characteristics between patients with a CTO and CAD are shown in Table 10.1. 

Patients with a CTO were older (72.5yrs vs 68.6yrs, p<0.05) and had greater rates of 

peripheral vascular disease (PVD) (14.3% vs 3.6%, p<0.05) compared with patients with 

CAD. Rates of cardiovascular risk factors were similar, as were rates of valvular heart 

disease or atrial fibrillation. Patients with a CTO were more likely to be taking aspirin (89.3% 

vs 75%, p<0.05) and an angiotensin converting enzyme inhibitor (ACE-I) or angiotensinogen 

II receptor blocker (ARB) (61.9% vs 41.1%, p<0.05) compared with patients with CAD. 

Patients with a CTO were more symptomatic with greater rates of CCS class III (22.6% vs 

7.1%, p<0.05) and higher rates of NYHA class III or IV (41.7% vs 19.7%, p<0.05) and had a 

higher syntax score (20.6 vs 6.6, p<0.0001).  

 

10.4.2 Arterial and Venous Concentrations of Endothelial Cell Biomarkers 

 

In a subset of patients, both arterial and venous samples were used to determine the 

concentration of FGF-B (n=18), MCP (n=14) and ICAM-1 (n=13). The intraclass correlation 

coefficient between arterial and venous samples for FGF-B was 0.99 (95%CI: 0.99 – 1.0, 

p<0.0001), consistent with excellent correlation. The intraclass correlation coefficient for 

MCP-1 was 0.90 (95%CI: 0.69 – 0.97, p<0.0001), consistent with excellent correlation, while 

the intraclass correlation coefficient for ICAM-1 was 0.87 (95%CI: 0.64 – 0.95, p<0.0001) 

consistent with good correlation (Figure 10.2). 
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Table 10.1: Baseline Characteristics of patients with a CTO and CAD 

 CTO 

n = 84 

CAD 

n = 56 

p-value 

Female Sex (n) 20 (23.8%) 20 (35.7%) 0.13 

Age (yrs) 72.5 ± 10.5 68.6 ± 11.0 <0.05 

BMI (kg/m2) 28.1 ± 6.3 28.1  ± 5.4 0.96 

Past Medical History (n) 

   Hypertension 

   Hypercholesterolaemia 

   Diabetes Mellitus 

   Smoking History 

       Never 

       Ex-Smoker 

       Current 

 

64 (76.2%) 

77 (91.7%) 

24 (28.6%) 

 

32 (38.1%) 

42 (50%) 

10 (11.9%) 

 

42 (75%) 

48 (85.7%) 

23 (41.1%) 

 

31 (55.4%) 

19 (33.9%) 

6 (10.7%) 

 

0.87 

0.26 

0.12 

0.12 

History of PVD (n) 12 (14.3%) 2 (3.6%) <0.05 

Valvular Heart Disease (n)  5 (6%) 7 (12.5%) 0.17 

Atrial Fibrillation (n) 13 (15.5%) 6 (10.7%) 0.42 

Medications (n) 

   Aspirin 

   P2Y12 Inhibitor 

   Statin 

   ACE-I/ARB 

   Beta Blockers 

   Non-dihydropyridine CCB 

   Dihydropyridine CCB 

   Thiazide 

   Loop Diuretic 

   Aldosterone Antagonist 

   Nitrate 

 

75 (89.3%) 

52 (61.9%) 

72 (85.7%) 

52 (61.9%) 

48 (57.1%) 

8 (9.5%) 

18 (21.4%) 

5 (6%) 

 7 (8.3%) 

6 (7.1%) 

13 (15.5%) 

 

42 (75%) 

23 (41.1%) 

42 (75%) 

25 (41.1%) 

33 (58.9%) 

2 (3.6%) 

9 (16.1%) 

4 (7.1%) 

7 (12.5%) 

3 (5.4%) 

5 (8.9%) 

 

<0.05 

<0.05 

0.11 

<0.05 

0.83 

0.18 

0.43 

0.78 

0.42 

0.67 

0.26 

NYHA Class (n) 

   I 

   II 

   III 

   IV 

 

11 (13.1%) 

38 (45.2%) 

32 (38.1%) 

3 (3.6%) 

 

20 (23.8%) 

25 (29.8%) 

10 (17.9%) 

1 (1.8%) 

<0.01 

CCS Class (n) 

   I 

   II 

   III 

 

19 (22.6%) 

46 (54.8%) 

19 (22.6%) 

 

20 (35.7%) 

32 (57.1%) 

4 (7.1%) 

<0.05 

Heart rate (bpm) 69.7 ± 13.0 73.5 ± 18.0 0.15 

Systolic Blood Pressure (mmHg) 133.4 ± 24.5 132.7 ± 19.2 0.84 

Diastolic Blood Pressure (mmHg) 72.9 ± 11.8 78.5 ± 14.9 <0.05 

LVEF (%) 60 (50 – 60) 60 (60 – 60) <0.05 

Syntax Score 20.6 ± 11.8 6.6 ± 7.4 <0.0001 

Successful PCI performed 37 (44.0%) 20 (35.7%) 0.33 
* ACE-I = angiotensin converting enzyme inhibitor; ARB = Angiotensinogen II receptor blocker; 

bpm = beats per minute; CCB = calcium channel blocker; CCS = Canadian Cardiovascular Society; 

LVEF = left ventricular ejection fraction; n= number; mmHg = millimetres of mercury; NYHA = 

New York Heart Association; PVD = peripheral vascular disease; yrs = years;  
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Figure 10.2: Endothelial Cell Biomarker concentrations in arterial and venous circulations 

Arterial (y axis) and venous (x axis) concentrations of plasma FGF-B (A), MCP-1 (B) and 

ICAM-1 (C) in the same patient prior to angiography.  

 

10.4.3 Concentrations of Endothelial Cell Biomarkers in Patients with CTO and CAD.  

 

In patients with a CTO, the plasma concentration of FGF-B was significantly higher than in 

patients with stable CAD (74.2pg/mL [64.2pg/mL – 82.5pg/ml] vs 64.8pg/mL [31.7pg/mL – 

69.8pg/ml], p<0.0001) (Figure 10.3).  

 

Figure 10.3: Plasma concentration of FGF-B in patients with CTO and CAD. 

 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  
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In patients with a CTO, the plasma concentration of MCP-1 was significantly higher than in 

patients with stable CAD (46.1pg/mL [32.4pg/mL – 57.8pg/ml] vs 22.9pg/mL [17.8pg/mL – 

40.4pg/ml], p<0.0001) (Figure 10.4).  

 

Figure 10.4: Plasma concentration of MCP-1 in patients with CTO and CAD 

 

 

 

 

 

 

 

 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

In patients with a CTO, the plasma concentration of ICAM-1 was significantly higher than in 

patients with stable CAD (54.0ng/mL [38.2 ng/mL –66.3 ng/ml] vs 40.8 ng/mL [28.1ng/mL – 

51.6 ng/ml], p<0.001) (Figure 10.5).  
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Figure 10.5: Plasma concentration of ICAM-1 in patients with CTO and CAD 

 

 

 

 

 

 

 

 

 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

There was no association between plasma FGF-B concentration and Syntax score (p=0.18), 

or between plasma ICAM-1 and Syntax score (p=0.36).There was however, a direct 

relationship between plasma MCP-1 and Syntax score (p<0.05) (Figure 10.6). 

 
Figure 10.6: Plasma concentration of ICAM-1 in patients with CTO and CAD 

(A) No correlation between plasma FGF-B and Syntax score (p=0.18). (B) Significant linear 

relationship between plasma MCP-1 and Syntax Score (p<0.05). (C) No correlation between 

plasms ICAM-1 and Syntax score (p=0.36).  
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10.4.4 Plasma concentration of endothelial cell biomarkers in patients with a CTO  

 
In patients with multiple CTOs, there was no difference in plasma concentration of FGF-B 

(74.2pg/mL [69.2pg/mL – 82.9pg/ml] vs 74.2pg/mL [71.1pg/mL – 82.3pg/ml], p=0.70), 

MCP-1 (44.7pg/mL [31.3pg/mL – 57.9 pg/ml] vs 46.1 [43.3pg/mL – 52.1pg/mL],p=0.55) or 

ICAM-1 (57.1ng/mL ± 21.0ng/mL vs 50.4ng/mL ± 11.0ng/ml, p=0.13) (Figure 10.7).  

 

Figure 10.7: Plasma concentration of endothelial cell biomarkers relative to number of CTOs 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

There was no difference in plasma concentration of FGF-B in patients with Rentrop grade 3 

vs Rentrop < 3 (74.22pg/mL [69.62pg/mL – 83.22pg/ml] vs 74.8 [69.12pg/mL – 

82.32pg/ml], p=0.95) or with CC grade 3 vs < 3 (82.32pg/mL [66.02pg/mL – 86.72pg/ml] vs 

74.22pg/mL [69.82pg/mL – 81.72pg/ml], p=0.97). There was similarly no difference in 

plasma concentrations of MCP-1 in patients with Rentrop grade 3 vs Rentrop < 3 

(46.12pg/mL [32.62pg/mL – 57.72pg/ml] vs 43.82pg/mL [30.42pg/mL – 57.92pg/ml], 

p=0.52) or with CC grade 3 vs < 3 (31.42pg/mL [23.82pg/mL – 51.42pg/ml] vs 46.12pg/mL 

[33.52pg/mL – 57.92pg/ml], p=0.11). There was no difference in plasma concentrations of 

ICAM-1 in patients with Rentrop grade 3 vs Rentrop < 3 (53.6ng/mL ± 20.9ng/mL vs 58.0 

ng/mL ± 17.0 ng/ml, p=0.38) or with CC grade 3 vs < 3 (64.7 ng/mL ± 35.0 ng/mL vs 54.7 

ng/mL ± 17.3 ng/ml, p=0.56) (Figure 10.8). 
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Figure 10.8: Plasma concentration of endothelial cell biomarkers stratified by angiographic 

assessment of robustness of coronary collaterals.  

 

10.4.5 Plasma concentration of endothelial cell biomarkers following Collateral Regression 

 

In patients who underwent successful CTO PCI, and hence regression of coronary collaterals, 

the concentration of endothelial cell biomarkers were compared in a temporal fashion. In 18 

patients, immediately following collateral regression, there was no change in plasma FGF-B 

concentration (71.5pg/mL ± 5.1pg/mL vs 71.4pg/mL ± 7.5pg/ml, p=0.92). In 9 patients, there 

was similarly no change in plasma FGF-B concentration 1 day following collateral regression 

(70.8pg/mL ± 3.2pg/mL vs 68.9pg/mL ± 2.0pg/ml, p=0.18), while in 6 patients there was no 

change in FGF-B concentration 6 months following collateral regression (71.1pg/mL ± 

2.4pg/mL vs 80.9pg/mL ± 15.1pg/ml, p=0.24) (Figure 10.9).  
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Figure 10.9: Plasma concentration of FGF-B change following collateral regression.  

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

In 20 patients, immediately following collateral regression, there was no change in plasma 

MCP-1 concentration (40.5pg/mL ± 17.7pg/mL vs 40.7pg/mL ± 21.5pg/ml, p=0.96). In 6 

patients, there was no change in plasma MCP-1 concentration 1 day following collateral 

regression (48.8pg/mL ± 27.4pg/mL vs 45.9pg/mL ± 25.8pg/ml, p=0.61). In 18 patients there 

was a significant increase in plasma MCP-1 6 months following CTO PCI (39.7pg/mL ± 

18.5pg/mL vs 51.1pg/mL ± 19.0pg/ml, p<0.01) (Figure 10.10).  

 

Figure 10.10: Plasma concentration of MCP-1 change following collateral regression. 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

In 21 patients, immediately following collateral regression, there was no change in plasma 

ICAM-1 concentration (48.3ng/mL ± 17.2ng/mL vs 46.9ng/mL ± 15.5ng/ml, p=0.59). In 8 
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patients, immediately following CTO PCI, there was no change in plasma ICAM-1 

concentrations (50.7ng/mL ± 16.9ng/mL vs 45.3ng/mL ± 17.2ng/ml, p=0.24). In 5 patients, at 

6 months following collateral regression, there was a significant increase in plasma ICAM-1 

(35.9ng/mL ± 19.8ng/mL vs 63.4ng/mL ± 19.1ng/ml, p<0.001) (Figure 10.11). 

 

Figure 10.11: Plasma concentration of ICAM-1 change following collateral regression. 

Data illustrated as Mean + SD illustrated for patients with a CTO and stable CAD.  

 

10.4.6 Concentrations of Haematological, Biochemical and Proteomic Biomarkers in 

patients with CTO and CAD.  

 

With respect to haematological parameters, patients with a CTO had a lower peripheral blood 

lymphocyte count (1.6x109 vs 1.8x109, p<0.05) and a higher peripheral blood monocyte 

count (0.6x109 vs 0.5x109, p<0.05) compared with patients with stable CAD. Patients with a 

CTO also had a higher neutrophil to lymphocyte ratio (NLR) (2.7 x109 vs 2.2 x109, p<0.05), 

while haemoglobin count, platelet count along with absolute neutrophil and eosinophil counts 

were similar between patients with a CTO and stable CAD.  

 

In patients with a CTO, NT proBNP was significantly higher (123ng/L vs 42ng/L, p<0.0001) 

as was serum troponin I concentration (8ng/L vs 4.5ng/L, p<0.0001). Serum CRP was 

significantly higher in patients with a CTO compared with patients with stable CAD 
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(2.6mg/L vs 1.2mg/L, p<0.05). Serum cholesterol, LDL and HDL were all significantly 

lower in patients with a CTO compared with patients with stable CAD (3.1mmol/L vs 3.8 

mmol/L, p<0.05; 1.6 mmol/L vs 2.1 mmol/L, p<0.05 and 0.9 mmol/L vs 1.1 mmol/L, p<0.05 

respectively). Other variables were similar between both groups as outlined in Table 10.2.  

 

Table 2: Haematological, Biochemical and Proteomic Biomarkers  

 

 CTO 

n = 84 

CAD 

n = 56 

p-value 

Haemoglobin (g/L) 135 (118.5 – 145) 133 (127.5 – 148) 0.32 

WCC (x 109/L) 7.1 (5.2 – 8.4) 6.8 (5.4 – 8.4) 0.87 

Platelets (x 109/L) 211.5 (173.2 – 

253) 

222 (181 – 250.5) 0.43 

Neutrophils (x 109/L) 4.5 (3.1 – 5.5) 3.9 (3.2 – 5.4) 0.63 

Lymphocytes (x 109/L) 1.6 (1.2 – 1.9) 1.8 (1.3 – 2.3) <0.05 

NLR 2.7 (2.0 – 3.6)  2.2 (1.8 – 3.0) <0.05 

Monocytes (x 109/L) 0.6 (0.4 – 0.8) 0.5 (0.4 – 0.7) <0.05 

Eosinophils (x 109/L) 0.2 (0.1 – 0.2) 0.2 (0.1 – 0.3) 0.38 

NT Pro-BNP (ng/L) 123 (54.5 – 396) 42 (13.5 – 153.5) <0.0001 

Albumin (g/L) 36.6 ± 4.2 37.9 ± 3.3 0.05 

Creatinine (umol/L) 76 (70 – 91) 74 (63.7 – 93.7) 0.59 

Troponin (ng/L) 8 (5 – 21) 4.5 (3 – 7.2) <0.0001 

Cholesterol (mmol/L) 3.1 (2.9 – 4.1) 3.8 (3.2 – 4.4) <0.01 

LDL (mmol/L) 1.6 (1.4 – 2.2) 2.1 (1.5 – 2.7) <0.05 

HDL (mmol/L) 0.9 (0.8 – 1.3) 1.1 (0.95 – 1.3) <0.05 

Trig (mmol/L) 1.1 (0.8 – 1.4) 1.1 (0.8 – 1.4) 0.81 

CRP (mg/L) 2.6 (1.1 – 6.5) 1.2 (0.7 – 4.2) <0.05 

HbA1C (%) 5.7 (5.3 – 6.3 5.7 (5.4 – 6.4) 0.42 

 

At 6 months following collateral regression, there were no changes in the concentration of 

haematological, biochemical or proteomic biomarkers compared with baseline (Table 10.3).  

 

 

 

 

 



SECTION V 

Chapter 10: Coronary Collaterals and Endothelial, Haematological and Biochemical Markers 

 

 198 

Table 10.3: Temporal changes in haematological, biochemical and proteomic biomarkers 

following collateral regression 

 

 Pre CTO PCI Post CTO PCI p-value 

Haemoglobin (g/L) 129.3 ± 19.1 132.4 ± 17.8 0.46 

WCC (x 109/L) 6.5 ± 2.1 6.7 ± 2.4 0.75 

Platelets (x 109/L) 223.7 ± 69.3 225.7 ± 68.7 0.78 

Neutrophils (x 109/L) 4.2 ± 1.6  4.4 ± 1.9 0.66 

Lymphocytes (x 109/L) 1.5 ± 0.5  1.5 ± 0.6 0.79 

NLR 2.9 ± 0.9 3.1 ± 1.3  0.65 

Monocytes (x 109/L) 0.6 ± 0.2 0.6 ± 0.2 0.82 

Eosinophils (x 109/L) 0.2 ± 0.1 0.2 ± 0.2 0.69 

NT Pro-BNP (ng/L) 257.5 ± 706.3 254.9 ± 526.5 0.96 

Albumin (g/L) 37.0 ± 4.3  37.2 ± 8.2 0.87 

Creatinine (umol/L) 114.9 ± 126.6  160.2 ± 232.4 0.27 

Troponin (ng/L) 14.3 ± 25.6 10.0 ± 12.0 0.24 

Cholesterol (mmol/L) 3.8 ± 1.2  3.6 ± 0.6 0.64 

LDL (mmol/L) 2.0 ± 1.0  1.7 ± 0.4 0.18 

HDL (mmol/L) 1.0 ± 0.5  1.2  ± 0.4 0.08 

Trig (mmol/L) 1.4 ± 0.8  1.8 ± 1.3 0.18 

CRP (mg/L) 3.7 ± 4.0  2.1 ± 2.1 0.09 

HbA1C (%) 5.8 ± 0.9  5.9 ± 1.0 0.34 

 

 

10.5 Discussion 
 
Patients with a CTO, and hence collaterals, have distinct differences in endothelial cell, 

haematological and biochemical markers, which may be attributable to the underlying 

arteriogenesis process. The plasma concentration of endothelial cell biomarkers, namely 

MCP-1 and ICAM-1 are dynamic and appear to change in response to collateral regression, 

further suggesting their role in the process of coronary collaterals recruitment and maturation.  

 

10.5.1 FGF-B 

 

The plasma concentration of FGF-B was significantly higher in patients with a CTO than in 

those without. There was no correlation with FGF-B concentration and number of CTOs, 

maturity of collaterals or atherosclerotic severity as assessed by the Syntax score. Previous 

clinical studies have suggested that concentrations of FGF-B are higher in patients with a 
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CTO (18), however they did not quantify changes over time. In the present study, there was 

no change in the concentration of FGF-B following collateral regression. This suggests that 

FGF-B may be related to the degree of coronary vasodilation (19), as occurs through vascular 

autoregulation in the setting of a severe stenosis. This may explain the lack of change 

following collateral regression, as other processes may still result in vasodilatation, 

particularly in the setting of angina and ischaemic heart disease. Furthermore, other studies 

(20) have suggested that hypercholesterolaemia and endothelial dysfunction, commonly 

found in patients with a CTO (21-23), may antagonise the effect of exogenous FGF-B. It is 

thus plausible that a similar environment may affect endogenous production and synthesis of 

FGF-B.   

 

10.5.2 MCP-1 

Plasma MCP-1 was significantly higher in patients with a CTO compared with patients with 

CAD. This is similar to another study which assessed MCP-1 concentration in patients with 

>70% stenosis in an epicardial vessel, finding a higher concentration in patients with more 

robust collaterals (24), which was not found in the present study. Other research has 

suggested that in the setting of acute coronary syndromes, MCP-1 is elevated (25) and 

correlates with the presence of CAD (26). Infusion of MCP-1 in experimental animal models, 

resulted in increased neointima formation and a change in plaque composition towards an 

unstable phenotype, suggesting its effects are more complex than simply related to 

endothelial cell activation and collateral maturation (27). In the present study, while the 

concentration of plasma MCP-1 was associated with more diffuse atherosclerotic disease as 

assessed by the Syntax score, there was no relationship between number of CTOs or maturity 

of collaterals. Given one of the early steps of collateral maturation is monocyte attraction and 

activation, which is a predominant effect of MCP-1, it is possible this may be associated with 
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collateral maturity early on in formation, as would be expected in severe lesions, prior to the 

formation of a CTO, which would be of a longer duration (24).  

 

Plasma MCP-1 concentrations were higher 6 months following collateral regression 

compared with baseline. Clinical studies have suggested that rates of AMI following CTO 

revascularisation are much lower than target vessel re-occlusion (28), suggesting persisting 

functional collaterals, or alternatively a retained potential for rapid collateral recruitment 

(29). MCP-1 has been implicated in ischaemic pre-conditioning (30), suggesting that in 

patients with the ability to recruit collaterals, a higher basal concentration may be maintained 

in the short to midterm, which may augment collaterals again in the setting of re-occlusion.   

 

10.5.3 ICAM-1 

Plasma ICAM-1 was significantly higher in patients with a CTO compared to patients with 

CAD. While animal studies have implicated ICAM-1 in the setting of peripheral vascular 

disease (31), there have been few studies in human CTOs. While ICAM-1 has been 

associated with coronary artery disease (32), in the present study, there was no correlation 

between plasma ICAM-1 and Syntax score, number of CTOs or maturity of coronary 

collaterals. One of the proposed mechanism by which ICAM-1 is believed to recruit and 

mature collaterals is through neutrophil chemoattraction and inflammation, which is the early 

phase of arteriogenesis (33,34). It is thus possible that an elevation of ICAM-1 correlates 

with the presence of coronary collaterals rather than the maturity of collaterals. Furthermore, 

similar to the results of MCP-1, at 6 months following collateral regression there was a 

significant increase in the plasm concentration of ICAM-1. ICAM-1 has been associated with 

ischaemic preconditioning (35,36), thereby suggesting a mechanism for allowing future rapid 

collateral recruitment in these patients.  
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10.5.4 Haematological Biomarkers 

In patients with a CTO, peripheral blood lymphocytes were lower than in patients with CAD, 

while peripheral blood monocyte count was higher than in patients with CAD. There was also 

a significantly higher peripheral blood neutrophil to lymphocyte (NLR) ratio compared to 

patients with CAD.  

 

The relationship between monocyte activation and collaterals has been suggested with the 

elevation in plasma MCP-1 in patients with coronary collaterals, with the absolute increase in 

peripheral blood monocytes reflecting this. In a study (37) of patients with at least 95% 

stenosis, patients with robust collaterals had a significantly lower monocyte count as 

compared to patients with poorer collaterals, although this was not significant on multivariate 

analysis. Monocytes are believed to play a crucial role in arteriogenesis through upregulation 

of growth factor receptors on endothelium, synthesis of inflammatory molecules and serving 

as precursors to endothelial cells (38). While another study suggested that it is tissue resident 

monocytes rather than circulating monocytes which are primarily involved in arteriogenesis 

(39), it is also likely that circulating mediators may upregulate haematopoietic stem cell 

differentiation toward monocytes.  

 

Like monocytes, lymphocytes are key immune cells involved in arteriogenesis and 

inflammation. Following monocyte attraction, activation and infiltration into the primitive 

collateral vessel, a proportion differentiate into dendritic cells triggering the activation of 

antigen specific T lymphocytes associated with creation of the local inflammatory 

environment (40). It is thus unsurprising that peripheral lymphocytes were lower in patients 

with a CTO, than in patients with CAD. This may suggest that lymphocytes have migrated to 

the site of collateral vessels, or alternatively less haemopoietic stimulation in the setting of 
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collaterals. However, the implication of lymphocyte count on collateral maturation has been 

controversial (41), where the relative number of lymphocytes may be more relevant than an 

absolute number.  

 

The neutrophil to lymphocyte ratio (NLR) has been associated with survival in multiple 

subtypes of malignancies (42,43) and a higher ratio is associated with poorer cardiovascular 

outcomes (44). Patients with a CTO had a significantly higher NLR than patients with CAD. 

Previous studies have suggested that in patients with well matured collaterals, the NLR is 

lower than in patients with poorer collaterals (45), which was also demonstrated in Section 

IV Chapter 6. The NLR presents a ratio of neutrophils, which are involved in the early phase 

of inflammation with lymphocytes, which are the involved in the regulatory and maintenance 

state of inflammation (46). It is possible that as patients with differing lengths of symptoms 

with a CTO were included, this may have included a greater proportion of relatively ‘young’ 

occlusions, thereby increasing the relative concentration of neutrophils, and hence increasing 

the NLR. This is further strengthened by the finding of a significantly higher serum CRP in 

patients with CTO as compared with patients with CAD. Previous studies have found that 

more well-developed collateral have lower CRP concentration (47,48), suggesting a change 

from the early active inflammatory phase to the later maintenance phase.  

 

 

10.5.5 Biochemical Biomarkers 

Patients with a CTO had a higher NT-proBNP, likely reflecting higher rates of left ventricular 

impairment and history of heart failure symptoms as noted in the baseline demographics 

compared with patients with CAD. Serum troponin I was significantly higher in patients with 

a CTO compared with those with CAD. As these patients presented with stable angina 

symptoms, this is not reflective of an acute coronary syndrome. It is known that patients with 
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a CTO are in a chronic state of ischaemia (49), and the higher troponin may be a marker of 

microvascular ischaemia, although the vast majority of patients had a troponin within the 

reference limit.  

 

In patients with a CTO, the total cholesterol and LDL were lower than in patients with CAD. 

This may be attributable to patients with a CTO being admitted for planned PCI, and 

therefore more likely to have optimal medical therapy, although rates of statin usage in 

patients with a CTO and those with CAD were similar. Patients with higher LDL and total 

cholesterol are associated with poorer collateral recruitment, particularly in patients with 

diabetes (50). HDL was significantly lower in patients with a CTO compared to patients with 

CAD. HDL has long been associated with an inverse relationship with cardiovascular 

outcomes, attributable to reverse cholesterol transportation (51) and is an independent 

predictor of cardiovascular risk (52). A previous study suggested that a lower HDL was 

associated with poorer coronary collaterals (53), while in-vitro studies suggest that high HDL 

suppresses ICAM-1 secretion by endothelial cells (54), while MCP-1 also suppresses HDL 

(55). It is thus possible that elevated circulating endothelial derived proteins associated with 

collateral recruitment may reduce the HDL concentration in CTO patents.   

 

Despite the initial correlations between collaterals and these biomarkers, there was no 

significant change following collateral regression. It is possible that these may take longer to 

show an alteration, as compared to the endothelial cell biomarkers, which would be the initial 

cascading event following change in blood flow and shear stress.  
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10.5.6 Limitations 

This study, while implicating endothelial cell derived biomarkers and leukocytes with 

collateral recruitment, has limitations. Firstly, the comparator group, while consecutive 

patients with CAD, had demographic differences, which are inherent to the nature of 

differing severity of coronary disease. A further comparator group of patients who had 

medical management of their CTO was not performed, and may have confirmed the stable 

concentration of these biomarkers over time. Propensity matching was not possible due to the 

relatively small numbers, but may have allowed correction for some confounders. In patients 

with CTO revascularisation, repeat coronary imaging was not performed, to rule out re-

occlusion, however all patients reported a sustained improvement in anginal symptoms 

suggesting this is less likely. Furthermore, not all patients who had successful CTO PCI had 

repeat serum blood test analysis, due to technical issues with obtaining or interpreting 

samples, or drop out from the study. This may have implications on introducing bias, and 

future studies should attempt to increase the number of patients included in the study.  

 

10.6 Conclusion 

 

In patients with angiographically confirmed coronary collaterals in the setting of a CTO, 

concentrations of the endothelial cell derived biomarkers, FGF-B, MCP-1 and ICAM-1 are 

significantly higher than in patients without collaterals. These markers are found in similar 

concentrations in both the peripheral venous and arterial circulation, and are markers of the 

presence of collaterals rather than their maturity, suggesting a role in the initiation and 

maintenance phase of collateral recruitment. The concentrations of MCP-1 and ICAM-1 are 

significantly higher following CTO PCI, suggesting a role of ischaemic preconditioning and 

retained collateral recruitment potential. This may explain the low rates of acute myocardial 

infarction following revascularisation in this cohort. Alterations in peripheral leukocyte count 
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and relative changes in cell lineages reflect the importance of these cell types in coronary 

collateral recruitment and maturation. Whether these proteins may be used as a clinically 

relevant biomarker or potential therapeutic strategy for patients with severe coronary disease 

requires further assessment.    
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Chapter 11: Overview of Animal Models for investigation of 

Coronary Chronic Total Occlusion  
 

 

 

This chapter is presented as the published work: Allahwala UK, Weaver J, Bhindi R. (2019). 

Animal chronic total occlusion models: A review of the current literature and future goals. 

Thrombosis Research. 177: 83-90. DOI: 10.1016/j.thromres.2019.03.004. 
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Chapter 12: Repetitive occlusive ischaemia in a rat model to 

recruit coronary collaterals 
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12.1 Abstract 
 

 

Background and Aims: The process by which coronary collaterals mature and become 

functional in the setting of coronary artery occlusion remains uncertain. In particular, what 

role chemoattractant proteins, inflammatory cytokines, growth factors and transcriptional 

factors play, remains uncertain.  

 

Methods: Male Sprague-Dawley rats (350-400g) were assigned to either undergo 

implantation of a balloon occluder, which when inflated resulted in complete occlusion of 

coronary blood flow to the left anterior descending artery (LAD) or to a sham procedure. 

Following a 10 day protocol of repetitive occlusive ischaemia, all rats underwent ligation of 

the LAD and were euthanised. Tissue protein and mRNA concentrations in the two groups 

were determined through Western Blot, Enzyme Linked Immunosorbent Assay (ELISA) and 

quantitative real time polymerase chain reaction (qPCR).  

 

Results: 14 rats underwent balloon occluder implantation while 18 rats were in the control 

group. Rats who underwent repetitive balloon occlusive ischaemia had a significantly greater 

territory of myocardium perfused (77.1% vs 49.1%, p<0.001) following LAD ligation 

compared to the control arm, driven by an increase in perfusion at the apex (73.8% vs 37.8%, 

p<0.0001). In rats with increased collateral perfusion, there was a significantly higher tissue 

protein expression of intracellular adhesion molecule 1 (ICAM-1) (94.6% vs 23.5%, p<0.01), 

vascular cell adhesion molecule 1 (VCAM-1) (108.5% vs 21.7%, p<0.001), fibroblast growth 

factor 2 (FGF-2) (104.2% vs 55.2%, p<0.05) and early growth response 1 (EgR-1) (58.5% vs 

19.5%, p<0.01) relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Tissue 

expression of granulocyte-macrophage colony stimulating factor (GM-CSF) by ELISA was 

also greater in rats with collateral perfusion (3752pg/mL vs 206pg/ml, p<0.01). There were 
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no differences in tissue expression of tumor necrosis factor alpha, interleukin 6 or interleukin 

1ß between groups. 

 

Conclusion: In a rat model, repetitive occlusive ischaemia results in an increase in 

myocardial perfusion in the territory subtended by the epicardial artery as a result of 

increased collateral blood flow. This increase in myocardial perfusion is associated with an 

increase in chemoattractant proteins, growth factors and regulatory proteins, while 

inflammatory cytokines do not appear to be associated with an increase in collateral 

perfusion. The mechanistic effect on collateral size and number as well as further assessment 

of causative processes should be investigated.   
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12.2 Introduction 

The pathogenesis by which coronary collaterals are recruited and mature remains uncertain, 

with the initiating biomechanical alteration of coronary occlusion resulting in increase in 

fluid shear stress through primitive collateral connections. Maturation of pre-existing 

primitive collaterals involves the addition of new vascular components (endothelium, smooth 

muscle and fibroblasts) via mitosis, migration, tissue remodelling, matrix degradation, and 

differentiation (1-3) (See section II). Animal models (See Section VI, Chapter 11) provide a 

unique opportunity to experimentally induce collaterals and determine on a tissue and cellular 

level the mechanism by which collaterals are recruited.  

 

The finding of an inflammatory milieu with inflammatory cells including monocytes playing 

a predominant role in the maturation of collateral arteries suggests a significant role for 

chemoattractant proteins in arteriogenesis, including intracellular adhesion molecule 1 

(ICAM-1) (4), vascular cell adhesion molecule 1 (VCAM-1) (5) and monocyte 

chemoattractant protein 1 (MCP1) (6). Whilst inflammatory cells are found at the site of 

collateral growth (7), whether there is a role for potent inflammatory cytokines such as 

interleukin 6 (IL-6), interleukin 1ß (IL-1ß) and tumour necrosis factor-α (TNF-α) is 

unknown. Growth factors, either secreted by ischaemic myocardium or inflammatory cells 

also play a pivotal role in collateral maturation (8). Growth factors previously implicated 

with collateral growth include; vascular endothelial growth factor (VEGF) (9), transforming 

growth factor-β (TGF-β) (10), granulocyte-macrophage colony stimulating factor (GM-CSF) 

(11) and fibroblast growth factor 2 (FGF-2) (12-15). Finally, the role of the so called master 

regulator early growth response 1 (EgR-1) and  hypoxia inducible factor 1 alpha (HIF-1α) are 

also uncertain.  
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The aim of this study was to determine protein and mRNA expression of growth factors, 

cytokines and regulatory chemokines, following experimental recruitment of coronary 

collaterals in a rat model, using repetitive occlusive ischaemia. Furthermore, the aim was to 

determine the magnitude of collateral perfusion which could be induced in this rat model.  

 

12.3 Methods 

12.3.1 Rat Experimental protocol 

Ethics approval to use animals was obtained from the Northern Sydney Local Health District 

Animal Ethics Committee (NSLHD-AEC), which conformed to the Australian code for the 

care and use of animals for scientific purposes (16). 10 week old Male Sprague-Dawley rats 

(350-400g) were allowed to acclimatise to the animal facility for 1 week, with free access to 

food and water, with daily cleaning and changes of cage housing.  Following acclimatisation, 

rats underwent either implantation of a balloon occluder on the anterior cardiac surface or a 

sham procedure.  

 

  12.3.1.1 Anaesthesia 

Anaesthesia was induced in an induction chamber using 5% (v/v) vaporised isoflurane. The 

rat was subsequently positioned supine, and endotracheal intubation performed using an 18 

gauge cannula tube under direct visualisation of the vocal chords. Body temperature was 

maintained at 37°C using an electrical heat mat. Anaesthesia was maintained with 2% (v/v) 

isoflurane and the animal ventilated at a rate of 80 breaths per minute with a tidal volume of 

1.5 mL per 100 g body weight, using a small animal ventilator.  

 

  12.3.1.2 Surgical Implantation of Balloon Occluder 

Prior to surgery, rats had intramuscular injection of lignocaine (10mg/kg) in the hindlimb. 

The rat thorax was shaved and cleaned with antiseptic solution. Subcutaneous buprenorphine 

(0.05mg/kg) was administered near the site of incision immediately prior to surgery. A 



SECTION VI 

Chapter 12: Repetitive Occlusive Ischaemia to Recruit Coronary Collaterals in a Rat 

 

 226 

thoracotomy was performed at the left 5th intercostal space with an incision parallel to the 

ribs, with subsequent exposure of the heart using a self-retaining retractor. The pericardium 

was entered using sharp forceps. The left anterior descending artery (LAD) was identified 

and a balloon occluder was implanted using a 6-0 prolene suture passed around the LAD and 

attached to the sheath, securing the occluder to the heart. The balloon occluder (Mini 

pneumatic snare occluder; DocXS Biomedical Products, California, USA) is a customised 

balloon measuring 7mm, made of a soft latex membrane which is sufficiently pliable to give 

negligible physical force on the coronary artery during balloon deflation (17). The balloon 

was connected to a polyethylene tube which was exteriorised to the dorsum of the rat, 

tracking subcutaneously under the skin. The balloon was inflated through the externalised 

tubing with 0.2-mL of air, resulting in occlusion through 2 mechanisms - “crimping” the 

LAD toward upward/outside and compressing the LAD by the inflated balloon/sheath (Figure 

12.1). 

Figure 12.1: Schematic Drawing of the Balloon Occluder 

 

Schematic of the balloon occluder and its actions. Top, Cross-sectional and longitudinal 

views when the balloon is deflated. Bottom, Views during inflation. The artery is patent when 

the balloon is deflated, but during inflation, a snare situated underneath the artery is pulled 

“upward”, producing the coronary occlusion. Adapted from (17) 

 

Confirmation that the occluder was functional, i.e., producing myocardial ischemia from 

coronary occlusion, was determined by observation of blanching and hypokinesis of the left 
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ventricle (LV) during inflation. Following successful occluder implantation, the chest cavity 

was closed, and the thoracic cavity was evacuated of air. For the sham arm, rats had a lateral 

thoracotomy performed and opening of the pericardium, followed by closure of the chest 

cavity. All rats were given cephazolin 50mg/kg subcutaneously (SC) immediately following 

surgery (18). Rats were observed in a recovery cage for 2 hours and then transferred to the 

animal care facility. For 3 days after the surgery, buprenorphine 0.05mg/kg SC was 

administered twice daily, with additional doses given based on behaviour.  

 

  12.3.1.3 Repetitive Occlusive Ischaemia Protocol 

The day after surgical implantation of the pneumatic occluder, rats in the experimental arm 

underwent the protocol of repetitive occlusive ischaemia. This involved inducing anaesthesia 

as described in 12.3.1.1, followed by 40 seconds of occlusion, followed by 20 minutes of 

recovery for 4 cycles, 2 times a day. This protocol was continued for 10 days, based on 

similar protocols previously published (17,19-21). The LAD was occluded manually by 

remote inflation with 2mL of air through the externalised catheter attached to the balloon 

occluder (Figure 12.2). 
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Figure 12.2: Protocols of Rats undergoing repetitive occlusive ischaemia or sham procedure 

 

On day 1, rats in the collateral groups have surgery (S) to have balloon occluder implanted, 

while rats in the control group have a sham procedure (Sh). For 10 days, rats in the 

collateral group have twice daily protocol of 40 seconds of balloon occlusion, followed by 20 

minutes of recovery for 4 cycles. On day 12, all rats have ligation (L) of the LAD for 1 hour 

followed by euthanasia (E).  

 

  12.3.1.4 Induction of subacute collaterals during prolonged artery occlusion 

After the 10 day repetitive occlusive ischaemia protocol all rats underwent prolonged 

occlusion of the LAD. All rats had induction of general anaesthesia as described in 12.3.1.1, 

followed by repeat thoracotomy  and visualisation of the heart, as described above. The LAD 

was identified and ligated using a 5-0 prolene suture (Ethicon, New Jersey, USA) which was 

passed through the myocardium deep to the vessel and through a snare. In rats who had 

undergone the repetitive occlusive ischaemia protocol, the suture was placed immediately 

proximal to the occluder, while in sham rats the suture was placed at an approximate level of 

the mid vessel, corresponding to a similar location in both groups. Occlusion was confirmed 

with blanching and hypokinesis of the ventricle.   

 

  12.3.1.5 Injection of Evans Blue Dye and Sacrifice 

In a subset of 15 rats, following 1 hour of artery ligation, a 26 gauge needle was used to inject 

Evans Blue Dye (Sigma-Aldrich, Missouri, USA) into the hepatic vein, until the eyes, ears, 
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nose, and paws were confirmed to be blue ensuring adequate dye for perfusion of the 

collateral dependent zone (22). The rats were euthanized and the heart was excised and 

washed in Phosphate-buffered saline (PBS). The heart was wrapped in plastic wrap, placed in 

a container and kept on dry ice. The semi frozen heart was sliced transversely into 1 to 2mm 

thick slices and stored in formalin 

 

12.3.2 Collateral Perfusion Quantification 

Following preparation (see 12.3.1.5) all slices were examined and digitally photographed.  

Perfused myocardium appeared blue, while non-perfused myocardium appeared unstained 

red. An automated program (ImageJ (version 1.51q, Java based software program, NIH)) 

using colour threshold was used to determine the perfused territory as a percentage of the 

entire sliced segment. As any perfusion in the myocardial territory supplied by the occluded 

vessel must be through collaterals, this was defined as the collateral dependent zone. After 

analysis of each slice, comparison was made between total rat hearts based on averaged 

perfusion per slice, as well as comparison between perfusion at the apex, and perfusion in the 

mid ventricular cavity.  

 

12.3.3 Enzyme Linked Immunosorbent Assay (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) kits were used to determine the concentration 

of tissue vascular endothelial growth factor (VEGF) (VEGF-A Rat ELISA Kit, Thermo 

Fisher Scientific, Massachusetts, USA), interleukin 6 (IL-6) (Rat IL-6 ELISA Kit Thermo 

Fisher Scientific, Massachusetts, USA), interleukin 1 beta (IL-1ß) (Rat IL-1ß ELISA Kit 

Thermo Fisher Scientific, Massachusetts, USA), granulocyte-macrophage colony-stimulating 

factor (GM-CSF) (Rat GM-CSF ELISA Kit Thermo Fisher Scientific, Massachusetts, USA) 

and transforming growth factor beta 1 (TGF-β1) (Rat TGF-ß1 ELISA Kit Thermo Fisher 

Scientific, Massachusetts, USA). For quantification of protein in cardiac tissue, following 
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heart explantation, cell lysis buffer was added to a slice of the apex and homogenised by 

placing Zirconium oxide beads in a tube and placing in a tissue disruptor for 5 minutes. The 

tubes were placed in a centrifuge at 4°C at high speed and the supernatant was aliquoted into 

another tube. The concentration of supernatant was checked with a Bicinchoninic acid assay 

(BCA).  

  

12.3.4 Quantitative Real Time Polymerase Chain Reaction (PCR) 

A sample of apex was excised and washed with ice-cold PBS and “snap-frozen” in dry ice. 

Five hundred microlitres of Lysis solution/2-ME mixture was added to the frozen tissue and 

homogenised in a flat bottom DNase, RNAse free cell culture tube on ice with TissueRuptor 

(Qiagen, USA). Total RNA was isolated using the Gen elute Mammalian Total RNA Mini 

Prep kit (Sigma-Aldrich, Missouri, USA). Concentration of total RNA was measured from 

2l of the extracted RNA sample using NanoDrop 1000 Spectrophotometer (Thermofisher 

Scientific, Massachusetts, USA). RNA was reverse transcribed to 1g First-strand 

complementary DNA (cDNA) using Tetro cDNA Synthesis Kit (Bioline, London, UK) in 

accordance with the manufacturer’s instruction. cDNA was stored at -20°C. Messenger RNA 

(mRNA) sequences were obtained from Refseq along with published mRNA records from 

the Oryctolagus cuniculus genome in GenBank. Oligonucleotide primer pairs were designed 

using Primer3 primer design software (http//fokker.wi.mit.edu/primer3). Amplified product 

specificity was confirmed using the online web application Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Oligonucleotides were synthesised by 

Sigma Genosys (Sigma Aldrich, St. Louis, Mo. USA). The primers used for qPCR were 

vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), 

early growth response-1 (EgR-1), monocyte chemoattractant protein 1 (MCP-1), hypoxia 
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inducible factor 1 alpha (HIF-1α), fibroblast growth factor 2 (FGF-2), tumor necrosis factor 

alpha (TNF-α) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)  

Quantitative Real time Polymerase Chain Reaction (qPCR) was performed with the cDNA 

samples and RT-PCR mixture prepared using SensiFast SYBR HI ROX Kit (Bioline, 

London, UK) in accordance with the manufacturer’s instruction. Initially, serial dilution of 

cDNA sample were done and RT-PCR was run to generate a standard curve to estimate the 

efficiency of the primers. RT-PCR was performed in an ABI Prism 7900 HT Sequence 

Detection System (Applied Biosystems, Foster City, CA). Reactions were performed in 

triplicate and were analysed by relative quantitation using RQ Manager software, version 1.2 

(Applied Biosystems). All gene concentrations were standardised relative to a ubiquitous 

protein; GAPDH.  

 

12.3.5 Western Blot 

Protein was extracted from tissue as described in 12.3.3. Protein quantification was 

performed by a BCA protein estimation kit (Thermofisher Scientific, Massachusetts, USA) in 

accordance with the manufacturer’s instruction. Samples were prepared for electrophoresis 

by mixing the protein sample with 10x Dichlorodiphenyltrichloroethane (DDT) (Life 

Technologies, Carlsbad, California, USA) and 4x gel loading buffer (Life technologies) and 

heating samples at 70ºC for 5 min. Equal amount of protein was resolved using Bolt Bis-Tris 

gel (Life Technologies) for 1h at 150V. Depending on the separation required, either MES 

(Life Technologies) or MOPS buffer (Life Technologies) was used as running buffer. 

Proteins were transferred to Hybond Nitrocellulose membranes (Amersham Pharmacis 

Biotech, Bucks, UK) using Bolt transfer buffer (Life technologies) by wet transfer method. 

Membranes were blocked in Tris-buffered saline containing 0.5% Tween-20 (TBST) 

(Thermofisher Scientific) in either 5% skim milk or 5% BSA (for phospho-proteins) for 1 h 
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and then incubated overnight at 4ºC with the primary antibodies. The Primary antibody 

concentrations and the host species are shown in table 12.1. 

 

Table 12.1: Primary and Secondary Antibodies used for Western Blot 

Antibody Source Dilution Blocking buffer Company 

Egr-1 Rabbit 1:500 5% skim milk Santa Cruz (Dallas, Texas, USA) 

VCAM-1 Mouse 1:1000 5% BSA Abcam (Cambridge, UK) 

FGF Rabbit 1:10000 5% Skim Milk Thermo Fisher Scientific 

(Massachusetts, USA) 

HIF-1a Rabbit 1:1000 5% Skim Milk Abcam (Cambridge, UK) 

GAPDH Mouse 1:1000 5% skim milk Santa Cruz (Dallas, Texas, USA) 

Anti Rabbit Goat 1:5000 5% skim milk/5% BSA Santa Cruz (Dallas, Texas, USA) 

Anti Mouse Goat 1:5000 5% skim milk/ 5% BSA Santa Cruz(Dallas, Texas, USA) 

 

Membranes were washed 3 times for 10 minutes per wash with TBST and incubated with 

1:5000 horseradish peroxidase conjugated secondary antibody in either 5% skim milk or 5% 

BSA (for phosphor proteins) for 2 hours at room temperature. Membranes were then washed 

a further three times for 10 minutes per wash with TBST. Proteins were visualised using 

Supersignal West Pico Chemiluminescent substrate (ECL) kit (Thermofisher) in LAS 4000 

machine. GAPDH was used as a loading control and semi-quantitative analysis was 

performed using ImageJ (version 1.51q, Java based software program, NIH). 

 

12.3.6 Statistical Analysis 

Data was presented as means ± standard deviation (SD) for normalised data. Comparison 

between two groups was performed using two-tailed Student’s T-test with Welch’s 

correction. Analysis was performed using Prism 8 (GraphPad Inc, San Diego, CA, USA). A 

p-value of <0.05 was considered statistically significant.  
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12.4 Results 

 

35 rats were included in the study, with 17 assigned the repetitive occlusive ischaemia 

protocol and 18 assigned to the sham procedure. 3 rats in the repetitive occlusive ischaemia 

protocol died prior to completion of the protocol, with 1 dying prior to intervention of 

uncertain cause, 1 dying during implantation of the balloon occluder and 1 dying on day 1 of 

the balloon occlusion protocol. Consequently there were 14 rats in the collateral group, and 

18 rats in the control group. For the quantification of collateral perfusion, 6 rats from the 

collateral group and 9 from the control group had Evans Blue Dye injected prior to 

euthanasia (Figure 12.3). 

 

Figure 12.3: Study Protocol of rats undergoing procedures.  
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12.4.1 Myocardial Perfusion 

Rats in the collateral group had a significantly higher proportion of total myocardial 

perfusion compared to the control group (77.1% ± 9.8% vs 49.1% ± 11.9, p<0.001) (Figure 

12.4). Rats in the collateral group had a significantly higher proportion of myocardial 

perfusion at the apex as compared to the control group (73.8% ± 13.7% vs 37.8% ± 15.8%, 

p<0.0001), although there was no difference in the proportion of mid cavity myocardial 

perfusion between groups (73.7% ± 6.5% vs 71.4% ± 11.1%, p=0.33) (Figure 12.5). 

 

Figure 12.4: Percent of myocardial perfusion in rats in the collateral group compared with 

rats in the control group.  

[Left] Graph illustrating significantly greater myocardial perfusion in the collateral group 

compared with the control group (77.1% vs 49.1%, p<0.001). [Top right]: Following 

injection of Evans blue dye in the rat, note blue colouring of the paw, foot and tail. [Bottom 

right]: Representative slices showing heart slices following Evans blue injection. The blue 

stained myocardium corresponds with perfused myocardium.  
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Figure 12.5: Percent of myocardial perfusion at the apex and mid ventricle in rats in the 

collateral group compared with rats in the control group.  

 

12.4.2 ELISA Protein Concentrations 

There was no difference in tissue concentration of VEGF in rats in the collateral group as 

compared to the control group (708.8pg/mL ± 495.5pg/mL vs 1053pg/mL ± 233.0pg/ml, 

p=0.13). There was similarly no difference in tissue concentration of IL-6 or IL-1ß between 

groups (4310pg/mL ± 2462pg/mL vs 6559pg/mL ± 1787pg/ml, p = 0.11 and 7291pg/mL ± 

3596pg/mL vs 8688pg/mL ± 1792pg/ml, p = 0.39 respectively). There was also no difference 

in tissue concentration of TGF-ß in rats in the collateral group as compared to the control 

group (852.9pg/mL ± 513.1pg/mL vs 1224pg/mL ± 309.2pg/ml, p = 0.15) (Figure 12.6). 

There was a higher tissue concentration of GM-CSF in rats in the collateral group as 

compared to the control group (3752pg/mL ± 2477pg/mL vs 206pg/mL ± 155.5pg/ml, 

p<0.01) (Figure 12.7).   
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Figure 12.6: Tissue Protein Concentrations of VEGF, IL6, IL-1ß and TGF-ß as detected by 

ELISA 
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Figure 12.7: Tissue Protein Concentrations of GM-CSF as detected by ELISA 

 

12.4.3 Western Blot 

 

There was greater tissue protein expression of ICAM-1 relative to GAPDH in rats in the 

collateral group as compared to the control group (94.6% ± 79.3% vs 23.5% ± 18.3%, 

p<0.01) (Figure 12.8).  

 

Figure 12.8: Western Blot Protein Concentration of ICAM-1 relative to GAPDH in collateral 

vs control group 

 

Representative immunoblot from lysates from rat heart in collateral and control groups. 

Results are expressed as mean ± SD of ICAM-1 relative to GAPDH, n=22.  
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There was no difference in tissue protein expression of HIF-1α relative to GAPDH (20.6% ± 

22.4% vs 34.4% ± 29.1%, p=0.26) (Figure 12.9).  

 

Figure 12.9: Western Blot Protein Concentration of HIF-1α relative to GAPDH in collateral 

vs control group 

 

Representative immunoblot from lysates from rat heart in collateral and control groups. 

Results are expressed as mean ± SD of HIF-1α relative to GAPDH, n=22.  

 

There was greater protein expression of FGF-2 relative to GAPDH in rats in the collateral 

group as compared to the control group (104.2% ± 66.7% vs 55.2% ± 31.5%, p<0.05) (Figure 

12.10).  
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Figure 12.10: Western Blot Protein Concentration of FGF-2 relative to GAPDH in collateral 

vs control group 

 

Representative immunoblot from lysates from rat heart in collateral and control groups. 

Results are expressed as mean ± SD of FGF-2 relative to GAPDH, n=22.  

 

There was greater tissue protein expression of VCAM-1 relative to GAPDH in rats in the 

collateral group compared to rats in the control group (108.5% ± 79.4% vs 21.7% ± 21.5%, 

p<0.001) (Figure 12.11).  

 

Figure 12.11: Western Blot Protein Concentration of VCAM-1 relative to GAPDH in 

collateral vs control group 

Representative immunoblot from lysates from rat heart in collateral and control groups. 

Results are expressed as mean ± SD of VCAM-1 relative to GAPDH, n=22.  
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There was also greater tissue protein expression of EgR-1 in rats in the collateral group 

compared with the control group (58.5% ± 13.8% vs 19.5% ± 12.7%, p<0.01) (Figure 12.12).  

 

 

Figure 12.12: Western Blot Protein Concentration of EgR-1 relative to GAPDH in collateral 

vs control group 

Representative immunoblot from lysates from rat heart in collateral and control groups. 

Results are expressed as mean ± SD of EgR-1 relative to GAPDH, n=22.  

 

 

12.4.4 Quantitative Real Time Polymerase Chain Reaction (qPCR) 

There was greater tissue expression of VCAM-1 and HIF-1α mRNA relative to GAPDH 

mRNA in rats in the collateral group compared with the control group (2109% ± 1725% vs 

146.6% ± 145.2%, p<0.05 and 898.4% ± 636.8% vs 167.8% ± 196.2%, p<0.05 respectively). 

There was also a greater tissue expression of ICAM-1 and EgR-1 mRNA relative to GAPDH 

mRNA in rats in the collateral group compared with the control group (621% ± 614.9% vs 

75.1% ± 20.6%, p<0.05 and 2035% ± 1673% vs 110.1% ± 42.0%, p<0.05 respectively) 

(Figure 12.13). 
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Figure 12.13: qPCR concentrations of mRNA tissue expression of VCAM-1, HIF1- α, ICAM-

1 and EgR-1 relative to GAPDH in collateral and control group rats 

 

 

There was no difference in the tissue expression of MCP-1 mRNA or TNF-α mRNA relative 

to GAPDH mRNA in rats in the collateral group as compared to the control group (2661% ± 

2874% vs 131.6% ± 94.9%, p=0.08 and 130.8% ± 219.4% vs 100.0% ± 107.5%, p=0.75 

respectively). There was also no difference in the tissue expression of FGF-2 mRNA relative 

to GAPDH mRNA in rats in the collateral group as compared to the control group (735.5% ± 

650.3% vs 67.5% ± 34.9%, p=0.05) (Figure 12.14). 
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Figure 12.14: qPCR concentrations of mRNA tissue expression of MCP-1, TNF-α and FGF-2 

relative to GAPDH in collateral and control group rats 

 

  

 

 

 

12.5 Discussion 

12.5.1 Collateral Perfusion following Repetitive Occlusive Ischaemia 

In a rat model, a 10 day protocol of repetitive occlusive ischaemia results in an increase in 

perfusion of myocardium subtended by the occluded vessel by 50%, with an absolute 

increase in perfusion of 28%. As perfusion could only be occurring in a retrograde manner, 

due to the occluded vessel, this must be as a result of an increase in collateral perfusion to the 

territory. This increase in collateral perfusion is isolated to the apex, with perfusion in the 

mid cavity, similar to that of the control group. In patients with a CTO of the LAD, 
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analogous to the situation in this study, 65.4% of collaterals supply the distal LAD, which 

would perfuse the apex and distal anterior wall, suggesting greater perfusion from collaterals 

in this territory (23), as seen in the present study. Furthermore, previous studies have 

suggested a longitudinal, base-to-apex myocardial perfusion gradient, with less myocardial 

blood flow to the apex in the setting of coronary artery disease (24) and in normal coronary 

arteries in patients with cardiovascular risk factors (25). This suggests that the apex has 

greater ischaemic potential as compared to the mid cavity and therefore more likely to be 

hypoxic, as well as lower driving perfusion pressure distally, allowing greater contralateral 

pressure and flow in the pre-existing collateral connections, both of which are drivers of 

collateral recruitment and maturation.  

 

12.5.2 Chemokine alterations following repetitive occlusive ischaemia  

Following a 10 day protocol of repetitive occlusive ischaemia, there was a significant 

increase in the tissue mRNA and protein expression of ICAM-1 as determined by qPCR and 

Western Blot respectively. ICAM-1 is expressed on endothelial cells (26) and is involved in 

the adhesion of inflammatory cells such as monocytes, neutrophils and lymphocytes to the 

endothelium, to prime the location to mature into functional collateral vessels (27,28). While 

animal studies have previously implicated ICAM-1 in the development of collaterals in the 

setting of peripheral vascular disease (4), this study has identified its association with the 

early phase of coronary collateral recruitment and function. As discussed in Section V 

Chapter 10, in human participants with a CTO, serum ICAM-1 concentrations were 

significantly higher than in patients without, and following collateral regression, there was an 

increase in circulating levels suggesting a role of pre-conditioning and collateral recruitment.  

 

Following a 10 day protocol of repetitive occlusive ischaemia, there was no change in the 

tissue mRNA expression of MCP-1. MCP-1 serves to attract and recruit monocytes to the 
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endothelium of the vasculature (6), and has been implicated in arteriogenesis in animal 

models (29). However, MCP-1 has also been suggested as a marker of inflammation (30), 

and has been noted to be elevated following cardiac surgery (31), which may account for 

similar levels in the sham group. These findings suggest that the role of MCP-1 in 

arteriogenesis may reflect downstream effects on inflammatory cells rather than direct effects 

on vascular tissue.  

 

VCAM-1 tissue mRNA and protein expression were significantly elevated following a 10 

day protocol of repetitive occlusive ischaemia. VCAM-1 is secreted by endothelial cells 

following adhesion of leukocytes (4), which facilitate binding of monocytes to the 

endothelium promoting further endothelial activation (32) and arteriogenesis (4). Inhibition 

of VCAM-1 has been associated with an inhibition of arteriogenesis (33). It is thus 

unsurprising that with intermittent coronary occlusion, a driver of collateral recruitment in the 

form of VCAM-1 is elevated.  

 

12.5.3 Inflammatory cytokine alterations following repetitive occlusive ischaemia  

 

As a consequence of the increase in chemoattractant proteins, and hence accumulation of 

inflammatory cells such as monocytes and other leukocytes, local inflammation is believed to 

promote collateral growth (7). There was no change in tissue mRNA expression of TNF-α 

following repetitive occlusive ischaemia. TNF-α, a pro-inflammatory cytokine which is 

secreted by monocytes (34) plays a role in a number of chronic inflammatory processes. 

Invasive human studies have suggested that there is an inverse relationship between TNF-α 

concentration and collateral maturity (35). However, as the control group had sham 

procedures performed, which would also activate an inflammatory process during recovery, it 

is possible that no difference was detected as a result of the comparator group. Similarly, 
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there were no differences in the tissue protein concentrations of IL6 or IL-1ß following the 10 

day repetitive occlusive ischaemia protocol. Interleukins, which are expressed by a number of 

cells including monocytes and endothelial cells (36), are inflammatory cytokines which can 

activate downstream gene pathways to allow endothelial migration and tubular formation 

(37). While there was no correlation between inflammatory cytokines and increased 

myocardial perfusion following artery occlusion, this may represent either a high baseline 

reading in the control group (given the sham surgical procedure), or alternatively suggest that 

following initial recruitment of collaterals, inflammatory mediators may lessen as other 

growth factors promote maturation.  

 

12.5.4 Growth Factor alterations following repetitive occlusive ischaemia  

 

Following a protocol of repetitive occlusive ischaemia, there was no difference in 

concentration of tissue VEGF protein expression compared with control groups. VEGF is a 

potent mediator of angiogenesis, involved in monocyte chemotaxis (38), smooth muscle cell 

proliferation (39) and angiogenesis through activation of two main receptors (40). However, 

despite animal studies suggesting a role of VEGF in mediating collateral maturation (17,41), 

human studies have been negative for VEGF to induce clinically relevant arteriogenesis (42). 

VEGF is also upregulated in inflammation (43) and hence its role may be contributory rather 

than directive in the setting of arteriogenesis.  

 

There was similarly no change in tissue protein concentration of TGF-β following repetitive 

occlusive ischaemia. Previous studies have been contradictory, with some finding a 

correlation between this growth factor and coronary collaterals (44) whilst others have not 

(45). Furthermore, it has been suggested that TGF-β is associated with the early recruitment 

of collaterals (46), and that over time the levels reduce to baseline. TGF-β has also been 

implicated in upregulating VEGF (47). It is thus possible that TGF-β is either not directly 
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implicated in arteriogenesis, or alternatively, the time point chosen for this study may not 

have identified the temporal changes in TGF-β concentration.  

 

FGF-2 tissue protein expression was significantly higher following repetitive occlusive 

ischaemia, suggesting its correlation with collateral recruitment. FGF-2 has been implicated 

in coronary vasodilation (48,49), and may be an early factor which is activated following 

release from monocytes and endothelial cells. GM-CSF tissue protein expression was 

significantly elevated following a protocol of repetitive occlusive ischaemia. GM-CSF is 

predominantly expressed by myeloid cells (50), and is involved in increased survival of 

monocytes and macrophage (51,52). As monocyte adherence and activation is one of the 

initiating steps of collateral maturation, it is unsurprising that GM-CSF appears to be 

upregulated with collateral recruitment.  

 

12.5.5 Regulatory Chemokine alterations following repetitive occlusive ischaemia  

 

Following repetitive occlusive ischaemia, there was a significantly higher expression of 

tissue HIF-1α mRNA, although this was not seen with respect to tissue protein expression of 

HIF-1α. Previous studies have suggested that discrepancy between expression levels of 

mRNA and protein are in the region of 40% (53,54), attributable to other levels of regulation 

between transcript and protein production (55). HIF-1α is a transcriptional activator that 

functions as a master regulator of oxygen homeostasis, with its target genes encoding 

proteins that increase oxygen delivery and mediate adaptive responses to oxygen deprivation 

(56). Some clinical studies have correlated HIF-1α with coronary collaterals (57), although 

others found no correlation (58). Whilst it would appear that HIF-1α is upregulated in the 

setting of ischaemia, both experimentally as in the current study or pathologically as in the 

setting of a CTO, a situation where the myocardium is in a chronic state of ischaemia, it does 
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not appear to result in transcription upstream. This reflects a contributory effect of hypoxia 

on arteriogenesis, with an elevation in shear stress remaining the predominant driving force.  

 

EgR-1 mRNA and protein tissue expression were significantly elevated following a protocol 

of intermittent occlusive ischaemia. EgR-1 is a transcription factor of the zinc-finger family 

(59) which is activated by the effects of fluid shear stress on the EgR-1 gene promoter (60). 

EgR-1 has been implicated in arteriogenesis through modulating levels of other growth 

factors, including TGF-β (61), and recruitment and proliferation of leukocytes (62). It thus 

appears that whilst EgR-1 is involved intimately with collateral recruitment and maturation, 

its role is that of a regulator, influencing effects on inflammatory cells as well as production 

of growth factors and other cytokines.  

 

12.5.6 Limitations 

The process involved in inducing collateral perfusion was repetitive occlusive ischaemia, 

which lacks the hallmark of CTO in humans, namely atherosclerosis. Nevertheless, by 

stimulating downstream hypoxia and a reduction (obliteration) in anterograde blood flow, 

thereby increasing fluid shear stress in the primitive collateral connections, this is analogous 

to the haemodynamic situation of a progressive CTO. Furthermore, the process of surgical 

implantation of a device onto the cardiac surface undoubtedly would increase local 

inflammation. However by including a sham arm which also underwent surgery, this aimed 

to obviate the effects of the surgery itself. Rats in the sham arm did not have routine 

anaesthesia administered, unlike rats in the surgical arm who had this done for their ROI 

protocol, which may theoretically introduce a confounder for these results. However it is 

unlikely that the anaesthetic would induce collateral development. Finally, the increase in 

perfusion in the myocardium supplied by the occluded artery must come from retrograde 
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filling via collaterals. However, whether this was a result of an increase in the number of 

collaterals, or alternatively due to an increase in the size of the existing collaterals was not 

directly visualised. Although previous studies have validated this method of inducing 

collaterals, nevertheless, future studies including immunohistochemical staining to identify 

the structure of the collaterals should be conducted to identify the mechanism of increased 

collateral dependent perfusion.   

 

12.6 Conclusion 

In a rat model, repetitive occlusive ischaemia to the left anterior descending artery results in 

an increase in myocardial perfusion in the territory subtended by the epicardial artery as a 

result of increased collateral blood flow at the apex. This increase in regional myocardial 

perfusion through collateral perfusion is associated with an increase in chemoattractant 

proteins ICAM-1 and VCAM-1, growth factors GM-CSF and FGF-2 along with the regulator 

protein EgR-1. Inflammatory cytokines did not appear to be associated with an increase in 

collateral perfusion. Further investigation of the mechanistic effect on collateral size and 

number as well as further assessment of causative processes should be performed.   
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Chapter 13: Impact of previous Coronary Artery Bypass 

Grafting (CABG) of the Donor Vessel on Coronary Collateral 

Recruitment  
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13.1 Abstract 

Background & Aims: A chronic total occlusion (CTO) is found commonly in patients with 

prior coronary artery bypass grafting (CABG). The success rates of revascularisation for a 

CTO in patients with previous CABG is lower and associated with more complications. The 

aim of this study was to determine the effect of prior CABG on collateral recruitment.  

 

Methods: Patients with a CTO diagnosed on coronary angiography between July 2010 and 

December 2019 were included in this study. Patients were classified as either CTO supplied 

by a functional graft, CTO supplied by collaterals from a non-grafted donor vessel (non-

grafted) or a CTO supplied by collaterals from a grafted donor vessel (grafted). The degree of 

collateral robustness was determined by the Rentrop classification and collateral connection 

(CC) grade. Demographic, angiographic and clinical outcomes were recorded.  

 

Results: A total of 2,088 CTO lesions were identified, of which 878 (42.0%) were supplied 

by a functional graft, 994 (47.6%) CTOs were supplied by a non-grafted donor vessel and 

216 (10.3%) CTOs were supplied by a grafted donor vessel. CTOs supplied by a grafted 

donor vessel had lower rates of robust collaterals (37.0% vs 83.0%, p<0.0001) with less 

mature collaterals as determined by the Rentrop grade (p<0.0001) and CC grade (p<0.0001) 

as compared to CTOs supplied by a non-grafted donor vessel.  

 

Conclusion: In patients with a previous CABG, a donor vessel which is grafted results in 

poorer coronary collaterals with lower Rentrop grade and CC grade compared to an ungrafted 

donor vessel. This may be attributable to changes in coronary blood flow and shear stress, 

and may be a factor in the lower procedural success rates for CTO intervention in patients 

with prior CABG.  
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13.2 Introduction 
 

A coronary chronic total occlusion (CTO) is appreciated angiographically as the presence of 

late filling of the occluded vessel by collaterals (1). The true incidence of a CTO varies 

widely in the published literature, with up to 90% in patients undergoing angiography with a 

history of prior coronary artery bypass grafting (CABG) (2), 15-30% in those without prior 

CABG (3) and 6.6% in those presenting with an acute coronary syndrome (4).  

 

Bypass grafting results in significant alterations in coronary blood flow and consequently 

vascular shear stress in the native circulation distal to the graft (5). As collateral recruitment 

and maturation is exquisitely related to vascular shear stress (6), bypass grafting may affect 

the collateral circulation. However, what impact the presence of a bypass graft, and  

consequent alterations in coronary blood flow have on coronary collaterals has not previously 

been assessed.  

 

The aim of this study was to determine the effect of previous CABG on the coronary 

collateral circulation as determined by invasive angiography. Furthermore, the aim was to 

determine the effect of graft type and location on collateral recruitment as well as 

demographic, clinical and angiographic differences in patients with a CTO.  

 

13.3 Methods 
 

All patients undergoing clinically indicated coronary angiography at a tertiary centre from 

July 2010 to December 2019 were reviewed. Patients who had a reported CTO identified 

through a commercially available reporting system on a local server (McKesson, Irving TX, 

USA) were included. Patients presenting with ST elevation myocardial infarction (STEMI) or 

those with only ipsilateral collaterals such as bridging collaterals, were excluded. Procedural 
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characteristics, baseline medications, in-hospital course along with left ventricular function, 

and biochemical results were reviewed using electronic medical records. Mortality and last 

medical contact was determined through medical record linking systems. Left ventricular 

function was assessed by transthoracic echocardiography, or if not performed, by 

ventriculography at the time of angiography.  

 

Patients were divided into one of 3 groups based on the perfusion to the CTO (Figure 13.1): 

CTO supplied by a functional graft, CTO supplied by collaterals from a non-grafted donor 

vessel or a CTO supplied by collaterals from a grafted donor vessel. In those patients with a 

CTO supplied by a non-grafted or grafted vessel, the presence and degree of collaterals was 

graded according to the Rentrop classification (7), where robust collaterals were defined as 

Rentrop grade 2 or 3(8-11). The Collateral Connection (CC) grade was also assessed (12). 

The donor vessel was defined as the epicardial coronary artery from which collaterals arose. 

In cases where 2 vessels provided collaterals, the vessel from which the predominant 

collaterals arose was defined as the donor vessel. Stenosis in the donor vessel and graft was 

calculated using quantitative coronary angiography (QCA) (McKesson, Irving Tx, USA). In 

the setting of a grafted donor, this was assessed between the graft anastomosis and 

collaterals, thereby determining the degree of stenosis (and hence alteration to blood flow) 

impacting on the collaterals. Bypass grafts were recorded as left internal mammary artery, 

right internal mammary artery, saphenous vein graft or radial arterial graft.  
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Figure 13.1: Differing perfusion of a chronic total occlusion of the right coronary artery 

 

A) Diagnostic angiography identifying a CTO of the right coronary artery (RCA) [7-point 

star]. B) a patent SVG graft (chevron) anastomosed to the distal RCA (4-point star) perfusing 

the CTO in both anterograde and retrograde manner. C) A patent SVG graft (chevron) 

anastomosed to a diagonal artery (4-point star) perfusing the LAD in a retrograde manner 

which subsequently perfuses through septal collaterals (thin arrows) the occluded RCA 

(triangle). D) Septal collaterals (thin arrows) from an ungrafted LAD supplying the occluded 

RCA (triangle).  

 

Indication for angiography was defined as either emergent (unstable angina, non ST elevation 

myocardial infarction, ventricular arrhythmia or cardiac arrest not fulfilling criteria for 

STEMI) or non-emergent (stable angina or angina equivalent symptoms). Left ventricular 

impairment was defined as left ventricular ejection fraction (LVEF)  50% while valvular 
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heart disease was defined as moderate or severe mitral or aortic valve disease. Medications 

were based on regular medications at the time of angiography. Project approval by the local 

human ethics committee was obtained prior to data analysis.  

 

13.3.1 Statistical Analysis 

 

Continuous variables were presented as means  standard deviation in those with normally 

distributed data or medians and interquartile ranges in those with non-normally distributed 

data. Categorical data was presented as percentages. Comparisons between groups were 

performed using Pearson’s chi square test for all categorical variables. Continuous variables 

were firstly assessed by the Shapiro-Wilk test to ascertain normality of distribution, after 

which a student t-test was used for data that was normally distributed or Mann-Whitney U 

test for non-normally distributed continuous data. All tests were 2-sided, and p < 0.05 was 

considered statistically significant. Analyses were performed using SPSS (version 24, IBM, 

New York, New York). 

 

13.4 Results 
 

A total of 2,088 CTO lesions were included in the analysis, of which 1,129 (54.1%) had 

previous CABG. 878 (77.1%) patients had a functional graft perfusing the CTO while 216 

(19.1%) had a grafted donor vessel and 35 (3.1%) had a CTO supplied by either an ungrafted 

vessel or vessel with an occluded graft. Consequently, 994 (47.6%) CTOs were supplied by 

an ungrafted vessel, 216 (10.3%) CTOs supplied by a grafted vessel and 878 (42.0%) 

supplied by a functional graft (figure 13.2).  
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Figure 13.2: Flow diagram of CTO lesions and their classifications 

 

Table 13.1 shows the baseline characteristics of CTO lesions classified on their perfusion. 

Patients with a CTO supplied by a grafted donor were less likely to have a LAD CTO (7.9% 

vs 23.6% vs 49.8%, p<0.0001) and a lower left ventricular ejection fraction (45% vs 55% vs 

50%, p<0.0001) compared with those with a CTO supplied by an ungrafted donor or 

functional graft respectively. Patients with a CTO supplied by a functional graft were older 

(76.3yrs vs 75.5yrs vs 71.8yrs, p<0.0001) compared to those with a CTO supplied by a 

grafted donor or ungrafted donor respectively.  
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Table 13.1: Demographic and angiographic differences in CTO vessel supplied by bypassed 

vessel, non-bypassed vessel and functional graft 

 

*BMI = body mass index; CABG = coronary artery bypass graft; CTO = chronic total 

occlusion; kg = kilogram; LAD = left anterior descending artery; LCx = left circumflex 

artery; LV = left ventricular; LVEF = left ventricular ejection fraction; m = metre; n = 

number; RCA = right coronary artery; yrs = years;  

 

Table 13.2 shows the demographic and angiographic differences between the CTO supplied 

by a grafted donor compared with the CTO supplied by an ungrafted donor. Those with a 

grafted donor were older (74.0yrs vs 70.5yrs, p<0.0001) and more likely to have multiple 

CTOs (90.8% vs 27.4%, p<0.0001). Those with a grafted donor vessel had a lower degree of 

stenosis in the donor vessel, proximal to the collaterals (37.1% vs 50.8%, p<0.0001). CTOs 

supplied by a grafted vessel had lower rates of robust collaterals (37.0% vs 83.0%, p<0.0001) 

with less mature collaterals as determined by the Rentrop grade (p<0.0001) and CC grade 

(p<0.0001) (Figure 13.3).  

 

 CTO supplied by 

ungrafted vessel 

n=994 

CTO supplied by 

grafted vessel 

n=216 

CTO supplied by 

functional graft 

n=878 

p-value 

Age (yrs) 71.8 (62.1 – 80.1) 75.5 (66.7 – 82.5) 76.3 (69.0 – 76.3) <0.0001 

Female Sex (n) 188 (18.9%) 31 (14.4%) 158 (18.0%) 0.29 

BMI (kg/m2) 27.1 (24.2 – 30.6) 27.0 (23.9 – 29.6) 27.2 (24.5 – 30.3) 0.60 

Number of CTOs (n)  

   1 

   2 

   3 

 

801 (80.6%) 

176 (17.7%) 

17 (1.7%) 

 

20 (9.3%) 

106 (49.1%) 

90 (41.7%) 

 

157 (17.9%) 

403 (45.9%) 

318 (36.2%) 

<0.0001 

Previous CABG (n) 36 (3.6%) 216 (100%) 878 (100%) <0.0001 

CTO Vessel (n) 

   LAD 

   LCx 

   RCA 

 

235 (23.6%) 

209 (21.0%) 

550 (55.3%) 

 

17 (7.9%) 

36 (16.7%) 

163 (75.5%) 

 

437 (49.8%) 

217 (24.7%) 

224 (25.5%) 

<0.0001 

LAD CTO (n) 235 (23.6%) 17 (7.9%) 437 (49.8%) <0.0001 

Emergent Indication for 

angiogram (n) 

518 (52.1%) 129 (59.7%) 458 (52.2%) 0.11 

Valvular Heart disease (n) 114/856 (13.3%) 27 (12.5%) 147/878 (16.7%) 0.08 

LV impairment (n) 441 (46.5%) 113 (66.5%) 328 (52.6%) <0.0001 

LVEF (%) 55 (40 – 60) 45 (35 – 55) 50 (40 – 60) <0.0001 
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Table 13.2: Demographic and angiographic differences in CTO vessel supplied by bypassed 

vessel compared with non-bypassed vessel  

 CTO supplied by grafted 

donor vessel 

n = 216 

CTO supplied by ungrafted 

donor vessel 

n = 994 

p-value 

Age (yrs) 74.0 ± 11.1 70.5 ± 12.3 <0.0001 

Female Sex (n) 31 (14.4%) 188 (18.9%) 0.11 

BMI (kg/m2) 27.6 ± 5.1 27.8 ± 5.4 0.53 

Previous AMI (n) 97 (48%) 320 (33.4%) <0.0001 

Prior CABG  (n) 216 (100%) 36 (3.6%) <0.0001 

Emergent Indication for angio (n) 129 (59.7%) 518 (52.1%) 0.04 

Medications (n) 

   Aspirin 

   P2Y12 Inhibitor 

   Beta Blockers 

   ACE-I/ARB 

   Nitrate 

   Statin 

 

157 (78.1%) 

119 (59.5%) 

134 (67.3%) 

99 (49.5%) 

86 (43.0%) 

182 (91.9%) 

 

806 (85.1%) 

560 (59.1%) 

664 (70.1%) 

584 (61.7%) 

197 (20.8%) 

791 (83.5%) 

 

<0.05 

0.92 

0.44 

<0.001 

<0.0001 

<0.01 

Number of CTOs (n) 

  1 

  2 

  3 

 

20 (9.3%) 

106 (49.1%) 

90 (41.7%) 

 

801 (80.5%) 

176 (17.7%) 

17 (9.7%) 

<0.0001 

CTO Vessel (n) 

   LAD 

   LCx 

   RCA 

 

17 (7.9%) 

36 (16.7%) 

163 (75.5%) 

 

235 (23.6%) 

209 (21.0%) 

550 (55.3%) 

<0.0001 

LAD CTO (n) 17 (7.9%) 235 (23.6%) <0.0001 

CTO Vessel grafted (n) 153 (70.8%) 22 (2.2%) <0.0001 

CTO of stented vessel (n) 9 (4.2%) 56 (5.6%) 0.39 

Donor Vessel (n) 

   LAD 

   LCx 

   RCA 

 

158 (73.1%) 

38 (17.6%) 

20 (9.3%) 

 

525 (52.8%) 

258 (26.0%) 

211 (21.2%) 

<0.0001 

Stenosis in donor vessel (%) 37.1 ± 23.6 50.8 ± 27.1 <0.0001 

Rentrop Grade 

   0 or 1 

   2 

   3 

 

136 (63%) 

72 (33.3%) 

 8 (3.7%) 

 

169 (17.0%) 

606 (61.0%) 

219 (22.0%) 

<0.0001 

Robust Collaterals (n) 80 (37.0%) 825 (83.0%) <0.0001 

CC grade 

   0 

   1 

   2 

 

42 (19.4%) 

108 (50.0%) 

66 (30.6%) 

 

61 (6.1%) 

236 (23.7%) 

697 (70.1%) 

<0.0001 

Valvular heart disease (n) 27 (12.5%) 114 (13.3%)+ 0.75 

LV impairment  (n) 129 (63.2%) 442 (46.4%) <0.0001 

LVEF (%) 45 (35 – 55) 55 (40 – 60) <0.0001 
ACE-I = angiotensin converting enzyme inhibitor; AMI = acute myocardial infarction; ARB = angiotensin II receptor 

blocker; BMI = body mass index; CABG = coronary artery bypass graft; CC = collateral connection; CTO = chronic total 

occlusion; kg = kilogram; LAD = left anterior descending artery; LCx = left circumflex artery; LV = left ventricular; LVEF 

= left ventricular ejection fraction; m = metre; n = number; RCA = right coronary artery; yrs = years;  
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Figure 13.3: Degree of coronary collaterals perfusing a CTO from a grafted and ungrafted 

donor vessel  

 

 

 

In CTOs supplied by a grafted donor, neither the graft type nor the site of anastomoses 

relative to the collaterals were associated with robustness of coronary collaterals. Similarly, 

there was no difference in the degree of stenosis in the donor vessel graft or donor vessel and 

robustness of coronary collaterals (Table 13.3) 
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Table 13.3: Baseline and Angiographic differences in patients with a CTO supplied by a 

grafted donor with robust or poor coronary collaterals.   

 

 Robust Collaterals 

n=80 

Poor Collaterals 

n=136 

p-value 

CTO Vessel (n) 

   LAD 

   LCx 

   RCA 

 

4 (5.0%) 

13 (16.3%) 

63 (78.8%) 

 

13 (9.6%) 

23 (16.9%) 

100 (73.5%) 

0.47 

LAD CTO (n) 4 (5.0%) 13 (9.6%) 0.23 

CTO of stented vessel (n) 2 (2.5%) 7 (5.1%) 0.36 

Donor Vessel (n) 

   LAD 

   LCx 

   RCA 

 

57 (71.3%) 

14 (17.5%) 

9 (11.3%) 

 

101 (74.3%) 

24 (17.6%) 

11 (8.1%) 

0.74 

Stenosis in Donor vessel graft (%) 10 (0 – 20) 5 (0 – 20) 0.92 

Stenosis in donor vessel proximal to 

collaterals (%) 

40 (20 – 50) 30 (22.5 – 50) 0.99 

Graft Type (n) 

   LIMA/RIMA 

   SVG/Radial 

 

52 (65.0%) 

28 (35.0%) 

 

92 (67.6%) 

44 (32.4%) 

0.38 

Graft anastomoses relative to 

collaterals (n) 

   Proximal 

   Distal 

 

 

53 (66.3%) 

27 (33.8%) 

 

 

93 (68.4%) 

43 (31.6%) 

0.75 

Valvular Heart Disease (n) 13 (16.3%) 14 (10.3%) 0.20 

LV impairment 54 (71.1%) 75 (58.6%) 0.07 

CTO = chronic total occlusion; LAD = left anterior descending artery; LIMA = left internal 

mammary artery; LCx = left circumflex artery; LV = left ventricular; RCA = right coronary 

artery; RIMA = right internal mammary artery; SVG = saphenous vein graft 

 

13.5 Discussion 
 

CTOs supplied by a grafted donor vessel have significantly poorer and less mature collaterals 

than those with an ungrafted donor, irrespective of location of the graft relative to collaterals, 

or type of graft. Previous studies have suggested that in patients undergoing CTO PCI, the 

presence of a prior CABG is associated with lower procedural success rates, higher risk of in-

hospital mortality and higher complication rates (13,14). Histopathological studies (15) have 

correlated bypass grafts with more extensive calcification and severe negative remodelling 

(16). Whilst the degree of calcification is associated with lower CTO PCI success (17), as is 

the presence of poorer coronary collaterals (18). This is attributable not only to the ability to 
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utilise collaterals as a retrograde option for intervention, but also reflecting better distal 

opacification and hence vessel visualisation. The finding of poorer collaterals may be a factor 

in the lower success rates of CTO PCI in patients with a prior CABG.  

 

Extensive calcification is identified in both segments proximal and distal to the CTO, 

providing a histological explanation for the clinical finding of more rapid progression of 

atherosclerosis in grafted coronary arteries (19,20). It has been postulated that blood stasis 

and lower shear stress resulting from competitive flow between the native vessel and the 

bypass graft may be the underlying mechanism of greater calcification (19,21). These 

alterations in flow and shear stress are also associated with poor collateral maturation.  

 

Coronary blood flow, particularly in the left coronary system is predominantly (>60%) 

diastolic due to the effect of systolic myocardial compressive forces reducing coronary 

driving pressure and maximally increasing coronary vascular resistance (22). However in 

certain situations, such as a non-dominant RCA, owing to the thin walled right ventricle and 

low systolic intra-cavitatory pressure, there is lower vascular resistance and greater systolic 

flow. Similarly, in the setting of a dyskinetic or hypokinetic segment, graft and coronary 

systolic blood flow can significantly increase, thereby affecting endothelial shear stress and 

the ability to recruit collaterals (22). Furthermore, canine studies suggest that, in the acute 

setting, diastolic flow through a LIMA anastomosed to the LAD is significantly lower than in 

the native coronary setting (23). Over time however, flow through the LIMA has a large 

diastolic component, characteristic of native coronary artery flow (24-26), with modulation 

from predominantly systolic flow proximally, to predominantly diastolic in the distal segment 

to match coronary vascular resistance (27). SVGs, however, act as passive conduits with 

diastolic flow throughout their length (27). Diastolic flow velocity in a LIMA graft is greater 
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and more sustained than in an SVG (28) and as a result wall shear stress is higher (27). The 

radial artery as a conduit is more susceptible to spasm (29), which may reflect its relative 

muscular structure and endothelial and smooth muscle cell response to platelet activation 

(29). These dynamic and varied perturbations to flow and shear stress likely impact on the 

ability to recruit and mature coronary collaterals.  

 

Computational fluid dynamic modelling suggests that wall shear stress is significantly lower 

in bypass grafts compared with native coronary flow, with resultant downstream reduction in 

shear stress in the native circulation (30). In a doppler wire study (31), wall shear stress was 

greater in the LIMA as compared with the SVG, suggesting acceleration of atherosclerosis in 

the low flow state of a grafted coronary artery. This unfavourable low flow and decreased 

shear stress may also result in poorer collateral recruitment (6). Although the current study 

did not detect any difference in robustness of collaterals in patients with an SVG graft 

compared with a LIMA graft, this requires further assessment with larger numbers. Similarly, 

the effect of the graft location relative to collaterals did not affect robustness of collaterals. In 

the setting of an occluded donor vessel, all flow will be in a single direction originating from 

the graft. However, in the setting of persisting native flow in the donor vessel, there may be 

areas of competitive flow, which is associated with unfavourable wall shear stress, 

endothelial dysfunction and possible impairment of collateral recruitment (32).  

 

In a previous study (33) of 217 patients, a prior CABG was associated with improved 

collaterals, with a significantly lower rate of non-interventional collaterals compared with 

those patients who had not undergone prior CABG. Furthermore, they found no difference in 

patients with an occluded graft compared to those without prior grafts with respect to degree 

of collaterals. Despite more robust collaterals, the presence of a previous CABG was 
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associated with a significantly lower rate of successful CTO PCI, although no differences in 

complication rates. Whilst the authors of that study did not quantify how they classified ‘non-

interventional collaterals’, in the present study patients with a grafted donor vessel had lower 

CCS scores along with Rentrop grade. These differences may reflect a predilection to 

utilising an occluded graft itself for intervention to a native vessel CTO, thereby classifying a 

vessel as having ‘non-interventional collaterals’. Instead, the Rentrop classification which 

relates to contrast opacification of the occluded vessel removes any inherent bias in 

consideration of a collateral for intervention.  

 

13.5.1 Limitations 

 

 

This is a single centre retrospective study which has limitations with respect to possible 

underlying bias, however the relatively large numbers allow hypothesis generating analysis 

of the data. The semi-quantitative method of collateral grading may have been influenced by 

degree of catheter engagement and duration of cine acquisition. However, robust collaterals 

are generally seen relatively early with a previous study suggesting that collaterals opacify 

the epicardial vessel in 20-30 frames (34). In the setting of a cine acquisition of 15 frames per 

second, which is standard in most catheter laboratories, this does not require prolonged 

injections and acquisition compared to usual care. However further assessment particularly to 

assess the impact of alterations in wall shear stress and flow dynamics is required to 

determine the impact of collateral maturation in patients with previous CABG and an 

ungrafted CTO. Finally, as angiograms prior to CABG were not reviewed, it is possible that 

some collaterals were pre-existing to the CABG. However, as collaterals are dynamic, with 

rapid regression and recruitment, the influence of flow alterations following grafting are more 

relevant.  
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13.6 Conclusion 
 

 

In patients with a previous CABG, a donor vessel which is supplied by a bypass graft results 

in poorer coronary collaterals and less interventional coronary collaterals. This likely reflects 

alterations in coronary blood flow through the graft and native circulation with resultant 

modifications in endothelial shear stress. This may be a factor in the lower procedural success 

rates for CTO intervention in patients with prior CABG. Further research into the effect of 

alterations in coronary flow dynamics on collateral recruitment and maturation in the setting 

of CABG should be considered.  
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Chapter 14: The Prognostic Impact of Obstructive Sleep Apnoea 

on patients presenting with ST Elevation Myocardial Infarction – 

The role of the Coronary Collateral Circulation 
 

 

This chapter includes material presented at TCT Connect 2020; published as: Allahwala UK, 

Cistulli P, Ciofani JL, Dissanayake H, Ward M, Weaver J, Bhindi R. Influence of Obstructive 

Sleep Apnea on outcomes in patients with ST elevation myocardial infarction (STEMI) – the 

role of the coronary collateral circulation. Journal of the American College of Cardiology. 

76(17): Suppl B 2020 
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14.1 Abstract 
 

Background: Obstructive sleep apnoea (OSA) occurs frequently in patients with coronary 

artery disease, with associated intermittent hypoxia a possible stimulus for coronary collateral 

recruitment through ischaemic preconditioning. The aim of this study was to determine 

whether OSA effects recruitment of coronary collaterals and prognosis of patients presenting 

with ST elevation myocardial infarction (STEMI).  

 

Methods: Patients with a STEMI undergoing percutaneous coronary intervention (PCI) from 

July 2010 to December 2019 were reviewed. Electronic medical records were accessed to 

determine documented patient history of OSA. Patients with robust collaterals were defined 

as Rentrop grade 2 or 3.    

 

Results: 1,863 patients were included, of which 143 (7.7%) patients had documented 

evidence of OSA in their health record. Patients with OSA had a higher body mass index 

(BMI) (30.2kg/m2 vs 27 kg/m2, p <0.0001) and greater rates of hypertension (61.1% vs 

45.1%, p<0.0001), hypercholesterolaemia (47.4% vs 38.4%, p<0.05) and diabetes mellitus 

(22.6% vs 15.9%, p<0.05). Patients with OSA were more likely to have robust coronary 

collaterals (35.7% vs 20.2%, p<0.0001), lower rate of left ventricular (LV) impairment 

(50.7% vs 63.1%, p<0.01), a higher LV ejection fraction (50.3% vs 46.7%, p<0.0001) and a 

lower peak troponin-I (26,452ng/L vs 39,469ng/L, p<0.01). There were no differences in 

rates of mortality in patients with OSA compared to those without.  

 

Conclusions: Patients with documented OSA presenting with STEMI appear to have more 

robust coronary collaterals observed angiographically which likely mediates lower 

myocardial necrosis. Broader implications of this finding on treatment require investigation. 
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14.2 Introduction 
 

Obstructive Sleep Apnoea (OSA) is a chronic, sleep-related breathing disorder characterised 

by periodic obstruction of the pharyngeal airway during sleep, resulting in repetitive apnoeas 

(1), affecting 34% of men and 17% of women. The incidence of OSA is rising, with a 30% 

increase in diagnoses noted over the last 20 years (2). OSA has been associated with a 

number of differing cardiovascular diseases, including systemic hypertension (3), pulmonary 

hypertension (4), heart failure (5) and atrial fibrillation (6). The key perturbations associated 

with OSA include intermittent hypoxia, frequent arousals from sleep, and exaggerated 

intrathoracic pressure swings, all of which have acute and chronic effects on haemodynamics 

and cardiovascular function. 

 

The reported prevalence of OSA in patients with coronary artery disease (CAD) ranges 

between 38%-65%, significantly higher than in the general population (7). This association 

has been linked to an increase in sympathetic nervous system activity, oxidative stress, 

endothelial dysfunction, and poorly controlled hypertension (8). However, the effect of OSA 

on outcomes in patients presenting with ST elevation myocardial infarction (STEMI) is 

uncertain. In particular, given the episodic apnoeas and hypoxia associated with OSA, it is 

possible a degree of ischaemic preconditioning may be present, which, in experimental 

settings has been associated with a reduction in infarct size (9). This has been proposed as an 

explanation for the age decline mortality risk in OSA (10). Clinical studies lend support to 

this notion, by demonstrating a lower troponin rise in patients with OSA, suggesting that 

OSA has a protective effect in the context of myocardial infarction (11). The mechanism by 

which preconditioning may result in improved outcomes includes improved coronary 

collateral recruitment (12) and neurohormonal and cellular adaptation mechanisms (13).   
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The aim of this study was to determine the prevalence of acute coronary collaterals in 

patients with OSA presenting with STEMI undergoing primary percutaneous coronary 

intervention (pPCI) as well as to determine the impact of OSA on prognosis.  

 

14.3 Methods 
 

14.3.1 Patient Selection 

 

 

All patients presenting to a tertiary centre with a diagnosis of STEMI, undergoing pPCI or 

rescue PCI following failed thrombolysis, from July 2010 until December 2019 were 

reviewed. Patients were included if they had a final diagnosis of STEMI using previously 

accepted definitions (14). All patients had pre-treatment with aspirin, unless they were unable 

to tolerate per oral medications, with a P2Y12 inhibitor administered either before or 

immediately following pPCI. The procedure was performed either through the femoral or 

radial artery based on operator discretion. Therapeutic intravenous heparin was administered 

at the beginning of the case, whilst use of vasodilators such as intracoronary nitrates prior to 

intervention was not routinely given, due to the emergent nature of the procedure. The use of 

either intracoronary or intravenous glycoprotein IIb/IIIa inhibitors was left to the discretion 

of the operating physician. 

 

Patients who had had a prior coronary artery bypass graft (CABG) were excluded from the 

analysis to allow characterisation of native collaterals. Similarly patients in whom 

angiography of the contralateral vessel was not performed prior to pPCI were excluded. To 

ascertain whether patients had co-existent OSA, electronic medical records and records from 

the hospital’s sleep investigation laboratory were reviewed to identify a documented history 

of OSA. Procedural characteristics, in-hospital course along with left ventricular function, 

and biochemical results were also reviewed. Left ventricular function was assessed by 
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transthoracic echocardiogram, or if not performed, ventriculography at the time of the 

procedure. Electronic medical records were also reviewed to determine date of death or last 

date of medical contact for survival analysis. 

 

14.3.2 Angiographic Assessment 

 

 

Analysis of coronary angiography was performed to determine the presence and maturity of 

collaterals, graded according to the Rentrop classification (15) and the Collateral Connection 

grade (CC) (16). Rentrop grade 0 or 1 were defined as poor collateral recruitment and 

Rentrop grade 2 or 3 were defined as robust collaterals (17). A chronic total occlusion (CTO) 

was defined based on accepted criteria (18). Pre-hospital arrest and ventricular arrhythmia 

during the case was defined as sustained ventricular arrhythmia with loss of cardiac output 

necessitating cardio-pulmonary resuscitation and/or defibrillation. Ischaemic time was the 

time between symptom onset and first angiographic image. Left ventricular impairment was 

defined as a left ventricular ejection fraction (LVEF) of ≤50%, assessed by transthoracic 

echocardiogram or ventriculography. Serum troponin levels were collected as per clinical 

indication, and the peak troponin as defined as the highest concentration during index 

admission. 

  

14.3.3 Statistical Analysis 

 

Continuous variables were presented as means ( standard deviation) in the setting of 

normally distributed data or as medians and interquartile ranges, if the distribution of data 

was not normal. Categorical variables were reported as percentages. Comparisons between 

groups were performed using Pearson’s chi square test for all categorical variables and a 

student’s T-Test for all continuous variables normally distributed or the Mann-Whitney U 

test for continuous data not distributed normally. Cumulative event rates were calculated 
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according to the Kaplan–Meier method and compared using the log-rank test. All tests were 

2-sided, and a p < 0.05 was considered statistically significant. All analyses were performed 

using SPSS (version 24, IBM, New York, New York).  

14.4 Results 

14.4.1 Patient Demographics & Baseline Characteristics 

 

A total of 2,012 patients presenting with STEMI were identified over the study period, with 

102 excluded due to previous CABG, 21 due to no image acquisition of the contralateral 

artery prior to pPCI, 14 due to no culprit vessel identified and 12 which were facilitated PCIs. 

Of the remaining 1,863 patients, 143 (7.7%) had a documented history of OSA within their 

medical record, whilst 1,720 (92.3%) had no documented history of OSA. The mean age in 

the population was 64.9 years, with 77.1% males. 

 

Baseline and angiographic differences are summarised in table 14.1. Patients with OSA had a 

higher body mass index (BMI) (30.2kg/m2 vs 27 kg/m2, p <0.0001), greater rate of 

hypertension (61.1% vs 45.1%, p<0.0001), hypercholesterolaemia (47.4% vs 38.4%, p<0.05) 

and diabetes mellitus (22.6% vs 15.9%, p<0.05). At angiography, patients with OSA were 

more likely to have had a previous stent (17.7% vs 9.4%, p<0.01), and more likely to have 

robust coronary collaterals (35.7% vs 20.2%, p<0.0001) and higher grade collateral 

recruitment based on both Rentrop classification (p<0.0001) and the CC grade (p<0.0001). 

The right coronary artery (RCA) was more likely to be culprit vessel in those patients with 

OSA compared to those without (47.5% vs 37.3%, p<0.05). Those patients with OSA had a 

longer length of stented segment (33.0mm vs 29.8mm, p<0.05) (Table 14.2).  
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Table 14.1: Baseline Demographics and Angiography Findings 

 

BMI = body mass index; CAD = coronary artery disease;  CC = collateral connection; CTO 

= chronic total occlusion; kg = kilograms; LAD = left anterior descending artery; LCx = left 

circumflex artery; m = metre; n = number; RCA = right coronary artery; SBP = systolic 

blood pressure; TIMI = thrombolysis in myocardial infarction; Yrs = Years;  

 

 OSA 

n= 143 

No Hx of OSA 

n= 1720 

p-value 

Age (yrs) 63.3 ( 12.5) 65.0 ( 13.8) 0.11 

Male (n) 117 (81.8%) 1319 (76.7%) 0.16 

BMI (kg/m2) 30.2 ( 6.3) 27.0 ( 4.6) <0.0001 

Cardiovascular risk factors 

     Hypertension (n) 

     Hypercholesterolaemia (n) 

     Smoking (n) 

          Never 

          Previous 

          Current 

     Diabetes Mellitus (n) 

     Family History of premature CAD (n) 

 

85 (61.1%) 

65 (47.4%) 

 

51 (45.5% 

31 (27.7%) 

30 (26.8%) 

31 (22.6%) 

39 (31.2%) 

 

722 (45.1%) 

612 (38.4%) 

 

553 (39.7%) 

400 (28.7%) 

440 (31.6%) 

247 (15.9%) 

419 (28.9%) 

 

<0.0001 

<0.05 

0.43 

 

 

 

<0.05 

0.59 

Pre Hospital Cardiac Arrest (n) 15 (10.5%) 203 (11.8%) 0.64 

Thrombolysis (n) 15 (10.6%) 207 (12.2%) 0.56 

Prior Stent (n) 25 (17.7%) 161 (9.4%) <0.01 

Culprit Vessel (n) 

     RCA 

     LCx 

     LAD 

 

68 (47.5%) 

20 (14.0%) 

55 (38.5%) 

 

641 (37.3%) 

249 (14.5%) 

830 (48.2%) 

<0.05 

TIMI Flow>1 at angiography (n) 48 (33.6%) 563 (32.7%) 0.84 

Heart Rate (bpm) 83.1 ( 19.7) 79.6 ( 19.9) 0.90 

SBP (mmHg) 124.6 ( 27.2) 122.5 ( 28.3) 0.36 

Rentrop (n) 

     0  

     1 

     2 

     3 

 

73 (51.0%) 

19 (13.3%) 

40 (28.0%) 

11 (7.7%) 

 

1136 (66.0%) 

236 (13.7%) 

308 (17.9%) 

40 (2.3%) 

<0.0001 

Robust Collaterals (n) 51 (35.7%) 348 (20.2%) <0.0001 

CC Grade (n) 

     0 

     1 

     2 

 

93 (65.0%) 

19 (13.3%) 

31 (21.7%) 

 

1328 (77.2%) 

234 (13.6%) 

158 (9.2%) 

<0.0001 

Stenosis in Donor Vessel (%) 44.6 ( 24.0) 42.5 ( 25.4) 0.26 

CTO in remote vessel (n) 13 (9.1%) 103 (6.0%) 0.14 

Ischaemic Time (hours) 8.3 ( 11.8) 8.0 ( 10.7) 0.55 
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Table 14.2: Percutaneous Coronary Intervention Characteristics  

 

ECMO = extracorporeal membrane oxygenation; GPIIbIIIA = glycoprotein IIb/IIIa; IABP = 

intra-aortic balloon pump; IRA = infarct related artery; mm = millimetres; No. = number; 

PCI = percutaneous coronary intervention; pPCI = primary percutaneous coronary 

intervention; TIMI = thrombolysis in myocardial infarction;  

 

 

14.4.2 Clinical Outcomes & Survival  

 

With respect to in-hospital outcomes (Table 14.3), patients with a history of OSA had a lower 

rate of LV impairment (50.7% vs 63.1%, p<0.01) and a higher left ventricular ejection 

fraction (LVEF) (50.3% vs 46.7%, p<0.0001). Patients with OSA also had a lower peak 

troponin I level (26,452ng/L vs 39,469ng/L, p<0.01) however there were no differences in 

rates of in-hospital mortality or ICU admissions.  

 

Table 14.3: In-Hospital Outcomes 

 

 OSA 

n=143 
No Hx of OSA 

n= 1720 

p-value 

LV impairment (n) 70 (50.7%) 1044 (63.1%) <0.01 

LVEF (%) 50.3 ( 8.7) 46.7 ( 10.3) <0.0001 

Troponin (ng/L) 26,452.5 (11,291.2 – 94,793.7) 39,469 (8,747.7 – 53,434) <0.01 

Mortality (n) 5 (3.5%) 124 (7.2%) 0.09 

ICU admission (n) 23 (16.3%) 269 (15.9%) 0.89 

ICU = intensive care unit; ng = nanograms; L = litre; LV = left ventricular; LVEF = left 

ventricular ejection fraction; 

 

 

 OSA 

n= 143 
No Hx of OSA 

n= 1720 

p-value 

pPCI performed (n) 136 (95.1%) 1578 (91.7%) 0.08 

No. of stents (n) 1.2 ( 0.6) 1.1 ( 0.6) 0.16 

Length of stents (mm) 33.0 ( 17.3) 29.8 ( 16.0) <0.05 

TIMI Flow Post PCI <3 (n) 8 (5.6%) 180 (10.4%) 0.06 

GPIIbIIIa Inhibitor (n) 75 (53.6%) 927 (54.9%) 0.76 

Inotrope use during intervention (n) 19 (13.4%) 250 (14.5%) 0.70 

Ventricular Arrhythmia (n) 6 (4.2%) 118 (6.9%) 0.22 

IABP/ECMO (n) 2 (1.7%) 42 (2.7%) 0.52 

Non-IRA stented (n) 2 (2.0%) 97 (7.1%) 0.05 



SECTION VIII 

Chapter 14: OSA in STEMI – Role of Coronary Collaterals  

 

 285 

Kaplan-Meier survival analysis showed no difference in long term mortality between patients 

with OSA and those without, with a mean survival of 83 months vs 89.3 months (p=0.14) 

[Figure 14.1]. 

 

Figure 14.1: Kaplan Meier Curve showing survival in patients with and without OSA. 

 

14.5 Discussion 
 

A history of OSA in patients presenting with STEMI undergoing pPCI is associated with 

increased robustness of coronary collaterals. This results in a reduction in myocardial 

necrosis as evaluated by serum biomarker release and improved left ventricular function. The 

prevalence of OSA in the current population of patients with STEMI was 7.7%, which is 

significantly higher than in another study of such patients, which utilised in-patient medical 

records to identify a prevalence of 1.3% (19). However, the rates were lower than in other 
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forms of acute coronary syndrome (ACS) patients (20,21). This disparity may be attributable 

to differing rates of OSA between different forms of ACS, or perhaps more likely, due to 

differing rates based on inclusion criteria, between self-reporting, previously documented in 

medical records and polysomnographic confirmed diagnoses.  

 

There is limited but conflicting data regarding the effects of OSA on coronary collaterals. 

The results of the current study are similar to a study of 71 patients admitted following 

STEMI who underwent polysomnography, finding those patients with higher apnoea–

hypopnea index had more robust collaterals (22). However in another study of 86 patients 

presenting with acute myocardial infarction, there was no correlation between degree of 

collaterals and sleep apnoea hypopnoea syndrome (23). Both these studies were relatively 

small with the latter including patients of Chinese ethnicity only with a mean BMI of 25.6 

kg/m2 and a mean age of 52.4 years, which may reflect a differing specific population to 

those seen in other demographics. Furthermore, in the setting of a CTO (24), a previous study 

found that patients with OSA had greater rates of robust collaterals compared to those who 

did not (25). One proposed mechanism for the association between OSA and collaterals is 

that sleep disordered breathing may activate adaptive mechanisms that improve endothelial 

function (26).  

 

Patients with OSA had a higher BMI (27) and were more likely to have a diagnosis of 

hypertension (28) and diabetes mellitus (29) than those patients who did not, an association 

which has been extensively described in the literature. This is unsurprising given the 

epidemiological relationship between OSA and metabolic syndrome as well as the growing 

literature suggesting a causal relationship mediated through inflammation, hypoxia and 

generation of reactive oxygen species (ROS).  
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Patients with OSA have significant nocturnal haemodynamic alterations, often in extremes, 

with changes in heart rate, systemic arterial blood pressure and cardiac function (30,31). 

Bradycardia and ventricular asystole are commonly associated with OSA (32) and are 

believed to be mediated through hypoxia induced autonomic nervous system activation. A 

lower resting heart rate has been associated with reduced cardiovascular mortality (33,34), 

including following acute coronary syndrome (35). Although a lower mortality rate was not 

identified in the present study, the beneficial effects on LV function may stem from this 

finding. Furthermore, bradycardia has been associated with better coronary collateral 

recruitment (36), which may be a result of increased coronary and capillary blood flow 

during diastole and resultant increased shear stress and tensile force on the immature 

collateral vessels. Given the significant relationship between patients with OSA and well 

developed collaterals in this study, this may be mediated through episodic bradycardia.  

 

The role between hypoxia and coronary collaterals remains controversial, with hypoxia being 

the predominant mediator of angiogenesis, it is less well understood for its role in 

arteriogenesis, the maturation of pre-existing arteriolar connections into collaterals. 

Intermittent hypoxia can lead to oxidative stress by reducing reductive molecules during 

hypoxia and increasing ROS during reoxygenation, termed an ischaemia-reperfusion injury 

(37). In the setting of coronary revascularisation (and reperfusion), an influx of ROS results 

in cellular destruction, leading to stunning and necrosis of tissue mediated by the effects of 

ROS on cell death by lipid peroxidation, interruption of survival signalling pathways by 

protein modification, and DNA damage (38). Whilst ROS generation is believed to accelerate 

the development of cardiovascular disease (39), there is increasing evidence that their 

presence is necessary for coronary collateral growth with a so called “redox window” (40) 

whereby some degree of ROS is required for collateral growth, although a state of oxidative 
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stress is detrimental. Indeed, ischaemic pre-conditioning, whereby brief, intermittent 

ischaemia to an organ, renders it tolerant to subsequent ischaemia and reperfusion, is 

mediated, in part through promotion of collaterals (41). The strong finding of increased 

collaterals in patients with OSA may alternatively be mediated through intermittent hypoxia. 

 

Previously studies have shown that the presence of robust collaterals is associated with 

improvement in left ventricular function (17). This protective effect of coronary collaterals on 

degree of myocardial damage is also manifested with a reduction in peak serum troponin, 

which is a marker of left ventricular function and expected recovery following 

revascularisation (42). In a smaller study of 127 patients admitted with an ACS, patients with 

OSA also had a significantly lower troponin than in patients without OSA although no 

comment on degree of collaterals was made (11). 

 

14.5.1 Limitations 

 

This is the largest study to date assessing the impact of OSA on outcomes in patients with 

STEMI, however being a retrospective single centre study has inherent limitations. Whilst 

formally documented apnoea-hypopnoea index to confirm the diagnosis of OSA was not 

performed, self-reported medical history from patients has been shown to be reliable (43). 

Nevertheless as not all patients were screened for OSA, it is probable that a number of 

patients with undiagnosed OSA were included in the study, and hence the observed 

prevalence of 7.7% is likely to be an underestimate. This makes the finding of greater 

collaterals in OSA patients conservative. Furthermore, the severity of OSA as well as 

whether patients were being treated with positive pressure therapy was not recorded. Given 

the known challenges of positive airway pressure in the real world many patients may be 

receiving suboptimal therapy. These confounders may have significant implications for 
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effect, and in particular  the protective effect of collaterals may be lost with more severe or 

untreated OSA. These factors underline the importance of further prospective research into 

the cardiovascular implications of OSA following STEMI.  

 

14.6 Conclusions 
 

 

Patients with a history of OSA who present with STEMI appear to have more robust coronary 

collaterals diagnosed on angiography which likely facilitate in mediating lower myocardial 

necrosis as determined by higher left ventricular function and lower serum biomarker release. 

The mechanism of collateral recruitment is likely through hypoxia mediated endothelial 

activation, inflammation and reactive oxygen species formation. Further studies are required 

to determine the pathophysiological basis of this finding and to determine potential 

therapeutic and management implications for patients with OSA.  
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Chapter 15: Obstructive Sleep Apnoea (OSA) in patients with a 

coronary chronic total occlusion (CTO) is associated with robust 

collaterals and reduced mortality 
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15.1 Abstract 
 

 

Background: A chronic total occlusion (CTO) is frequently identified in patients undergoing 

coronary angiography. The prognostic implications of intermittent hypoxia from Obstructive 

Sleep Apnoea (OSA) on patients with a CTO, and effects on collateral recruitment, are 

unknown. The aim of this study was to determine the prevalence, vascular effects and 

prognostic implications of the presence of OSA in patients with a CTO.  

 

Methods: Patients with an angiographically confirmed CTO between July 2010 and 

December 2019 were reviewed. Electronic medical records were accessed to determine 

documented history of OSA, demographics and clinical course. Patients with robust collateral 

recruitment were defined as Rentrop grade 2 or 3.  

 

Results: 948 patients were included in the study, of which 127 (13.4%) had a documented 

history of OSA. OSA patients were younger (67.0 years vs 70.6 years, p<0.01), had a higher 

BMI (29.6kg/m2 vs 26.7 kg/m2, p<0.0001), higher rates of hypertension (91.3% vs 83.2%, 

p<0.05), higher rates of smokers (63.3% vs 49.0%, p<0.01) and more use of beta blockers 

(79% vs 68.5%, p<0.05) and statins (92.7% vs 82.1%, p<0.01).  A documented history of 

OSA was independently associated with robust collaterals (OR: 3.0 95%CI: 1.5 – 5.8, 

p<0.01) and lower mortality (HR: 0.3 95% CI: 0.1 – 0.7, p<0.01) with a mean survival of 

10.8 years, as compared to 8.1 years (log rank p<0.0001).  

 

Conclusions: In patients with a CTO, documented OSA is independently associated with 

more robust coronary collaterals and lower mortality. The possible cardioprotective 

implications of intermittent hypoxia in OSA, as well as treatment effect requires further 

investigation.  
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15.2 Introduction 
 

A coronary chronic total occlusion (CTO) (1) is identified in almost 7% of patients 

presenting with an acute coronary syndrome (2) and 18-52% of patients with stable coronary 

artery disease (CAD) (3-6). The precise aetiology and predictors of collateral recruitment and 

maturation, vital for the development of a CTO, remain uncertain (7,8). However, one of the 

possible mechanisms by which this may occur is through ischaemic preconditioning (9), 

whereby brief, intermittent ischaemia, renders tissue, either remote to, or at the site of, 

tolerant to subsequent ischaemia (10).  

 

Obstructive sleep apnoea (OSA) is a chronic, sleep-related breathing disorder characterised 

by periodic obstruction of the pharyngeal airway during sleep, resulting in repetitive apnoeas 

(11). The prevalence of OSA in patients with CAD is 38-65% (12). The hallmarks of OSA, 

namely intermittent hypoxia, frequent arousals from sleep, and exaggerated intrathoracic 

pressure swings have acute and chronic effects on haemodynamics and cardiovascular 

function. Thus it is plausible, that the concurrent presence of OSA may be associated with 

development of, and in turn prognosis in, patients with a CTO. The aim of this study was to 

determine the prevalence of OSA in patients with an angiographically diagnosed CTO, as 

well as determine the prognostic implications of the presence or absence of OSA on 

outcomes in patients with a CTO. The secondary aim of the study was to determine the 

predictors of coronary collaterals in this population.  
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15.3 Methods 

 

15.3.1 Patient Selection 

 

All patients undergoing diagnostic coronary angiography at a tertiary centre from July 2010 

to December 2019 were reviewed. Patients were identified through a commercially available 

reporting system on a local server (McKesson, Irving TX, USA). Patients who had had a 

prior coronary artery bypass graft (CABG) were excluded from the analysis to allow 

characterisation of native collaterals alone. Patients presenting with ST elevation myocardial 

infarction (STEMI), whereby acute recruitment of robust collaterals is associated with 

improved prognosis (13), were also excluded to focus on patients with chronically developed 

collaterals. To ascertain whether patients had a co-existent diagnosis of OSA, electronic 

medical records and records from the hospital’s sleep investigation laboratory, were reviewed 

to identify a documented history of OSA. Procedural characteristics, in-hospital course along 

with left ventricular function, and biochemical results were also reviewed.  

 

15.3.2 Angiographic & Collateral Assessment 

 

The presence and degree of collaterals was graded according to the Rentrop (14), and 

Collateral Connection (CC) (15) grades. The donor vessel was defined as the epicardial 

vessel which provided the predominant collaterals to the occluded vessel. Emergent 

indication for coronary angiography was defined as acute coronary syndrome, including 

unstable angina and non ST elevation myocardial infarction or ventricular arrhythmia or 

cardiac arrest not fulfilling criteria for STEMI. Left ventricular impairment was defined as 

left ventricular ejection fraction (LVEF)  50% as determined by echocardiography, or if 

unavailable, by ventriculography during angiography. Valvular heart disease was defined as 

moderate or severe mitral or aortic valve disease as determined on echocardiography. CTO 

percutaneous coronary intervention (CTO PCI) technical success was defined as <30% 
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residual diameter stenosis within the treated segment and restoration of Thrombolysis in 

Myocardial Infarction (TIMI) grade 3 antegrade flow. Management of the CTO was based 

upon both intention to treat and ‘as treated’. Project approval by the local human ethics 

committee was obtained prior to data analysis.  

 

15.3.3 Statistical Analysis 

 

Categorical variables were reported as percentages, whilst continuous variables were 

presented as means ( standard deviation) or as medians and interquartile ranges, depending 

on distribution of data. Comparisons between groups were performed using Pearson’s chi 

square test for all categorical variables. Continuous variables were firstly assessed by the 

Shapiro-Wilk test to ascertain normality of distribution, after which, a student’s T-Test  was 

used for normally distributed data, while the Mann-Whitney U test was used for continuous 

data not distributed normally. Multivariate logistic regression analyses were performed to 

determine variables associated with the recruitment of robust collaterals, which was built by 

forward linear regression. Variables included in the model were those which had a correlation 

on univariate analysis with robust collateral recruitment, with entry and exit criteria of 

variables included in the model set at p<0.01. Cox regression analysis was performed to 

determine the independent predictors of mortality with entry set at p<0.05 and removal at 

p<0.1 from the model. All tests were 2-sided, and a p < 0.05 was considered statistically 

significant. Analyses were performed using SPSS (version 24, IBM, New York, New York). 

 

15.4 Results 
 

15.4.1 Patient Demographics & Baseline Characteristics 

A total of 948 patients with a CTO were identified over the study period, of which 127 

(13.4%) had a documented history of OSA within their medical records, while 821 (86.6%) 
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patients had no documented history of OSA. The mean age was 70.2 years ( 12.3) with 773 

(81.5%) males. The indication for angiography was stable angina in 458 (48.3%) with the 

remaining 490 patients having emergent indications. The CTO vessel was the left anterior 

descending artery (LAD) in 224 (23.6%) patients, the left circumflex artery (LCx) in 197 

(20.8%) patients and the right coronary artery (RCA) in 527 (55.6%) patients. Two hundred 

and twenty patients (23.2%) had an attempt at CTO percutaneous coronary intervention 

(PCI), of which 185 (84.1%) achieved technical success. 291 patients (30.7%) underwent 

coronary artery bypass grafting, whilst 472 (48.8%) underwent medical management to the 

CTO, including PCI to a non-CTO lesion.  

 

Baseline and angiographic differences between patients with documented OSA and those 

without OSA are summarised in table 15.1. Patients with OSA were younger (67.0 years vs 

70.6 years, p<0.01), had a higher BMI (29.6kg/m2 vs 26.7kg/m2, p<0.0001), higher rates of 

hypertension (91.3% vs 83.2%, p<0.05) and higher rates of smokers (63.3% vs 49.0%, 

p<0.01) compared to those without a history of OSA. With respect to medications at the time 

of angiography, patients with a documented history of OSA were more likely to be prescribed 

beta blockers (79% vs 68.5%, p<0.05) and statins (92.7% vs 82.1%, p<0.01).   
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Table 15.1 Baseline Characteristics in patients with and without a documented history of 

OSA 

Variable OSA 

n = 127 

No OSA 

n = 821 

p-value 

Age (yrs) 67 ( 14.1) 70.6 ( 12.0) <0.01 

Male Sex 108 (85%) 665 (81.0%) 0.27 

BMI (kg/m2) 29.6 (26.2 – 33.6) 26.7 (24.0 – 29.9) <0.0001 

Risk Factors 

   Hypertension 

   Hypercholesterolaemia 

   Smoking History 

      Never 

      Ex-Smoker 

      Current 

   Diabetes Mellitus 

 

116 (91.3%) 

111 (87.4%) 

 

44 (36.7%) 

59 (49.2%) 

17 (14.2%) 

49 (38.9%) 

 

672 ( 83.2%) 

647 (80.7%) 

 

385 (51.0%) 

260 (34.4%) 

110 (14.6%) 

277 (35.0%) 

 

<0.05 

0.07 

 

<0.01 

 

 

0.39 

Previous AMI 49 (39.5%) 256 (32.5%) 0.12 

Medications 

   Aspirin 

   P2Y12 Inhibitor 

   Beta Blockers 

   ACE-I/ARB 

   Nitrates 

   Statin 

 

109 (87.9%) 

78 (62.9%) 

98 (79.0%) 

76 (61.3%) 

30 (24.2%) 

115 (92.7%) 

 

670 (86%) 

458 (58.8%) 

534 (68.5%) 

488 (62.6%) 

145 (18.6%) 

640 (82.1%) 

 

0.57 

0.39 

<0.05 

0.77 

0.14 

<0.01 

LVEF (%) 55 (40 – 55) 55 (40 – 60) 0.93 

LV Impairment 59 (47.6%) 363 (46.1%) 0.76 

Valvular Heart Disease 10 (9.3%) 96 (13.7%) 0.20 

Emergent Indication for angiogram 58 (45.7%) 432 (52.6%) 0.14 

Number of CTOs 

   1 

   2 

   3 

 

103 (81.1%) 

21 (16.5%) 

3 (2.4%) 

 

677 (82.5%) 

135 (16.4%) 

9 (1.1%) 

0.49 

CTO Vessel 

  LAD 

  LCx 

  RCA 

 

26 (20.5%) 

20 (15.7%) 

81 (63.8%) 

 

198 (24.1%) 

177 (21.6%) 

446 (54.3%) 

0.12 

CTO of stented vessel 11 (8.7%) 41 (5.0%) 0.09 

Stenosis in Donor Vessel (%) 50 (30 - 72.5) 50 (30 - 75) 0.81 

Rentrop  

   0/1 

   2 

   3 

 

11 (8.7%) 

75 (59%) 

41 (32.3%) 

 

154 (18.8%) 

500 (60.9%) 

167 (20.3%) 

<0.001 

Collateral Connection Score (CCS) 

   0 

   1 

   2 

 

6 (4.7%) 

27 (21.3%) 

94 (74.0%) 

 

55 (6.7%) 

201 (24.5%) 

565 (68.8%) 

0.46 

*ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensin II receptor blocker 

AMI = acute myocardial infarction; BMI = body mass index; CTO = chronic total occlusion; 

LAD = left anterior descending artery; LCx = left circumflex artery; LV = left ventricular, 

LVEF = left ventricular ejection fraction; OSA = obstructive sleep apnoea; RCA = right 

coronary artery.  
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15.4.2 Angiographic Data & Management 

 

Patients with a documented history of OSA had a significantly higher rate of robust (Rentrop 

grade 2 or 3) collaterals (91.3% vs 81.2%, p<0.001) compared to those without a documented 

history of OSA. There were no differences in the CCS (p=0.46) or management strategies 

with respect to intention to revascularise the CTO (p=0.10), successful CTO revascularisation 

(p=0.23) or final management of the CTO (p=0.49) (Table 15.2).  

 

Table 15.2: Management of patients with a CTO stratified by history of OSA.  

 OSA 

n = 127 

No OSA 

n = 821 

p-value 

CTO Revascularisation (ITT) 77 (60.6%) 434 (52.9%) 0.10 

Successful CTO Revascularisation (PCI or CABG) 70 (55.1%) 406 (49.4%) 0.23 

Management 

    CTO PCI 

    CABG 

    Medical Management 

    PCI to Non Donor Vessel 

    PCI to Donor Vessel 

 

27 (21.2%) 

43 (33.9%) 

36 (28.3%) 

9 (7.1%) 

12 (9.4%) 

 

158 (19.2%) 

248 (30.2%) 

246 (30.0%) 

90 (11.0%) 

79 (9.6%) 

0.66 

Final Management of CTO 

   CTO PCI 

   CABG 

   Medical Management 

 

27 (21.3%) 

43 (33.9%) 

57 (44.9%) 

 

158 (19.2%) 

248 (30.2%) 

415 (50.5%) 

0.49 

*CABG = coronary artery bypass grafting; CTO = chronic total occlusion; ITT = intention 

to treat; PCI = percutaneous coronary intervention;  

 

Multivariate analysis was performed to determine the independent predictors of robust 

collaterals, with variables which had a correlation on univariate analysis of p<0.10 included 

in the model, namely; a documented history of OSA, beta blocker therapy, a history of 

hypertension and BMI. The independent predictors or robust collaterals were a documented 

history of OSA (OR: 3.0 95%CI: 1.5 – 5.8, p<0.01), whilst a history of hypertension (OR: 0.4 

95%CI: 0.2 – 0.7, p<0.01) and beta blockers (OR: 0.5 95%CI: 0.3 – 0.8, p<0.01) were 

associated with poorer collaterals (Table 15.3).  
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Table 15.3: Independent predictors of Robust Collaterals   

 

15.4.3 Clinical Outcomes & Morality  

 

Cox regression analysis was performed to determine the independent predictors of mortality. 

The variable included in the model were; age, history of OSA, male sex, multiple CTOs, 

Rentrop grade, history of diabetes mellitus, body mass index (BMI), indication for diagnostic 

angiography, CTO revascularisaton and left ventricular impairment. The independent 

predictors of mortality were older age (HR: 1.6 for every 10 years of age 95%CI: 1.4 – 1.9, 

p<0.0001), a history of diabetes mellitus (HR: 1.8, 95%CI: 1.2 – 2.5, p<0.01) and left 

ventricular impairment (HR: 2.3, 95% CI: 1.6 – 3.4, p<0.0001). Meanwhile, a documented 

history of OSA was associated with a significant reduction in mortality (HR: 0.3, 95% CI: 0.1 

– 0.7, p<0.01), as was CTO revascularisaton (HR: 0.5, 95%CI: 0.4 – 0.8, p<0.01). Patients 

with a documented history of OSA had a mean survival of 10.8 years, as compared to 8.1 

years for patients without a documented history of OSA (p<0.01) [Figure 15.1]. 

 

 

 

 

Variable Odds Ratio 95% CI p-value 

History of OSA 3.0 1.5 – 5.8 <0.01 

Beta Blockers 0.5 0.3 – 0.8 <0.01 

Hypertension 0.4 0.2 – 0.7 <0.01 
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Figure 15.1: Survival in patients with and without documented OSA following diagnosis of a 

CTO on coronary angiography 

 

15.5 Discussion 
 

In patients with a CTO, a documented history of OSA was identified in 14.1% of patients, 

and was associated with robust coronary collaterals and lower mortality. The prevalence of 

OSA in patients with stable coronary disease is likely underreported, with a cross-sectional 

study of 772 patients finding OSA in 38.9% of these patients (16). Whilst this was higher 

than in the present study, this may reflect differing populations of all-comers with CAD as 

compared to only patients with a CTO as in the current study. Alternatively, this may be due 

to the methods of diagnosis of OSA, whereby the former study performed polysomnography 

in all patients, the current study utilized medical record linkage to determine the diagnosis of 

OSA.  
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There is increasing evidence that OSA is associated with development of CAD, as a result of 

increased oxidative stress, poorly controlled hypertension, increased sympathetic nervous 

system activity and endothelial dysfunction (17). Furthermore, in patients with stable CAD 

undergoing PCI, the presence of OSA is associated with poorer prognosis (18). However, in 

the setting of a CTO, a diagnosis of OSA was independently associated with robust coronary 

collaterals. These findings are similar to a previous small study of 34 patients (19) with a 

CTO, of whom 15 had polysmographically confirmed sleep apnoea (Apnoea-Hypopnoea 

index >10/hr), whereby patients with OSA were alo found to have more robust coronary 

collaterals. This cardioprotective mechanism may be driven by intermittent hypoxia, the 

hallmark of OSA, resulting in upregulation of transcription factors associated with collateral 

development, including vascular endothelial growth factor (VEGF) (20,21) and hypoxia 

inducible factor 1 (HIF-1) (21). Meanwhile the complex interplay between OSA and 

generation of reactive oxygen species (ROS) (22), and the so-called “redox window”, 

whereby an equilibrium of oxidative and reductive factors are necessary for the maturation of 

collaterals is also likely implicated in this association (8). 

 

Patients with a CTO and concurrent diagnosis of OSA were younger, had a higher BMI and 

were more likely to have a history of hypertension and prior or current smoking history. 

Despite the close relationship between OSA and development of systemic hypertension (23), 

patients with a documented history of hypertension are less likely to have robust collaterals 

(24), related to endothelial dysfunction (25). It is possible that the putative advantage of 

intermittent hypoxia may override any disadvantage of systemic hypertension on collateral 

maturation in patients with OSA. A documented history of OSA was associated with greater 

usage of beta blocker therapy, which may be attributed to higher rates of atrial fibrillation 

(26), although this was not assessed in the current study. A lower resting heart rate is 
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associated with more robust collaterals, possibly due to prolonged diastolic time and 

promotion of endothelial shear stress (27,28), although whether exogenous beta blockers 

have similar effects is controversial (29). Furthermore, patients with OSA were more likely to 

be taking statins, which has also been independently associated with more robust collaterals 

(30).  

 

The presence of a documented history of OSA was independently associated with 70% lower 

risk mortality in patients with a CTO, irrespective of revascularisation strategy, age or left 

ventricular dysfunction. This protective effect of OSA with respect to developing collaterals, 

may explain the paradoxical finding of a survival advantage in older patients with OSA (31), 

who may have developed protective collaterals. It is possible that intermittent hypoxia and 

resultant ischaemic preconditioning is protective against future cardiovascular events. This is 

particularly relevant, as any potential advantage of OSA with respect to mortality cannot 

simply be explained by demographic variations. Whilst the presence of a CTO has been 

associated with poorer prognosis, including mortality, recent data from randomised trials 

have not shown an improvement in mortality with percutaneous revascularisation (32). Non-

randomised trials have consistently shown that compared to either medical management, or 

failed CTO PCI, revascularisation is associated with a significant improvement in survival 

(33-35). Future studies assessing the implications of a concurrent diagnosis of OSA in 

patients with CTO and, indeed, stable coronary disease should be considered. Furthermore, 

the effect of treatment of OSA should also be prospectively studied to ascertain whether the 

apparent protective effect of OSA remains.  

 

 

 



SECTION VIII 

Chapter 15: OSA in CTO 

 

 306 

15.5.1 Limitations 

 

This is the largest study of patients with a CTO to assess the prognostic implications of a 

concurrent diagnosis of OSA, however given this is a single centre retrospective study, there 

are inherent limitations. Most importantly, OSA diagnosis was based on medical records, 

which, although reliable (36), presumably under-estimates the prevalence of OSA. 

Furthermore, the impact of severity or treatment on patients with OSA was not determined. 

These confounders may have significant implications for effect, and in particular the 

protective effect of collaterals may be lost with more severe or untreated OSA. These factors 

underline the importance of further prospective research into the cardiovascular implications 

of OSA in patients with stable coronary disease and CTOs.  

 

15.6 Conclusion 
 

In patients with a CTO, a concurrent documented diagnosis of OSA is independently 

associated with more robust coronary collaterals, and subsequently independently associated 

with reduced mortality. The cellular processes and mechanism by which collaterals are 

recruited and matured require further investigations, and may include hypoxia mediated 

endothelial activation, reactive oxygen species formation and upregulation of transcription 

factors implicated in collateral recruitment. The apparent protective effect of OSA on 

mortality in patients with CTO also requires further investigation to identify the underlying 

mechanisms of an apparent “sleep apnoea collateral paradox”. Further studies should be 

performed to ascertain the pathophysiological basis of these findings and to determine 

therapeutic and management implications for patients with OSA. 
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Chapter 16: The Severity of Obstructive Sleep Apnoea (OSA) 

Impacts on Coronary Collateral Recruitment during Coronary 

Occlusion  
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16.1 Abstract 
 

Background & Aims: Obstructive sleep apnoea (OSA) and its resultant hypoxia and 

downstream tissue ischaemia along with effects on coronary blood flow, may affect the 

ability to recruit coronary collaterals. The aim of this study was to determine whether the 

severity as determined by plethysmography, of OSA affects collateral recruitment and 

maturation in patients with total coronary occlusions.  

 

Methods: All patients with total coronary artery occlusion, either in the setting of an ST 

elevation myocardial infarction (STEMI) or chronic total occlusion (CTO) were reviewed. 

Subsequently, records from the sleep investigation laboratory were reviewed to identify those 

patients who had undergone diagnostic polysomnography. Robust coronary collaterals were 

defined as those with Rentrop grade 2 or 3 angiographic collaterals.  

 

Results: Sixty four patients with a total coronary occlusion had diagnostic polysomnography 

performed, of whom 60 patients had OSA. Thirty two patients (53.3%) has poor collaterals 

while 28 (46.7%) had robust collaterals. Twenty four (40%) patients had mild OSA, 10 

(16.7%) were diagnosed as moderate OSA and 26 (43.3%) patients had severe OSA.  

 

Patients with robust collaterals were more likely to be males (96.4% vs 74.3%, p<0.05), more 

likely to have a history of hypercholesterolaemia (88.9% vs 51.6%, p<0.01) and be currently 

taking a statin (70.4% vs 32.3%, p<0.01). Patients with robust collaterals had a lower apnoea-

hypopnoea index (AHI) (13.6 vs 45.5, p<0.05), a higher MinSaO2 (85.4% vs 79.8%, p<0.05), 

less time SaO2 <90% (0mins vs 30.4mins, p<0.05) and lower oxygen desaturation index (6.9 

vs 26.8, p<0.05).   
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Conclusion: The presence of more severe OSA is associated with poorer coronary collateral 

recruitment in patients with total coronary artery occlusion. This process likely stems from 

direct effects of hypoxia and ischaemia as well as alterations in coronary blood flow and 

endothelial function. The effect of treatment of OSA on subsequent ability to recruit 

collaterals and other cardioprotective mechanisms requires further research.  
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16.2 Introduction 
 

The coronary collateral circulation is a rich anastomotic network of primitive vessels, which 

have the ability to augment in size, connecting the territory supplied by one epicardial 

coronary artery with that supplied by another. Although ubiquitous in all species to varying 

degrees (1), the processes by which collaterals mature and function, remain uncertain (2). 

The proposed mechanisms by which coronary collaterals are recruited include hypoxia and 

resultant downstream tissue ischaemia, as well as changes in haemodynamic load and 

vascular shear stress. Obstructive sleep apnoea (OSA) is a chronic, sleep-related breathing 

disorder characterised by periodic airway obstruction during sleep, resulting in repetitive 

apnoeas (3). The key clinical manifestations of OSA include intermittent hypoxia, frequent 

arousals from sleep, and exaggerated alterations in intrathoracic pressure, which have effects 

on haemodynamics and cardiovascular function. OSA has been associated with a variety of 

cardiovascular diseases, including systemic and pulmonary hypertension (4,5), coronary 

artery disease, heart failure (6), and atrial fibrillation (7). Whether the severity of OSA is 

associated with the presence, recruitment and function of coronary collaterals, however, has 

not been investigated previously. 

 

The aim of this study was to determine whether the presence of polysomnographically 

defined OSA was associated with visible coronary collaterals in patients presenting with 

acute coronary syndromes, as well as those with a CTO. Furthermore the aim of the study 

was to characterise polysomnographic metrics which correlate with the degree of coronary 

collateral recruitment.  
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16.3 Methods 

 

16.3.1 Patient Selection 

 

 

All patients diagnosed with a total coronary artery occlusion on angiography presenting to a 

tertiary centre between 2010 to 2019 were reviewed. This included patients with a STEMI as 

well as those with a CTO (8). Patients were identified through a commercially available 

angiography reporting system on a local server (McKesson, Irving TX, USA). Patients with a 

previous history of coronary artery bypass graft (CABG) or those without an angiographic 

acquisition of the contralateral artery prior to percutaneous coronary intervention (PCI) were 

excluded. This was to allow accurate quantification of native collaterals arising from the 

contralateral vessel. Subsequently, records from the hospital’s sleep investigation laboratory 

were reviewed to identify those patients, who had undergone diagnostic polysomnography.  

 

16.3.2 Polysomnography 

 

 

Standard nocturnal polysomnography was performed for a clinical indication, with 

electroencephalogram (EEG), electrooculogram, and submental electromyogram (EMG) 

electrodes applied for sleep stage determination as has been previously described (9). 

Respiratory variables included chest wall and abdominal movement, diaphragm EMG, nasal 

airflow and pressure, and oxygen saturation by pulse oximetry. Calculated respiratory 

variables were apnoea-hypopnea index - AHI (number of apnoeas and hypopneas per hour of 

sleep), longest apnoea, mean apnoea-hypopnoea duration, lowest oxyhaemoglobin saturation 

(MinSaO2), oxygen desaturation index - ODI (calculated as the number of times the SaO2 

dropped by ≥4% per hour), and time spent below oxygen saturation of 90%. Apnoea was 

defined as cessation of airflow for at least 10 seconds with oxygen desaturation of more than 

3% and/or associated with arousal. Hypopnoea was defined as a reduction in amplitude of 
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airflow or thoracoabdominal wall movement of greater than 50% of the baseline 

measurement for more than 10 seconds with an accompanying oxygen desaturation of at least 

3% (no time limit), and/or associated with arousal. These events were considered obstructive 

if they occurred in association with continued diaphragm EMG activity and 

thoracoabdominal wall movement. All variables were recorded continuously on a 20-channel 

computerized sleep monitoring system (Compumedics, Vic, Australia). Sleep recordings 

were scored in 30 second epochs by an experienced polysomnographer. An AHI <5 was 

considered normal, while OSA was characterised as mild if the AHI was 5-15/hr, moderate if 

the AHI was 15-30/hr, and severe if the AHI>30/hr.  

 

16.3.3 Angiographic Assessment 

 

Analysis of coronary angiography was performed to determine the presence and maturity of 

collaterals, graded according to the Rentrop classification (10) [figure 16.1]. Rentrop grade 0 

or 1 collaterals were considered poor, while Rentrop grade 2 or 3 were considered robust. 

Left ventricular impairment was defined as a left ventricular ejection fraction (LVEF) of 

≤50%, assessed by transthoracic echocardiogram or if unavailable, ventriculography. 
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Figure 16.1: Rentrop collateral grading of an occluded left anterior descending artery.  

 

A. Rentrop grade 3 – Contrast injection of the right coronary artery (RCA) results in contrast 

opacification of the left anterior descending artery (LAD) via a large epicardial collateral 

(chevron) resulting in complete filling of the occluded LAD and its branches to the ostium 

(star). B. Rentrop grade 2 – Contrast injection of the RCA resulting in contrast opacification 

of septal collaterals (arrows) resulting in partial filling of the occluded LAD (4 point star). C. 

Rentrop grade 1- Contrast injection of the RCA results in filling of the side branch of the 

LAD, the septal artery (arrows) but no opacification of the occluded LAD.  

 

16.3.4 Statistical Analysis 

 

 

Categorical variables were reported as percentages, whilst continuous variables were 

presented as means ( standard deviation) for normally distributed data or as medians and 

interquartile ranges for those in whom data was not normally distributed. Comparisons 

between groups were performed using Fisher’s exact test for all categorical variables. 

Continuous variables were firstly assessed by the Shapiro-Wilk test to ascertain normality of 

distribution, after which, a student’s T-Test  was used for normally distributed data, while the 

Mann-Whitney U test was used for continuous data not distributed normally. All tests were 2-

sided, and a p < 0.05 was considered statistically significant. Analyses were performed using 

SPSS (version 24, IBM, New York, New York). 
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16.4 Results 

 

16.4.1 Patient Demographics & Baseline Characteristics 

 

 

Between 2010 to 2018, 64 patients with an occluded coronary artery on angiography had  

diagnostic polysomnography performed, of which 60 patients had a confirmed diagnosis of 

OSA. Polysomnography was performed a median 2.4 years (IQR: 0.7 – 5.6 years) prior to 

date of angiography.  Twenty patients (33.3%) had a diagnosis of CTO, while 40 patients 

(66.6%) had a STEMI. Of the included population, 32 (53.3%) has poor collaterals while 28 

(46.7%) had robust collaterals. The mean age was 60.7 ( 13.9) with 52 (86.7%) males. 

Twenty four (40%) patients had mild OSA, 10 (16.7%) were diagnosed as moderate OSA 

and 26 (43.3%) patients had severe OSA.  

 

Patients with robust collaterals were more likely to be males (96.4% vs 74.3%, p<0.05), have 

a lower body mass index (BMI) (30.0 kg/m2 vs 27.8 kg/m2, p<0.05), more likely to have a 

history of hypercholesterolaemia (88.9% vs 51.6%, p<0.01) and be currently taking a statin 

(70.4% vs 32.3%, p<0.01) or beta blocker (53.6% vs 25.8%, p<0.05), but less likely to be 

taking a P2Y12 inhibitor (64.3% vs 96.8%, p<0.01). Patients with robust collaterals were 

more likely to present with a CTO (60.7% vs 9.4%, p<0.0001) than those with poor 

collaterals. There was no difference in age (62.8  vs  59.2, p=0.68), left ventricular function 

(50% vs 55%, p=0.41) or occluded vessel (p=0.58) (Table 16.1).  
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Table 16.1: Baseline characteristics in patients with poor and robust collaterals 

* ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; 

CTO = chronic total occlusion; OSA = obstructive sleep apnoea; STEMI = ST elevation 

myocardial infarction;  

 

 

16.4.2 Polysomnographic Data 

 

 

Patients with robust collaterals were more likely to have mild OSA (57.1% vs 25%, p<0.01) 

[Figure 16.2 ] and had a lower AHI (13.6 vs 45.5, p<0.05). Similarly, patients with robust 

collaterals had a higher MinSaO2 compared with those with poor collaterals (85.4% vs 79.8%, 

p<0.05), less time SaO2 was <90% (0mins vs 30.4mins, p<0.05) and lower ODI (6.9 vs 26.8, 

p<0.05) (Table 16.2).   

 Poor Collaterals 

n = 32 

Robust Collaterals 

n = 28 

p-value 

Age (yrs) 62.8 +/- 11.7 59.2 +/- 16.5 0.34 

Male Gender (n) 25 (78.1%) 27 (96.4%) <0.05 

Body Mass Index (kg/m2) 30 (27.5 - 35) 27.8 (23.6 – 30.5) <0.05 

Cardiovascular Risk Factors 

   Hypertension 

   Hypercholesterolaemia 

   Smoking History 

       Never 

       Ex-Smoker 

       Current 

   Diabetes Mellitus 

 

22 (68.7%) 

16 (51.6%) 

 

15 (55.6%) 

8 (29.6%) 

4 (14.8%) 

10 (32.2%) 

 

24 (85.7%) 

24 (88.9%) 

 

15 (60%) 

8 (32%) 

2 (8%) 

6 (23.1%) 

 

0.12 

<0.01 

0.56 

 

 

 

0.44 

Medications 

    Aspirin 

    P2Y12 Inhibitor 

    Beta Blockers 

    ACE-I/ARB 

    Nitrate 

    Statin 

 

32 (100%) 

30 (96.8%) 

8 (25.8%) 

12 (38.7%) 

1 (3.2%) 

10 (32.3%) 

 

28 (100%) 

18 (64.3%) 

15 (53.6%) 

16 (59.3%) 

2 (7.4%) 

19 (70.4%) 

 

N/A 

<0.01 

<0.05 

0.12 

0.47 

<0.01 

Stenosis in donor vessel 50 (35-70) 40 (30-70) <0.0001 

LVEF (%) 50 (44.4 – 60) 55 (40-60) 0.41 

LV Impairment (n) 16 (42.9%) 11 (39.3%) 0.18 

Occluded Vessel (n) 

   LAD 

   LCx 

   RCA 

 

15 (46.9%) 

3 (9.4%) 

14 (43.7%) 

 

10 (35.7%) 

2 (7.1%) 

16 (57.1%) 

0.58 

Presentation (n) 

    CTO 

    STEMI 

 

3 (9.4%) 

29 (90.6%) 

 

17 (60.7%) 

11 (39.3%) 

<0.0001 
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Table 16.2: Polysomnographic characteristics in patients with poor and robust collaterals 

OSA = obstructive sleep apnoea; SaO2 = oxygen saturation by pulse oximetry;  Defined as 

Epworth Sleepiness Scale >10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Poor Collaterals 

n = 32 

Robust Collaterals 

n = 28 

p-value 

OSA Severity (n) 

   Mild 

   Moderate 

   Severe 

 

8 (25%) 

4 (12.5%) 

20 (62.5%) 

 

16 (57.1%) 

6 (21.4%) 

6 (21.4%) 

<0.01 

Moderate or Severe OSA (n) 24 (75%) 12 (42.9%) <0.05 

Apnoea Hypopnoea Index (AHI) 

(/hr) 

45.5 (17.2 – 63.6) 13.6 (8.9 – 25.5) <0.05 

Longest Apnoea (sec) 43.4 +/- 18.5 40.6 +/- 31.6 0.69 

Mean apnoea-hypopnoea duration 

(sec) 

26.9 (22.9 – 29.6) 28.3 (24.1 – 32.2) 0.19 

Minimum SaO2 (%) 79.8 +/- 9.5 85.4 +/- 9.7 <0.05 

O2 Desaturation Index (n) 26.8 (6.8 – 42.8) 6.9 (3.8 – 11.9) <0.05 

SaO2<90 (mins) 30.4 (3.3 – 88.1) 0 (0 – 0.9) <0.01 

Epworth Sleepiness Score (n) 6.9 +/- 4.3 7.3 +/- 4.4 0.81 

Excessive Daytime Sleepiness 3 (13.6%) 3 (20%) 0.61 
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Figure 16.2: OSA severity in patients with poor and robust coronary collaterals 

 

 

Left panel: Distribution of OSA severity in patients with poor and robust collaterals. Top 

right panel: Apnoea-hypopnoea index in patients with poor and robust collaterals. Right 

centre panel: MinSaO2 in patients with poor and robust collaterals. Bottom right panel: ODI 

in patients with poor and robust collaterals. 

 

Sub-group analysis was performed in patients who presented with a CTO (Table 16.3) and 

those who presented with a STEMI (Table 16.4). In patients presenting with a CTO, 17 

(85%) has robust collaterals. Those with robust collaterals were more likely to have mild 

OSA (58.8% vs 0%, p<0.05).  
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Table 16.3: Baseline characteristics and polysomnography metrics in patients with a CTO.  

* ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; 

OSA = obstructive sleep apnoea; SaO2 = oxygen saturation by pulse oximetry; STEMI = ST 

elevation myocardial infarction;  Defined as Epworth Sleepiness Scale >10 

 

 

 Poor Collaterals 

n = 3 

Robust Collaterals 

n = 17 

p-value 

Age (yrs) 60.3  1.7 58.3 19.4 0.68 

Male Gender (n) 3 (100%) 16 (94.1%) 0.67 

Body Mass Index (kg/m2) 37.0 (36.8 – 39.5) 27.2 (23.1 – 29.0) <0.01 

Cardiovascular Risk Factors 

   Hypertension 

   Hypercholesterolaemia 

   Smoking History 

       Never 

       Ex-Smoker 

       Current 

   Diabetes Mellitus 

 

3 (100%) 

2 (66%) 

 

0 (0%) 

2 (66%) 

1 (33%) 

2 (66%) 

 

17 (100%) 

17 (100%) 

 

9 (52.9%) 

7 (43.7%) 

0 (0%) 
5 (71.4%) 

 

N/A 

<0.05 

<0.05 

 

 

 

0.52 

Medications 

    Aspirin 

    P2Y12 Inhibitor 

    Beta Blockers 

    ACE-I 

    Nitrate 

    Statin 

 

3 (100%) 

2 (66%) 

3 (100%) 

2 (66%) 

1 (33%) 

3 (100%) 

 

16 (100%) 

7 (43.8%) 

12 (75%) 

10 (62.5%) 

2 (12.5%) 

15 (93.8%) 

 

N/A 

0.47 

0.33 

0.89 

0.36 

0.66 

Stenosis in donor vessel 70 (45 – 70) 50 (30 – 70) 0.91 

LVEF (%) 50 (35 – 55) 55 (40 – 60) 0.50 

LV Impairment (n) 2 (66%) 7 (41.2%) 0.41 

Occluded Vessel (n) 

   LAD 

   LCx 

   RCA 

 

0 (0%) 

0 (0%) 

3 (100%) 

 

4 (23.5%) 

2 (11.8%) 

11 (64.7%) 

0.47 

OSA Severity (n) 

   Mild 

   Moderate 

   Severe 

 

0 (0%) 

1 (33%) 

2 (66%) 

 

10 (58.8%) 

3 (17.6%) 

4 (23.5%) 

0.07 

Moderate or Severe OSA (n) 3 (100%) 7 (41.2%) <0.05 

Apnoea Hypopnoea Index (AHI) (/hr) 44.7  23.2 25.1  22.8 0.28 

Longest Apnoea (sec) 42.7  4.0 38.6 17.3 0.41 

Mean apnoea-hypopnoea duration 

(sec) 

29 (26.5 – 29) 26.2 (23 – 32) 0.87 

Minimum SaO2 (%) 81.7  6.6 85.6  7.0 0.42 

O2 Desaturation Index (n) 38.1  23.6 18.2  21.9 0.28 

SaO2<90 (mins) 3.1 (3.1 – 3.1) 0.4 (0 – 2.15) 0.95 

Epworth Sleepiness Score (n) 5 (3.5 – 6.5) 6 (5 – 8) 0.80 

Excessive Daytime Sleepiness 2 (100%) 9 (100%) N/A 
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In those patients presenting with a STEMI, 11 (27.5%) had robust collaterals. Those patients 

with robust collaterals were more likely have mild OSA severity (54.5% vs 27.6%, p<0.05) 

and a lower AHI (20 vs 40.4, p<0.05).  
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Table 16.4: Baseline characteristics and polysomnography metrics in patients with STEMI. 

* ACE-I = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; 

OSA = obstructive sleep apnoea; SaO2 = oxygen saturation by pulse oximetry; STEMI = ST 

elevation myocardial infarction;  Defined as Epworth Sleepiness Scale >10 

 

 Poor Collaterals 

n = 29 

Robust Collaterals 

n = 11 

p-value 

Age (yrs) 63.0  12.2 60.5  11.4 0.54 

Male Gender (n) 22 (75.8%) 11 (100%) 0.07 

Body Mass Index (kg/m2) 30.7 5.8 28  4.2 0.13 

Cardiovascular Risk Factors 

   Hypertension 

   Hypercholesterolaemia 

   Smoking History 

       Never 

       Ex-Smoker 

       Current 

   Diabetes Mellitus 

 

19/29 

14 (50%) 

 

15 (62.5%) 

6 (25%) 

3 (12.55 

8 (28.6%) 

 

7/11 

7 (70%) 

 

6 (66.7%) 

1 (11.1%) 

2 (22.2%) 

1 (10%) 

 

0.91 

0.27 

0.60 

 

 

 

0.24 

Medications 

    Aspirin 

    P2Y12 Inhibitor 

    Beta Blockers 

    ACE-I 

    Nitrate 

    Statin 

 

28 (100%) 

28 (100%) 

5 (17.9%) 

10 (35.7%) 

0 (0%) 

22 (75.9%) 

 

11 (100%) 

11 (100%) 

3 (27.3%) 

6 (54.5%) 

0 (0%) 

11 (100%) 

 

N/A 

N/A 

0.51 

0.28 

N/A 

<0.05 

Stenosis in donor vessel 51.4  21.2 37  22.1 0.20 

LVEF (%) 49.8  9.4 50.3  11.5 0.91 

LV Impairment (n) 14 (56%) 4 (36.4%) 0.28 

Occluded Vessel (n) 

   LAD 

   LCx 

   RCA 

 

15 (51.7%) 

3 (10.3%) 

11 (37.9%) 

 

6 (54.5%) 

0 (0%) 

5 (45.5%) 

0.53 

OSA Severity (n) 

   Mild 

   Moderate 

   Severe 

 

8 (27.6%) 

3 (10.3%) 

18 (27.6%) 

 

6 (54.5%) 

3 (27.3%) 

2 (18.2%) 

<0.05 

Moderate or Severe OSA (n) 21 (72.4%) 5 (45.5%) 0.15 

Apnoea Hypopnoea Index (AHI) 

(/hr) 
40.4  24.8 20.0  20.3 <0.05 

Longest Apnoea (sec) 43.5 19.5 44.0  48.4 0.97 

Mean apnoea-hypopnoea duration 

(sec) 
26.4  7.0 29.7  6.4 0.17 

Minimum SaO2 (%) 79.6  9.8 85.1 13.3 0.23 

O2 Desaturation Index (n) 28.2  22.4 12.1  22.3 0.08 

SaO2<90 (mins) 30.4 (2.6 – 88.1) 0 (0 – 0) 0.07 

Epworth Sleepiness Score (n) 7.1  4.4 9.3  6.0 0.43 

Excessive Daytime Sleepiness 3 (15%) 3 (50%) 0.07 
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16.5 Discussion 
 

In patients with total coronary artery occlusion, mild OSA appears to be associated with more 

robust coronary collaterals, whilst severe OSA appear to be associated with poor coronary 

collaterals. As shown in Chapter 14 and 15, patients with a documented history of OSA have 

more robust collaterals compared with patients without a history of OSA, and may be 

associated with prognostic improvement. However, the present study appears to illustrate a 

“J-curve” or graduated effect, with milder forms associated with more robust collaterals 

compared with those without OSA. However any putative advantage is lost with increasing 

severity of OSA, which correlates with poorer collaterals than those with milder forms.  

 

This finding is likely associated with alterations in degree of tissue hypoxia. Although 

hypoxia plays a role in arteriogenesis, it is not the predominant factor (12), and an excess 

may be detrimental to collateral maturation (2). This is shown by the present study, whereby 

patients with robust collaterals had a higher minSaO2, lower ODI and less time spent with 

oxygen saturation <90%, compared with those with poor collaterals, suggesting severe 

hypoxia is in fact detrimental to collateral recruitment. Furthermore, it is probable that the 

chronicity of OSA also plays a factor, whereby there may be adaptive (or protective) changes 

initially, but over time, as the severity of untreated OSA progresses, these adaptive 

mechanisms may become overwhelmed.  

 

In patients presenting with a CTO or a STEMI,  severe OSA associated with poorer collateral 

recruitment compared with milder forms. While the time course over which collaterals are 

recruited differ between these populations, the underlying processes and mechanisms by 

which they occur are similar (13-17).  



SECTION VIII 

Chapter 16: OSA Severity and Coronary Collaterals 

 

 326 

In a prior study of patients presenting with a STEMI (18), those with severe OSA had more 

visible collaterals than those with mild or moderate severity OSA. Furthermore, similar to the 

current study, a potential “J-shape” effect was described, whereby patients with increasing 

Rentrop grade had higher AHI scores. However those with Rentrop grade 3 collaterals had a 

lower mean AHI than those with grade 1 or 2. Similarly in a study of 34 patients with a CTO, 

patients with an AHI10 had greater rates of robust collaterals compared to those who had an 

AHI <10 (19), although the study did not stratify whether more severe forms of OSA were 

associated with poorer collateral recruitment.  

 

An alternative potential mechanism by which OSA may affect collaterals is through 

alterations in coronary haemodynamics. Animal models have suggested that in the setting of 

OSA, there is a significant reduction in the ability to augment coronary blood flow in the 

setting of increased myocardial oxygen demand, particularly following apnoeas (20). As an 

elevation in coronary blood flow occurs in the setting of increased shear stress to induce 

collateral maturation, it is possible this effect is blunted following apnoeas and significant 

hypoxia. Endothelial dysfunction has been demonstrated in otherwise healthy patients with 

OSA with resultant impaired myocardial perfusion (21). The resultant microvascular 

dysfunction may suppress collateral recruitment (22).   

 

16.5.1 Limitations 

 

 

This study provides detailed polysomnographically derived data, correlating specific metrics 

of OSA severity with collateral formation, however there are limitations. Firstly, this is a 

retrospective single centre study, which has inherent limitations due to a range of potential 

biases. This data is hypothesis generating, and has plausible biological and mechanistic 

explanations, underlining the importance of prospective studies to further delineate the effect 
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of OSA on collateral recruitment. By including both patients with STEMI (whereby collateral 

recruitment is rapid) and those with a CTO (where this process is more gradual), potential 

bias may be introduced. More severe OSA was associated with poorer collaterals in both 

groups, suggesting this is a ubiquitous effect on the ability to recruit collaterals rather than 

time course specific. Furthermore, an assessment of the effect of treatment of OSA on 

collateral recruitment could not be determined. It is possible that effective treatment with 

positive pressure ventilation or other device therapy may have an important impact on 

collaterals.  

 

16.6 Conclusion 
 

The presence of more severe OSA and resultant worse intermittent hypoxia is associated with 

poorer coronary collateral recruitment in patients with coronary artery occlusion, both in the 

setting of STEMI and CTO. This process likely stems from direct effects of hypoxia and 

ischaemia as well as alterations in coronary blood flow as a result of acute thoracic pressure 

alterations with OSA. The effect of OSA treatment on subsequent ability to recruit collaterals 

and other cardioprotective mechanisms requires further research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SECTION VIII 

Chapter 16: OSA Severity and Coronary Collaterals 

 

 328 

16.7 References 
 

1. Allahwala UK, Weaver J, Bhindi R. Animal chronic total occlusion models: A review 

of the current literature and future goals. Thromb Res 2019;177:83-90. 

2. Allahwala UK, Khachigian LM, Nour D et al. Recruitment and Maturation of the 

Coronary Collateral Circulation: Current Understanding and Perspectives in 

Arteriogenesis. Microvasc Res 2020:104058. 

3. Osman AM, Carter SG, Carberry JC, Eckert DJ. Obstructive sleep apnea: current 

perspectives. Nat Sci Sleep 2018;10:21-34. 

4. Nieto FJ, Young TB, Lind BK et al. Association of sleep-disordered breathing, sleep 

apnea, and hypertension in a large community-based study. Sleep Heart Health Study. 

JAMA 2000;283:1829-36. 

5. Jilwan FN, Escourrou P, Garcia G, Jais X, Humbert M, Roisman G. High occurrence 

of hypoxemic sleep respiratory disorders in precapillary pulmonary hypertension and 

mechanisms. Chest 2013;143:47-55. 

6. Oldenburg O, Lamp B, Faber L, Teschler H, Horstkotte D, Topfer V. Sleep-

disordered breathing in patients with symptomatic heart failure: a contemporary study 

of prevalence in and characteristics of 700 patients. Eur J Heart Fail 2007;9:251-7. 

7. Albuquerque FN, Calvin AD, Sert Kuniyoshi FH et al. Sleep-disordered breathing 

and excessive daytime sleepiness in patients with atrial fibrillation. Chest 

2012;141:967-973. 

8. Allahwala UK, Brilakis ES, Byrne J et al. Applicability and Interpretation of 

Coronary Physiology in the Setting of a Chronic Total Occlusion. Circ Cardiovasc 

Interv 2019;12:e007813. 

9. Rechschaffen A, Kales A. A manual of standardized Terminology, Techniques and 

Scoring System for Sleep Stages of Human Subjects. Los Angeles: Brain Information 

Service/Brain Research Institute, 1968. 

10. 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;5:587-92. 

11. Allahwala U, Cistulli J, Ciofani JL et al. Influence of Obstructive Sleep Apnea on 

Outcomes in Patients With ST-Segment Elevation Myocardial Infarction (STEMI): 

The Role of the Coronary Collateral Circulation. J Am Coll Cardiol 2020;76:B19. 



SECTION VIII 

Chapter 16: OSA Severity and Coronary Collaterals 

 

 329 

12. Chilian WM, Mass HJ, Williams SE, Layne SM, Smith EE, Scheel KW. 

Microvascular occlusions promote coronary collateral growth. Am J Physiol 

1990;258:H1103-11. 

13. Allahwala UK, Weaver JC, Bhindi R. Spontaneous coronary collateral recruitment in 

patients with recurrent ST elevation myocardial infarction (STEMI). Heart Vessels 

2020;35:291-296. 

14. Allahwala UK, Ward M, Weaver J, Bhindi R. Correlation Between Coronary 

Collaterals and Systemic Endothelial Biomarkers: MCP-1 and ICAM-1 are 

Associated with the Coronary Collateral Circulation. Heart Lung Circ 2019;28:S393. 

15. Pipp F, Boehm S, Cai WJ et al. Elevated fluid shear stress enhances postocclusive 

collateral artery growth and gene expression in the pig hind limb. Arterioscler 

Thromb Vasc Biol 2004;24:1664-8. 

16. Heil M, Ziegelhoeffer T, Wagner S et al. Collateral artery growth (arteriogenesis) 

after experimental arterial occlusion is impaired in mice lacking CC-chemokine 

receptor-2. Circ Res 2004;94:671-7. 

17. Werner GS, Jandt E, Krack A et al. Growth factors in the collateral circulation of 

chronic total coronary occlusions: relation to duration of occlusion and collateral 

function. Circulation 2004;110:1940-5. 

18. Ben Ahmed H, Boussaid H, Longo S et al. Impact of obstructive sleep apnea in 

recruitment of coronary collaterality during inaugural acute myocardial infarction. 

Ann Cardiol Angeiol (Paris) 2015;64:273-8. 

19. Steiner S, Schueller PO, Schulze V, Strauer BE. Occurrence of coronary collateral 

vessels in patients with sleep apnea and total coronary occlusion. Chest 

2010;137:516-20. 

20. Hamilton GS, Solin P, Walker A. Coronary blood flow becomes uncoupled from 

myocardial work during obstructive sleep apnea in the presence of endothelial 

dysfunction. Sleep 2008;31:809-16. 

21. Butt M, Khair OA, Dwivedi G, Shantsila A, Shantsila E, Lip GY. Myocardial 

perfusion by myocardial contrast echocardiography and endothelial dysfunction in 

obstructive sleep apnea. Hypertension 2011;58:417-24. 

22. Stoller M, Seiler C. Pathophysiology of coronary collaterals. Curr Cardiol Rev 

2014;10:38-56. 

 

 



 

 330 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

SECTION IX: SUMMARY AND 

CONCLUSIONS 
 

 

  



Section IX 

Chapter 17: Summary, Conclusions & Future Directions 

 

 331 

Chapter 17: Summary, Conclusions & Future Directions 
 

 

17.1 Summary 
 

The prevalence of robust coronary collaterals perfusing the territory subtended by an 

occluded artery during a STEMI is approximately 25%. The independent predictors of robust 

collaterals are the RCA as the culprit vessel, presence of a CTO in a remote vessel, longer 

ischaemic time and a younger age. These factors, reflect the importance of elevated fluid 

shear stress (1,2) as the initial driver of collateral recruitment augmented by hypoxia (3). The 

ability to rapidly recruit these collaterals is reproducible with future coronary occlusion 

recruiting a similar degree of collaterals. This suggests an underlying innate biological 

process which is activated in the setting of a sudden obliteration of coronary blood flow. 

Contrastingly in the setting of a CTO, the presence of robust collaterals is associated with 

female sex, while those with a history of significant renal impairment or prior CABG are 

more likely to have poorer collaterals.  

 

Robust collaterals during a STEMI are associated with a lower in-hospital and longer term 

mortality, driven by an improvement in left ventricular function. The degree of collateral 

recruitment does not however reduce risk of repeat AMI or repeat revascularisation. This 

suggests that whilst collaterals reduce the adverse sequalae of STEMI, they are not 

preventative and do not preclude repeat plaque rupture or atherosclerotic progression. 

Contrary to these findings, in patients with a CTO, robust collaterals are not associated with a 

reduction in  mortality or risk of AMI, but do improve the rate of successful PCI. While the 

presence of collaterals may reduce the acute effects of myocardial necrosis associated with 

coronary occlusion, over time, due to the exhausted ability to autoregulate blood flow and 

maximally vasodilate, this prognostic benefit is lost. 
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Autoregulation (4,5) occurs in the setting of a CTO, where there is maximal vasodilatation of 

collaterals to reduce microvascular resistance and thereby increase myocardial regional blood 

flow. This has significant implications on flow and pressure changes in the donor vessel 

supplying the collaterals to the CTO and thereby impacts on management decision making. 

The fractional flow reserve (FFR), which is the ratio of coronary pressure distal to a stenosis 

relative to pressure proximal to the stenosis in the setting of maximal hyperaemia, has been 

shown to be superior to angiography in guiding revascularisation (6,7). However, the FFR 

relies on assumptions related to blood flow and territory of myocardium subtended by a 

vessel.  

 

In the setting of a CTO, there is a significant underestimation of the FFR of the donor vessel, 

which increases by an average of 0.03 following revascularisation of the occlusion. This 

change is driven by a reduction in coronary blood flow through the donor vessel, following 

CTO revascularisation and return of anterograde blood flow. While this absolute change is 

relatively small, this results in reclassification of a donor vessel from ischaemic to non-

ischaemic in over 40% of patients with an initial ischemic FFR, significantly impacting on 

treatment for these patients. This change is apparent irrespective of which vessel is the donor 

vessel, although more pronounced in an LAD CTO, reflecting the greater change in 

myocardial blood flow. Similarly the degree of stenosis of the donor vessel does not affect 

the absolute or relative change in FFR, suggesting the territory of myocardium supplied by 

the vessel is the most important determinant.  

 

The change in FFR was seen in patients with diabetes mellitus and those without, patients 

who commonly have more microvascular and endothelial dysfunction. Indeed, 75% of 

patients had an abnormal coronary flow reserve (CFR) of the donor vessel, which reflects 
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both epicardial stenosis and microvascular function. As only 26.9% of patients had an 

ischaemic FFR, the vast majority of these patients have significant microvascular 

dysfunction. CFR is independently associated with poorer prognosis even in the setting of a 

normal FFR (8), which may explain why randomised control trials of PCI in CTO (9-11), 

which treats only the epicardial stenosis, has failed to show a consistent prognostic benefit.  

 

The effect of blood flow as an integral predictor of coronary collateral function was noted in 

patients with a prior history of CABG. Patients in whom the donor vessel was grafted had 

poorer collaterals. In the setting of a grafted vessel, arterial conduits have an initial 

significant systolic component of blood flow, which over time become more diastolic to 

reflect normal coronary blood flow (12-14). Venous grafts act as predominant passive 

conduits, however may affect shear stress in the native circulation (15). This is associated 

with a more rapid progression of atherosclerotic and calcific process (16,17), and likely also 

contributes to the poor collaterals seen arising from a grafted donor vessel. This lower 

prevalence of robust collaterals may be a contributing factor to the lower success rates of 

CTO PCI in patients with a prior CABG (18,19). 

 

These alterations in coronary blood flow and pressure are manifested with biochemical 

changes through alterations in endothelial, biochemical and haematological biomarkers. 

Plasma fibroblast growth factor 2 (FGF-2), monocyte chemoattractant protein 1 (MCP-1) and 

intracellular adhesion molecule 1 (ICAM-1) are upregulated in the setting of a CTO. These 

chemokines are involved in monocyte and other inflammatory cell mobilisation and 

upregulation (20-27), further reflected by a lower peripheral lymphocyte count, higher 

monocyte count and higher neutrophil to lymphocyte ratio. Plasma MCP-1 and ICAM-1 are 

both upregulated 6 months following collateral regression, suggesting they may be involved 
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in ischaemic preconditioning and the initiating phase of subsequent potential to recruit 

collaterals.  

 

Similarly, in a rat model, the use of intermittent repetitive occlusive ischaemia results in an 

increase in myocardial perfusion subtended by the epicardial artery as a result of collateral 

blood flow. This increase in collateral function is associated with an increase in tissue 

expression of FGF-2 and ICAM-1, as shown in human studies, as well as an increase 

expression of vascular cell adhesion molecule 1 (VCAM-1), granulocyte-macrophage colony 

stimulating factor (GM-CSF) and early growth response 1 (EgR-1).  Although there was an 

increase in these chemoattractant proteins, growth factors and regulatory proteins, 

inflammatory cytokines were not upregulated. Whilst the accumulation, adhesion and 

activation of inflammatory cells and subsequent release of chemokines appears to be well 

established (25,26,28), it did not appear that there was a significant increase in these 

inflammatory cytokines. It is possible that the sham procedure itself in the comparator group 

induced a significant inflammatory response (29) thereby attenuating any difference between 

the groups. Alternatively it may reflect the timing of the samples being assessed, with 

inflammation more prominent early on in the maturation of collaterals. However, this 

evidence, which is in keeping with the findings of human studies, highlights the role of 

chemoattractant proteins, inflammatory cells and growth factors, which should be further 

assessed to determine causative or associative effects.  

 

Along with the effects of fluid shear stress and endothelial activation resulting in release of 

these chemoattractant proteins, growth factors and transcription factors, there has long been 

controversy with respect to the effect of hypoxia as a driver of arteriogenesis. While some 

studies suggesting no role (30-33), others have suggested a strong role in augmenting the 
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effect of elevated fluid shear stress (34-36). Obstructive Sleep Apnoea (OSA), which is 

characterised by intermittent hypoxia along with exaggerated intrathoracic pressure swings 

was documented in 7.7% of patients presenting with STEMI and 13.4% of patients with a 

CTO. A documented history of OSA was associated with more robust collaterals, which 

resulted in significantly improved left ventricular function and lower peak troponin in 

STEMI, and independently associated with improved mortality in those with a CTO. This 

suggests that OSA confers a cardioprotective effect through possible ischaemic 

preconditioning and robust collaterals. However, this putative advantage is lost in patients 

with more severe OSA, potentially indicating a “J-curve” benefit with mild disease. Whether 

this augmented effect of OSA is driven by predominant hypoxia, or alternatively through 

alterations on afterload and preload remains to be further investigated.  

 

17.2 Conclusions 
 

Coronary collaterals are found frequently during angiography and associated with improved 

prognosis in STEMI and favourable percutaneous revascularisation in CTO. The drivers of 

collaterals are alterations in endothelial shear stress manifested as changes in coronary blood 

flow, with mild forms of hypoxia augmenting this effect. A number of chemoattractant 

proteins, growth factors and transcription factors are upregulated in the setting of altered 

coronary blood flow which likely play a role in collateral recruitment. The subsequent 

presence of functional collaterals intimately impacts on pressure and flow throughout the 

coronary circulation affecting clinically meaningful parameters of ischaemia assessment.  
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17.3 Future Directions 
 

Future studies should continue to focus on the mechanisms and impact of collaterals in 

patients in both acute and chronic settings. Specifically, aims should include to determine 

whether the identified growth factors and mediators along with microvascular function may 

be prognostic markers and future therapeutic targets. Although significant associations 

between growth factors, chemokines and signalling pathways has been presented in this body 

of work, a causative link is yet to be established. These hypotheses should be further 

developed through initial animal studies being exposed to exogenous factors as described in 

these studies to determine their mechanistic effects. Subsequent studies in humans may also 

be required, in particular the effects of commonly used cardiovascular medications which 

appear to have an impact on the ability to recruit collaterals, including beta blocker, statins 

and aldosterone antagonists. This may particularly be beneficial in the setting of a CTO, 

which to date remains controversial with respect to the most appropriate management 

strategy.  

 

Furthermore, the effect of metabolic disease processes such as diabetes mellitus should be 

investigated to determine whether its effect on endothelial function impacts on coronary 

collateral recruitment and function. Although diabetes is a well recognised factor associated 

with poorer prognosis with respect to cardiovascular disease, the specific effects on collateral 

recruitment and maturation remains uncertain. Future studies should look at diabetic animal 

models to determine whether the ability to recruit collaterals in the setting of ischaemic 

stimuli is augmented or attenuated. Subsequent clinical linking studies should continue to 

investigate the effect of diabetes on invasive measures of microvascular function to assist in 

diagnosis as well as develop tailored treatment strategies.  
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Finally, guidance of multivessel revascularisation based on alternative ischaemic thresholds 

for FFR assessment of donor vessels should be considered. Data from this body of work 

suggests that in patients with a CTO where the donor vessel is in the ischaemic “grey-zone” 

this vessel may not require revascularisation, which has dramatic implications for 

management strategies. This should be confirmed with prospective randomised studies in 

patients managed on currently accepted physiological cutoffs, or through an adjusted 

threshold, where only patients with an FFR of <0.75 in the donor vessel are treated. This 

would of course require a collaborative approach with involvement of multiple centres and 

experts to ensure harmony in trial design and execution.  

 

Whilst this body of work has highlighted the prognostic and haemodynamic impacts of 

collaterals, as well determined those factors associated with their recruitment, more research 

is required to continue meaningful clinical impacts, determine causality and result in potential 

future therapeutics and management strategies.  
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