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The global burden of coronary artery disease 
 

Coronary artery disease remains the leading cause of death in adults worldwide1. Based 

on the most recent estimates from global burden of disease dataset, coronary artery 

disease affects around 126 million individuals (1,655 per 100,000) worldwide1. It 

estimates that the current prevalence rate of 1,655 per 100,000 population is expected 

to exceed 1,845 by the year 20301. In 2017, around 9 million deaths were due to 

coronary artery disease making it the leading cause of death worldwide1. Coronary 

artery disease is also the leading cause of death in Australia and was responsible for 

17,500 deaths in 20182. This represents 11% of all deaths annually and 42% of these 

deaths were due to myocardial infarction2. The prevalence of coronary artery disease 

increases with age for both men and women.  

 

Pathophysiology of Coronary artery disease 
 

Coronary artery disease is caused by a pathologic process called atherosclerosis that 

leads to build up of atherosclerotic plaque within the wall of the coronary artery. 

Chronic exposure to certain risk factors like hypertension, hyperlipidemia, 

hyperglycemia and smoking etc. causes chronic injury to endothelial cells which leads 

to endothelial dysfunction with increased permeability and increased expression of 

surface adhesion molecules3. The first step in atherogenesis is trapping and 

accumulation of lipoproteins within the arterial wall3. The circulating monocytes bind 

to endothelial cells that express adhesion molecules and migrate into the wall of the 

coronary artery4. Once inside the arterial wall, monocytes become macrophages4. 

Oxidation of lipoproteins releases chemoattractants that activate endothelial cells, T 

cells and macrophages3. Macrophages take up the oxidized lipoproteins and become 
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foam cells3. Certain chemokines cause smooth muscle cells from the media to migrate 

towards the luminal side of the vessel and synthesize extracellular matrix which forms 

the fibrous cap of the plaque3. The fibrous cap is composed of collagen‑rich fibre 

tissues, smooth muscle cells, macrophages and T lymphocytes3. All of them form the 

mature atherosclerosis plaque and bulge into the vessel lumen and compromise the 

blood flow3. The histologic stages of atherosclerotic plaque are as follows. 

 

Fatty streaks and intimal thickening 

 

Atherosclerosis begins with fatty streaks and thickening of the intima3. Fatty streaks 

are focal accumulations of lipid laden macrophages within the wall of the coronary 

artery while intimal thickening mainly consists of layers of smooth muscle cells mixed 

in proteoglycan matrix near the lumen3.  

 

Pathologic Intimal thickening 

 

This is the second stage in the progression of atherosclerosis. It is characterized by 

extracellular lipid pools without necrosis4. The lipid pools are rich in hyaluronan and 

proteoglycans with no smooth muscle cells or inflammatory cells4.  

 

Fibroatheroma 

 

Fibroatheroma is the next stage in the evolution of atherosclerotic plaque. It consists of 

an acellular necrotic core that is covered by a thick fibrous cap4. The necrotic core is 

caused by the death of foam cells. Foam cells contain cholesterol esters and free 

cholesterol. As plaques progress, the free cholesterol content of the plaque lesion 
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increases. A high ratio of free cholesterol to phospholipid in cellular membrane has 

been shown to be toxic to cells and may contribute to foam cell necrosis. 

 

 

Thin-cap Fibroatheroma or Vulnerable plaque 

 

Thin-cap fibroatheroma have a necrotic core and a thin fibrous cap measuring <65µm4. 

Also known as vulnerable plaque as they are prone to rupture and causing luminal 

thrombosis. The fibrous cap is heavily infiltrated by macrophages and to a lesser extent 

T-lymphocytes. The fibrous cap lacks smooth muscle cells.  

 

Clinical manifestations of coronary artery disease 
 

Coronary artery disease is a chronic disease due to accumulation of atherosclerotic 

plaque that can have a wide range of symptoms and clinical outcomes.  Patients may 

present with stable angina that occurs as there is myocardial ischemia due to supply and 

demand mismatch due to a fixed obstructive coronary artery lesion. Coronary artery 

lesions that cause angina are usually considered stable lesions with small lipid core, 

more fibrosis and calcification and thick fibrous caps5.  The risk of major adverse events 

is low in this group of patients and are usually treated with risk factor modification with 

medications and lifestyle changes6. These patients can have long stable periods but can 

become unstable at any point due to plaque rupture or plaque erosion7.  

 

Unstable coronary artery lesions may cause an acute coronary syndrome which can 

have further clinical consequences that can range from myocardial infarction, cardiac 

arrhythmias, cardiogenic shock, and heart failure. Myocardial infarction occurs due to 

disruption of the fibrous cap overlying the atherosclerotic plaque and exposing the inner 
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core of the plaque to blood leading to activation of platelets, formation of thrombus and 

sudden occlusion of vessel5. The disruption of fibrous cap can occur due to plaque 

rupture or plaque erosion4. Plaques that are prone to rupture usually have a large 

necrotic core, high lipid content and a thin (<65µm) inflamed fibrous cap4. 

 

SMuRFless Patients 
 

Major advances have been made in the identification and treatment of standard 

modifiable risk factors for coronary artery disease - particularly hypercholesterolemia, 

hypertension, diabetes mellitus and smoking8. However, it is not uncommon for a 

patient to present with extensive atherosclerosis and life-threatening heart attack that is 

not clearly explained by Standard Modifiable Risk Factors (SMuRFs). In a large 

Canadian acute coronary syndrome registry study (n = 13 686), 14.5% of participants 

were identified as SMuRF-less9. A large myocardial infarction registry of 542 008 

patients in the United States identified 14.4% of patients presenting with an initial 

myocardial infarction (STEMI and NSTEMI) had no SMuRFs10. This is also 

highlighted by our recently published data where around 27% of patients presenting to 

our Institution with identified plaque rupture and life-threatening ST elevation 

myocardial infarction had none of the SMuRFs11. This proportion has risen from 13% 

over 10 years, at a steady rate at our institution11.  

 

Surprisingly, a number of large observational studies have shown that SMuRFless 

patients have a higher in-hospital and 30-day mortality compared to patients with 

SMuRFs10,12-14. The mechanism of this paradox is not well understood. The underlying 
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pathology and clinical progression of coronary atherosclerosis in patients whose disease 

cannot be attributed to the presence of traditional risk factors has not been well studied. 

Specifically, the SMuRFless patients have not been well studied in large IVUS trials. 

We sought to compare the coronary plaque characteristics of SMuRFless patients and 

patients with >1 standard modifiable risk factor (SMuRF) to see if there is a difference 

in coronary plaque characteristics that may explain this. In this thesis (Chapter 6) I 

utilised serial IVUS data from a pooled cohort of 5823 patients enrolled in ten clinical 

trials to examine rates of plaque progression in patients who had no standard modifiable 

risk factors versus individuals with risk factors who were matched on age, sex and use 

of statins. 

 

Imaging modalities to assess coronary artery disease 
 

Cardiac imaging modalities are commonly used in clinical cardiology to assess 

coronary artery disease (e.g., characterisation of atherosclerosis, plaque burden) and to 

assess the consequences (e.g., myocardial infarction, heart failure, cardiac structural 

and functional changes). There are multiple different imaging modalities/techniques 

available in clinical practice and for research, both non-invasive techniques 

(echocardiography, nuclear medicine, magnetic resonance imaging, CT coronary 

angiography) and invasive techniques (coronary angiography, intravascular ultrasound, 

optical coherence tomography). Cardiac imaging is arguably the centre of cardiology 

as it provides great insights into cardiac diseases and has expanding applications in both 

the clinical and research domains. Relevant to clinicians is translating cardiac imaging 

discoveries to clinical practice and making a positive impact on patient care and 

outcomes. It is the application of different cardiac imaging techniques that is the focus 
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of this thesis. In my clinical practice as an interventional cardiologist in Australia, the 

bulk of my work relates to coronary artery disease, infarction and ischemia.  Therefore, 

I chose to focus my research on this area because of its clinical relevance.   

 

General hypothesis: The overarching hypotheses is that cardiac imaging is able to 

improve the detection and characterisation of coronary artery disease, facilitate 

diagnosis, risk stratification, and contribute to knowledge in this field. In this thesis I 

have used cardiac magnetic resonance imaging and intravascular imaging to address 

some of the challenges in the assessment of myocardial infarction and coronary artery 

disease. The first study involves the development and validation of a novel method of 

quantifying myocardial infarction and area at risk in a rodent model using high 

resolution magnetic resonance imaging while the subsequent four studies use 

intravascular imaging and cardiac magnetic resonance imaging in human clinical trials. 

These studies have been published in peer reviewed journals and are listed here: 

 

1. Automated Quantification of Myocardial Salvage in a Rat Model of Ischemia–

Reperfusion Injury using 3D High-Resolution Magnetic Resonance Imaging 

(MRI)  

2. Optical coherence tomography (OCT) as an adjunct to percutaneous coronary 

intervention; a single centre experience 

3. Comparison of two-dimensional quantitative coronary angiography (2D-QCA) 

with optical coherence tomography (OCT) in the assessment of coronary artery 

lesion dimensions  
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4. Progression of coronary atherosclerosis in patients without standard modifiable 

risk factors  

5. Cardiovascular magnetic resonance characteristics and clinical outcomes of 

patients with ST-elevation myocardial infarction and no Standard Modifiable 

Risk Factors - A DANAMI-3 substudy. 

An introduction and rationale behind each individual study is as follows. 

 

Automated Quantification of Myocardial Salvage in a Rat Model of 

Ischemia–Reperfusion Injury using 3D High-Resolution Magnetic 

Resonance Imaging (MRI) 
 

Ischemic heart disease remains the leading cause of death worldwide1. Improvements 

in the techniques and speed with which patients receive reperfusion therapy have 

significantly decreased mortality and morbidity of patients suffering myocardial 

infarction (MI)1. However, restoration of flow at the time of reperfusion also leads to a 

specific myocardial injury in addition to the injury caused by ischemia that is known as 

myocardial ischemia–reperfusion (IR) injury15. This myocardial IR injury manifests 

itself clinically in the form of arrhythmias, reversible contractile dysfunction 

(myocardial stunning), endothelial dysfunction, and cell death16,17. Contributing factors 

include postischemic low ATP and high phosphate levels, intracellular and 

mitochondrial calcium overload, oxidative stress and rapid increases in pH, endothelial 

dysfunction, and apoptosis16,18. The inflammatory response is also thought to play an 

important role, and several experimental studies have demonstrated a reduction in MI 

size with anti-inflammatory treatment19-23. 
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Rodent models of cardiovascular disease provide a valuable means to understand the 

molecular and physiological mechanisms that influence outcome. The ability to 

measure infarct size accurately is important in rodent models as it allows the assessment 

of response to novel therapies. The current “gold standard” method uses a combination 

of selective perfusion of the heart with Evan’s Blue and staining of the post-mortem 

sectioned heart with triphenyl tetrazolium chloride (TTC) to quantitate the area at risk 

(AAR) and degree of completed infarct24,25. Importantly, this approach accounts for 

variability in coronary artery anatomical supply, and can allow investigators to quantify 

the amount of salvaged myocardium. This method, although widely used and 

considered the “gold standard,” also has documented problems relating to the accurate 

and reproducible delineation of the border of the infarct and AAR zones26. The accuracy 

of the delineation of the border zone between infarct and area at risk by this method has 

been questioned26,27. The requirement of manual slicing of tissue is labor intensive, and 

slices are relatively thick. This requires assumptions to be made about the surface 

borders reflecting the whole thickness of the slice.  Questions have also been raised 

regarding the sensitivity of TTC staining in the setting of a gradient of viability, as 

would be common in the setting of IR injury27. 

 

Magnetic resonance imaging (MRI) is well recognized for its high spatial resolution 

(25 to 100 µm at fields higher than 3 T) and excellent soft-tissue discrimination. Cardiac 

MRI (CMR) has been developed to provide accurate functional data, although this 

requires an expert team to optimize cardiac and respiratory gating at high fields when 

applied to rodents28, which may be a rate-limiting step in the majority of laboratories. 

Central to the clinical use of MRI to assess the ischemic heart is the use of delayed 
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gadolinium-enhanced images to define infarcted tissue29. The enhancement seen in the 

setting of an acute infarct using this method is based on the increased permeability of 

the cell membrane associated with necrosis, and has been shown to correlate extremely 

well with histology30.  

 

Delineation of AAR is considered a holy grail for cardiac MRI researchers. T2 

sequences have been used to delineate areas of higher water content/edema. Although 

some studies have provided evidence for this approach31,32 there is considerable 

controversy regarding this with concerns over reliability and robustness of the measure 

across different laboratories33,34. Microparticles of iron oxide (MPIO) provide excellent 

negative contrast even at low concentrations, are inert, and remain intravascular35. In 

this study, I compared the standard Evan’s Blue/TTC method of AAR/infarct 

delineation against a novel method that uses a combination of T2* contrast from MPIO 

to define the borders of the perfused/unperfused myocardium, together with 

gadolinium-based T1- weighted enhancement to define the established infarct zone. I 

propose that this method has potential to provide rapid and accurate quantitation of 

these parameters in animal models of IR injury. 

 

A method using cardiac MRI of whole heart could provide three-dimensional imaging 

of whole heart and reduce the assumptions made with the current method. In chapter 3 

of this thesis, I describe a novel high resolution magnetic resonance imaging method of 

measuring area at risk and infarct size in a rodent model using two contrast agents, iron 

microparticles and gadolinium. 
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Optical coherence tomography (OCT) as an adjunct to percutaneous 

coronary intervention; a single centre experience 
 

Optical coherence tomography (OCT) is an intravascular imaging catheter that uses 

light to create a cross-sectional image of the coronary vessel36. It creates an image by 

measuring the echo time delay and the intensity of light that is reflected back from the 

coronary vessel36.  It has a resolution of 10–20 μm which is 10 times higher than 

intravascular ultrasound 37. However, its depth of tissue penetration is lower, around 1-

2mm, while IVUS is higher around 4-8mm37.  

 

Due to its high-resolution images, OCT is able to differentiate the three layers of the 

arterial wall, intima, media and external elastic membrane which is not possible with 

IVUS36. The media appears as a dark band in between the intima and external elastic 

lamina36. OCT provides better visualisation of the lumen and arterial wall interface 

when compared with IVUS, this allows measurement of lumen areas and volumes36. 

OCT measurements of luminal area are highly reproducible with a high degree of 

correlation when two serial pullbacks are performed36.  

 

OCT can identify different components of atherosclerotic plaque. This includes fibrous 

plaque, lipid rich plaque, calcification and thrombus. Fibrous plaques have high 

reflectivity and low attenuation36. Calcifications within a plaque are usually well 

delineated with low reflectivity and low attenuation36. Lipid rich plaques are less well 

delineated with high reflectivity and high attenuation36. Thrombi are seen as masses 

protruding into the lumen with high reflectivity and signal-free shadowing36. OCT can 
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also identify dissection within plaque which is seen as rim of tissue extending into the 

lumen36.   

 

Although OCT can identify plaque characteristics and has been used predominantly in 

research settings, the indications for its use in clinical settings are not known. Most of 

the clinical trials have used IVUS rather than OCT during PCI. A metanalysis of 8 

randomized clinical trials comparing IVUS with coronary angiography showed reduced 

angiographic restenosis, repeat revascularisation and MACE but no effect on MI or 

death38. OCT is more accurate than angiography or IVUS in detecting subtle 

morphological details like malapposition of stent struts, residual thrombus, plaque 

prolapse, and residual dissections, however the significance of these findings is 

uncertain38. OCT has some limitations; it requires complete clearance of blood from 

within the lumen of the vessel by injecting additional volume of contrast. Also, OCT 

has lower penetration compared to IVUS and is not able to measure the complete plaque 

burden. In Chapter 4 we sought to clarify the role OCT may have in the clinical setting 

of percutaneous coronary intervention  in a single major tertiary centre.   

 

Comparison of two-dimensional quantitative coronary angiography (2D-

QCA) with optical coherence tomography (OCT) in the assessment of 

coronary artery lesion dimensions  
 

Suboptimal stent deployment has been shown to be associated with increased incidence 

of target vessel revascularization39-41. Reasons for target vessel revascularisation can be 

in-stent restenosis or stent thrombosis. Under sizing of the coronary artery stent is one 

of the predictors of stent thrombosis and in-stent restenosis42,43. Hence, an accurate 
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assessment of intracoronary lumen dimensions is essential in the diagnosis and 

treatment of coronary artery disease.  

 

Coronary angiography involves selective engagement of a coronary artery with a 

catheter and injecting contrast media which in combination with x-rays allows 

visualisation of the lumen of the coronary vessels. Coronary lumen dimensions can be 

assessed by a visual estimate but this is dependent on the experience of the operator. 

Coronary lumen dimensions can also be assessed by quantitative coronary angiography 

(QCA) or by more invasive techniques like intravascular ultrasound  or optical 

coherence tomography (OCT).  

 

Intracoronary lumen dimensions assessed by OCT correlate well with IVUS, however 

OCT measurements are usually smaller than IVUS 44,45. Although intravascular 

catheters like IVUS and OCT can provide an accurate assessment of the coronary artery 

lumen dimensions, they are invasive, expensive, time consuming and may require use 

of additional contrast. QCA uses an automated edge detection software to detect the 

contrast filled lumen of the coronary artery. QCA is mainly limited by foreshortening 

of vessel, overlapped vessels and inadequate filling of vessel with contrast. Previous 

studies comparing OCT and 2D/3D-QCA show a satisfactory to good correlation; 

however, QCA measurements are usually smaller than OCT45-48. Although these studies 

describe a correlation between QCA and OCT but do not describe how well they agree 

with each other.  
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Our aim was to assess the correlation between 2D-QCA and OCT for coronary lumen 

dimensions prior to stent implantation and to quantify the agreement between the two 

modalities by Bland–Altman analysis. We hypothesized that if the QCA measurements 

are within 0.5 mm of the OCT measurement, then it would be considered as an 

acceptable agreement between the two modalities. In Chapter 5 we have compared 

luminal measurements of coronary vessels performed by OCT with two-dimensional 

quantitative coronary angiography (2D-QCA) as 2D-QCA has the advantage of being 

non-invasive, inexpensive, less time consuming and does not require additional 

contrast. 

 

Progression of coronary atherosclerosis in patients without standard 

modifiable risk factors  
 

Intravascular ultrasound  is an intravascular imaging catheter with a miniature 

ultrasound probe at the tip of the catheter49. It emits ultrasound waves that can be either 

transmitted through the tissue or reflected depending on the mechanical impedance of 

the tissue49. For example, a calcified plaque is associated with acoustic shadowing i.e., 

a complete reflection of the ultrasound waves49. Non-calcified plaques allow partial 

transmission of ultrasound waves and a small percentage of the ultrasound waves are 

reflected49. The reflected signal is converted into an electrical signal and post processed 

into an image49. It typically has an axial resolution around 80–100 µm and lateral 

resolution around 200–250 µm, whereas tissue penetration is ~6–12 mm50. It allows 

assessment of plaque burden and plaque morphology i.e., lipid rich, fibrous or calcified 

plaque. IVUS imaging has been performed serially to evaluate the impact of medical 

therapies on progression of plaque in a number of clinical trials51-60. There is a wealth 
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of comprehensive IVUS imaging data collected in these clinical trials that can be 

interrogated to examine plaque burden and progression.  

 

SMuRFless patients represent a significant proportion of patients who present with a 

myocardial infarction and range from 10.5% to 30% in large observational studies10-13. 

In a large study of 542,008 patients presenting with first myocardial infarction, in-

hospital mortality was inversely related to the number of risk factors and patients with 

no risk factors had the highest in-hospital mortality compared to patients with >1 

traditional risk factor, even after adjusting for different confounders including age and 

gender10. Also, patients with fewer risk factors are more likely to present with ST 

elevation myocardial infarction and cardiac arrest9. The mechanism of this paradox is 

not well understood. We sought to compare these two groups, i.e., patients with and 

without standard modifiable risk factors, to see if there is a difference in coronary 

plaque characteristics that may explain this. In Chapter 6, I utilised serial IVUS data 

from a pooled cohort of 5823 patients enrolled in ten clinical trials to examine rates of 

plaque progression in patients who had no standard modifiable risk factors versus 

individuals with risk factors who were matched on age, sex and use of statins. 

 

 

Cardiovascular magnetic resonance characteristics and clinical 

outcomes of patients with ST-elevation myocardial infarction and no 

Standard Modifiable Risk Factors - A DANAMI-3 substudy. 
 

Cardiac MRI is considered the gold standard for quantifying ventricle volumes, mass, 

ejection fraction, infarct size and microvascular obstruction given its high 

reproducibility61. Cardiac MRI uses the late gadolinium enhancement technique to 
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assess infarct size61-63. Gadolinium is an extracellular contrast agent that accumulates 

in areas of extracellular expansion such as in myocardial infarction, and appears bright 

on T1 weighted imaging due to its T1 shortening property62. It is a robust technique that 

has been well validated and is highly reproducible with low interobserver variability61-

63.  After an intravenous injection of gadolinium, it perfuses locally through myocardial 

capillaries and diffuses within the interstitial compartment but does not enter myocytes 

as it is an extracellular agent. In acute myocardial infarction, the rupture of cardiac cells 

increases the interstitial volume, which reduces the washout rate, and results in an 

increase in the concentration of gadolinium in the infarcted area. The gadolinium 

persists within the infarct zone for a longer time than in healthy tissue leading to a 

regional hyperintense (bright) area on T1 weighted imaging 

 

Myocardial salvage is defined as the difference between the area at risk and the final 

infarct size, where area at risk is the myocardium distal to the coronary stenosis that is 

at risk of ischemia. Ischemia in the area at risk leads to accumulation of fluid and edema 

which can be detected using a T2 weighted MRI sequence. T2 weighted short tau 

inversion recovery (T2-STIR) turbo spin echo sequence allows visualisation of edema 

and is comparable to SPECT and histopathology64. In order to compare the effect of 

therapy on infarcts of different sizes, the myocardial salvage index can be calculated as 

the proportion of non-necrotic myocardium inside the area at risk65. An area of 

myocardium can remain hypo-perfused even after restoration of flow by primary 

percutaneous coronary intervention in an occluded coronary artery in the setting of ST 

elevation myocardial infarction66. This occurs due to distal embolization of plaque or 

thrombus and leading to microvascular obstruction66.  
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Microvascular obstruction appears as a hypo-intense area within an area of infarction 

seen with late gadolinium enhancement66.  The extent of infarct size after a myocardial 

infarction is associated with mortality and hospitalization for heart failure67. 

Myocardial salvage index (MSI) and microvascular obstruction are both strong 

predictors of major adverse cardiac events65,66. 

 

Cardiac MRI can also assess ventricular size and function. Four patterns of left ventricle 

remodelling have been defined after an ST elevation myocardial infarction61.  

1. Reverse remodelling is defined as ≥12% decrease in left ventricle end systolic 

volume (LVESV).  

2. No LV remodelling is defined as <12% change in left ventricle end diastolic 

volume (LVEDV) and LVESV.  

3. Adverse LV remodelling with compensation is defined as >12% increase in 

LVEDV only.  

4. Adverse left ventricle remodelling is defined as ≥ 12% increase in both LV end 

diastolic volume (LVEDV) and LV end systolic volume (LVESV).  

 

Adverse left ventricle remodelling at 6 months is associated with worse clinical 

outcomes at 5 years in terms of all-cause mortality and hospitalization for heart failure 

in comparison to other 3 patterns61. Hence, cardiac MRI allows the measurement of 

infarct size, myocardial salvage index, microvascular obstruction and adverse LV 

remodelling. In Chapter 7 of this thesis, we evaluate the clinical outcomes and cardiac 
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MRI imaging characteristics in patients with and without SMuRFs who presented with 

first-presentation ST elevation myocardial infarction (STEMI).   

 

Summary 

This thesis concentrates on exploring the application of cardiac imaging modalities in 

coronary artery disease, the most common clinical cardiology condition. The aim is to 

show that the techniques used in this thesis offer potential in terms of disease 

characterisation and diagnosis in addition to providing further insights into the 

knowledge of heart disease.
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Chapter 2. Methods 

Each of the original results chapters of this thesis are published manuscripts. A description of 

the methods of imaging performed in these chapters and the strategies behind these are as 

follows. 
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Automated Quantification of Myocardial Salvage in a Rat Model of 

Ischemia–Reperfusion Injury using 3D High-Resolution Magnetic Resonance 

Imaging (MRI) 
 

The pathophysiology of coronary no-reflow post primary PCI is multifactorial and includes 

myocardial reperfusion injury that may occur after restoration of blood flow with accumulation 

of neutrophils and platelets that release inflammatory mediators and vasoconstrictors. Small 

animal models of myocardial ischemia reperfusion closely mimic the clinical scenario of 

ischemic perfusion injury after restoration of flow in patients with STEMI. Novel therapies 

targeting ischemia reperfusion injury are usually tested in these small animal models. An 

accurate assessment of myocardial “area at risk” (AAR) and myocardial infarction (MI) zone 

is critical when testing these therapies. The current “gold-standard” method involves perfusing 

the animal heart with Evan’s Blue and staining with triphenyl tetrazolium chloride (TTC) and 

requires manual slicing and analysis.  

 

We aimed to develop and validate a high-resolution 3-dimensional (3D) magnetic resonance 

imaging (MRI) method for quantifying MI and AAR. In chapter 3, Sprague–Dawley rats 

(weight 250 to 300 g) were acclimatized for a period of 1 week before surgery. The animals 

were kept in the animal house at the Kolling Institute, Royal North Shore Hospital, for 1 week 

to allow them to get use to their new environment. Procedures were conducted with the 

approval of the Royal North Shore Hospital Animal Care and Ethics Committee. After 1 week 

of acclimatization, myocardial ischemia reperfusion (IR) was induced as previously described 

using an open-chest approach1,2. Anaesthesia was induced by placing the animal in an induction 

chamber, with vaporised isoflurane 2%, and was performed by myself. Once anaesthetized, the 

animal was then positioned supine (on its back) on an operating table on top of a heating pad. 

The trachea was intubated with an 18-gauge intravenous cannula tubing and connected to the 

ventilator. The rats were ventilated and kept anaesthetized using 2% isoflurane. The hair on the 
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front of chest were removed with a hair clipper. After confirmation of deep anaesthesia, under 

aseptic measures, a lateral incision on the left side of chest was made in between the fourth and 

fifth rib. A retractor was used to keep the ribs apart. The pericardium was opened by pulling it 

up with a small forceps and cutting with a small scissor. Ischemia was induced for 30 minutes 

by transient suture ligation of the left anterior coronary artery 2 to 3 mm distal to the junction 

of pulmonary artery and left atrial appendage. The ligature was then released and the chest was 

closed with 4.0 silk suture. The rats were allowed to recover for 48 hours.  

 

Under repeat anaesthesia, gadopentetate dimeglumine 0.15 mmol/kg was infused via the tail 

vein. After 10 minutes, the left anterior coronary artery was re-occluded and a solution 

containing microparticles of iron oxide (MPIO) at dose of 4.5 mg/kg body weight (as 

determined in pilot studies) mixed with 3% Evan’s Blue, in a total volume of 5 mL, was 

injected via the tail vein. After a 2-minute interval, the heart was then excised, sectioned into 

2-mm short-axis slices, and placed in TTC 1% in phosphate-buffered saline for 20 minutes at 

37°C3. Slices were photographed and then fixed in 10% normal buffered formalin. To reduce 

sample movement during MRI imaging, whole hearts and sections were set in agar gel. They 

were then stored at 4°C and imaged within 1 week of each experiment.  

 

Iron-Oxide Microparticles 

MyOneTosyl-activated iron microparticles (MPIO: diameter 1.08 µm, iron content 26%) were 

purchased from Life Technologies. The MPIO particles were diluted in phosphate buffered 

saline prior to use.  
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Magnetic Resonance Imaging: Protocol and Analysis 

MRI data were acquired on a vertical 9.4-T magnet (Biospec, Bruker, Ettlingen, Germany). 

Three-dimensional gradient echo, inversion recovery (2-dimensional multislice spin-echo), and 

T2 sequences were acquired with parameters optimized in order to achieve anatomical detail 

as well as T1 and T2/T2* contrast. Details of imaging parameters are below in Table 1. 

Resolution was 81 µm3 for 3-dimensional (3D) gradient echo, 163x325x400 µm for inversion 

recovery, and 120 µm3 for T2 sequences. T1 maps of sectioned MRI images were created from 

the inversion-recovery images (TI range 100 ms—1500 ms), respectively, and along with T2* 

images were registered to a common coordinate system for region-of-interest analysis. 

 

Table 1. Technical Details of the Parameters Used for Acquiring MRI Data 

Sequence  Parameters 

3DGE  NA=4. TE=4 ms, TR=40 ms, flip angle=30°, FOV=20.8x20.8x5.1mm, 

matrix=256x256x64, resolution=81x81x 81µm 

(zero-filled to 40 µm3 isotropic) imaging time = 44 min. 

Inversion 

recovery 

sequence (2D 

multislice 

spin-echo) 

NA=1, TE=12.5 ms, TR=4000 ms, FOV=20.8x20.8, matrix=128x 64, 

8 contiguous slices of 400 µm, in-plane 

resolution=163x325 µm (zero-filled to 81x81 µm), TI=100–1500 ms 

(6 steps: 300, 400, 600, 800, 1000, 1500 ms), 

Imaging time=34 min (per TI value). 

Spin-echo images TE=42 ms, TR=400, NE=3, resolution=120x120x120 µm (zero-filled 

to 60x60 µm), imaging time=27 min 

3DGE indicates 3-dimensional gradient echo; NA, Number of averages; TE, echo time; TR, 

repetition time; FOV, field of view; MRI, magnetic resonance imaging; TI, inversion time. 

 

The 3 image stacks (T1 map, T2*, and T2) were used for each heart section. For comparison 

with Evan’s Blue/TTC stained slices, analysis of the MRI data was restricted to 8 evenly spaced 

slices. The MRI images were pre-processed to define left and right ventricular epicardium and 
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left ventricular endocardium by 1 observer (the PhD candidate). Regions of interest for the 

AAR and MI were then manually contoured by 4 blinded observers, and by 1 observer twice 

with 1 week between analyses. AAR was identified by an absence of signal voids from MPIO 

in the T2* image stack, and MI was identified by high intensity on an inverted T1 map (i.e., 

longitudinal relativity, R1). In the case of any discrepancy, any region that was defined as MI 

was included as AAR. Regions of confluent signal within the MI, most likely representing 

microhemorrhage4, were included as infarct zone. The T2 image was used to assist with 

anatomical definition of the AAR and MI zones.  

 

The same analysis technique was used for the MR whole heart images following reformatting 

of the data to present the data in left ventricle short-axis (SA) orientation. For the whole-heart 

MRI analysis technique, 20 SA slices (650-lm slice spacing) were generated covering the 

whole heart. In addition, an automatic segmentation of the AAR and MI regions in the whole-

heart MRI volumes was carried out. A 3D minimum filter was applied to accentuate the signal 

voids due to MPIO, followed by a 2D 9x9 pixel standard deviation filter, which resulted in low 

signal in the region of AAR, and high signal outside of the AAR where signal voids were 

present. Within the region detected as AAR, thresholding of the T1 map images was used to 

define MI regions. The T1 threshold was chosen based on a single manual segmentation. As 

the T1 value is an intrinsic material property of the heart tissue depending on its pathological 

state that has been extracted by the MRI technique and cleaned of noise by the image processing 

technique described, a single manual investigation was necessary to define the T1 value that 

gave a clear threshold between AAR tissue and MI tissue. The photographed heart sections 

were also pre-processed to define left and right epicardium and left endocardium borders before 

being analysed by the same observers, identifying AAR and MI on the apical side of each heart 
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section following standard protocols3. Custom code written in Matlab (The MathWorks Co, 

Natick, MA) was used for all analysis. 

 

Statistical Analysis 

Statistical analysis was performed within Matlab and SPSS v20 (IBM, NY). The Bland Altman 

statistical test was used to assess intra- and interobserver variability, with the results presented 

graphically including mean differences and 95% limits of agreement. Summary results are 

presented as mean ± Standard error of the mean (SEM). 

 

Candidate's contribution: I performed the anaesthesia and the surgery on the animals. I 

injected the contrast agents i.e., gadolinium and iron microparticles via the tail vein. I harvested 

the heart at the end of the procedure. I sliced the hearts and stained with TTC. I prepared the 

heart slices for MRI by storing them in small tubes of agar gel. I was present at the time of 

acquisition of MRI with my supervisor. I performed the analysis of the MRI images. 

 

Optical coherence tomography (OCT) as an adjunct to percutaneous coronary 

intervention; a single centre experience 
 

Optical coherence tomography (OCT) is a relatively new intravascular imaging catheter in 

comparison to intravascular ultrasound5. The clinical indications for use of OCT were not well 

defined in 2013 when this study was performed. In chapter 4, we sought to clarify the 

potentially under-appreciated clinical role that OCT may play in PCI. We reported a single 

centre experience where OCT was used to help guide management in routine clinical practice. 

Between November 2010 and February 2012 all cases where OCT was performed for clinical 

indications during PCI at Royal North Shore Hospital, Sydney, Australia were retrospectively 

analysed. The OCT acquisition was performed by local cardiologists using the C7 Dragonfly™ 

intracoronary imaging catheter and the ILUMIEN™ PCI Optimization System (St. Jude 



54 

 

Medical, Inc. USA). All images were acquired using a non-occlusive technique with injection 

of isosmolar iodixanol (Visipaque™by GE healthcare) contrast to clear the coronary artery 

lumen of blood6. The steps of the procedure were as follows:  

 

1. OCT catheter was prepared by connecting the side port of the catheter with a 3ml 

syringe filled with 100% contrast.  

2. The OCT catheter was then purged by flushing it with contrast until 3-5 drops of 

contrast were seen exiting the tip of the catheter.  

3. The drive motor and optical controller (DOC) was draped in a plastic sleeve to maintain 

a sterile environment.  

4. The back end of OCT catheter was connected to the DOC by aligning it with the notches 

on the DOC and turning clockwise until it locks. 

5. The LED lights flash as the catheter is connected with DOC and the system performs 

an automatic calibration.  

6. The OCT software confirms the connection.  

7. The OCT catheter was loaded on the coronary wire and advanced to the target area 

under fluoroscopic guidance.  

8. The catheter was than auto calibrated by clicking “Auto Calibrate” on the screen or the 

“Enable button” on the DOC. The image is correctly calibrated when the outermost 

“ring” of the catheters is centred between the 4 calibration marks 

9. The catheter was purged by injecting ~0.1 mL contrast using the 3 mL syringe to ensure 

no blood has diffused into the catheter lumen 

10. A small puff of contrast was injected through the guide catheter to determine adequate 

blood clearance of the distal vessel. This helped determine guide catheter alignment 

and position prior to image acquisition. 
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11. Once ready to acquire the image, the operator clicked “Enable Pullback” followed by 

stepping on the cine pedal to begin the flush protocol.  

12. The operator would step off the cine pedal after the OCT pullback 

13. The flush protocol was performed by a pressure injector connected to the manifold. 

 

Candidate's contribution: I reviewed all the coronary angiograms and OCT images to 

confirm the findings observed at the time of the procedure. I collected all the demographic 

details of the patients, OCT vessel information and OCT indications to understand the impact 

of the OCT images on clinical decision making. I discussed the cases with the interventional 

cardiologist performing the procedure to understand how it changed management for the case.  

 

Comparison of two-dimensional quantitative coronary angiography (2D-

QCA) with optical coherence tomography (OCT) in the assessment of 

coronary artery lesion dimensions  
 

An accurate assessment of intracoronary lumen dimensions is essential in the diagnosis and 

treatment of coronary artery disease. Although intravascular catheters like IVUS and OCT can 

provide an accurate assessment of the coronary artery lumen dimensions, they are invasive, 

expensive, time consuming and may require use of extra contrast. Also, these intravascular 

catheters may not be available in some cardiac catheterisation laboratories. 2D-QCA is 

available in most cardiac catheterisation laboratories as a software. It uses automated edge 

detection software to detect the contrast filled lumen of the coronary artery7. Our aim was to 

assess the correlation between 2D-QCA and OCT for coronary lumen dimensions prior to stent 

implantation and also to quantify the agreement between the two modalities by Bland–Altman 

analysis. Therefore, in chapter 5, patients undergoing OCT for various clinical indications at 

Royal North Shore Hospital, Sydney, Australia were reviewed. The OCT acquisition was 

performed using the C7 Dragonfly™ intracoronary imaging catheter and the ILUMIEN™ PCI 
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Optimization System (St. Jude Medical). All images were acquired using a non-occlusive 

technique with injection of isosmolar iodixanol (Visipaque™ by GE healthcare) contrast using 

automatic injection to clear the vessel of blood6. The lesion was crossed using a routine 

angioplasty wire. The imaging catheter was then advanced over the wire. Once the catheter 

was positioned distal to the lesion it was pull backed using an automated motor at a speed of 

15 mm/s. Two-dimensional quantitative coronary angiography (2D-QCA) was performed 

offline using automated software. Measurements were performed on image sequences 

adequately filled with contrast and when the vessel was not foreshortened. Calibration was 

performed on the contrast filled segment of the guiding catheter. Measurements were 

performed on the lesion of interest using the automated software. Proximal and distal reference 

diameters were performed manually to measure the diameter of the normal segment of the 

vessel. 

 

Minimum luminal diameter (MLD), proximal reference diameter (PRD) and distal reference 

diameter (DRD) were measured for each lesion. PRD was defined as the diameter of the normal 

vessel proximally but within 10 mm of the lesion and DRD as the diameter of the normal vessel 

distally but within 10 mm of the lesion. 

 

Lesions that were not suitable for analysis were excluded e.g., OCT images with poor clearance 

of blood or inadequate short runs were excluded. Lesions that were dilated prior to performing 

OCT were excluded. Lesions with poor angiographic images not suitable for quantitative 

coronary angiography (QCA) were also excluded, e.g., foreshortened images or images with 

overlapping vessels. All 2D-QCA and OCT images were reviewed and analysed by the PhD 

candidate.  
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Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 for windows. Continuous variables 

are expressed as means. Means were compared using Student's t test. A p value of b0.05 was 

considered to be significant. The association between the measurements by QCA and OCT was 

tested by plotting a scatter plot and measuring the correlation coefficient ‘r’ by Pearson’s 

method. Bland–Altman plots were constructed to test the agreement between the two methods 

by plotting the average of the QCA and OCT measurements on x axis and the difference 

between the QCA and OCT measurements on y axis. 

 

Candidate's contributions:  I contributed to the design, collection of data and analysis of the 

study. I reviewed all the coronary angiograms and collected the demographic data. I performed 

2D-QCA analysis on all the coronary angiogram images and measured the luminal dimensions. 

I analysed all of the OCT images for luminal dimensions. I performed all of the statistical 

analysis on GraphPad Prism 6.  I performed the literature search and drafted the publication. 

 

Progression of coronary atherosclerosis in patients without standard 

modifiable risk factors  
 

It is not uncommon for a patient to present with extensive atherosclerosis and acute coronary 

syndrome in the absence of traditional risk factors for coronary artery disease. These patients 

have not been well studied in randomized clinical trials. Observational studies show that these 

patients have higher in-hospital and 30-day mortality rates after myocardial infarction 

compared to patients with at least one of the major 4 modifiable risk factors8-11. Intravascular 

ultrasound 5 permits quantification of coronary plaque burden and has been employed to 

evaluate the impact of medical therapies on disease progression in randomized clinical trials12-

19. We aimed to utilise IVUS data from clinical trials to assess plaque burden, plaque 

characteristics and plaque progression in patients with no standard modifiable risk factors. 
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Therefore, in chapter 6, we investigated a pooled cohort of 5823 patients with angiographic 

CAD who underwent serial IVUS imaging in ten clinical trials evaluating the impact of medical 

therapies on plaque progression13-22. Of the 5823 patients, we identified 214 to have no standard 

modifiable risk factors (3.7%), including smoking, hypertension, diabetes and 

hypercholesterolemia, recorded on the basis of self-reporting. On review of the baseline 

systolic blood pressure and lipids of the patients in the no risk factor group, it was noted that 

these were elevated in some patients. Out of the 214 patients, 49 were noted to have either 

systolic blood pressure of >140 mmHg or total cholesterol >213 mg/dl or LDL >135 mg/dl at 

baseline. These patients were excluded. For the purpose of this analysis, patients with no 

standard modifiable risk factors (n = 165) were compared with patients with at least one such 

risk factor after matching (3:1) on age, sex and use of statins during the trials (n = 492). 

 

Acquisition of IVUS images 

The IVUS images had already been acquired at the time of the randomised controlled trials. 

The data was collected from these trials for analysis. The method of acquisition of the IVUS 

images in these trials was performed as follows. Patients were imaged with either a 40 MHz 

Atlantis SR Pro (Boston Scientific Scimed, Inc., Maple Grove, MN, USA) or a 45 MHz 

Revolution (Volcano Corporation, San Diego, CA, USA) catheter. The target vessel for 

imaging was required to have at least 20% but not more than 50% stenosis on the coronary 

angiogram, at least 30 mm in length, with no prior revascularization and not planned for 

revascularization. After appropriate anticoagulation and intra-coronary nitrate, the IVUS 

imaging catheter was advanced beyond the lesion into the distal segment of the coronary artery. 

A pullback was performed at a constant speed of 0.5mm/s and a continuous image of the 

coronary artery was acquired at 30 frames per second. IVUS images were matched with the 

coronary angiogram by identifying the proximal and distal side branches. Follow up IVUS 
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imaging, after 18–24 months, was performed in the same coronary segment by using these side 

branches as landmarks. Images were stored and sent to a core lab for analysis. 

 

For each pull back, cross sectional images spaced 1 mm apart were selected for measurement. 

For each selected cross-sectional image, the leading edge of the lumen and the external elastic 

membrane (EEM) were manually traced to measure the lumen area and EEM area. IVUS 

images were analysed in a core laboratory by personnel blinded to all patient characteristics 

and treatment status. A number of plaque measures were derived from this analysis. Percent 

atheroma volume 23 was determined as the proportion of the whole vessel wall occupied by 

plaque throughout the entire length of artery studied14. 

 

𝑃𝐴𝑉 =  
∑( 𝐸𝐸𝑀 𝑎𝑟𝑒𝑎 − 𝑙𝑢𝑚𝑒𝑛 𝑎𝑟𝑒𝑎)

∑(𝐸𝐸𝑀 𝑎𝑟𝑒𝑎)
 𝑥 100 

 

Total atheroma volume (TAV) was determined by summation of atheroma area in all evaluable 

cross-sectional images [11]. 

 

𝑇𝐴𝑉 =  ∑ (𝐸𝐸𝑀 𝑎𝑟𝑒𝑎 − 𝑙𝑢𝑚𝑒𝑛 𝑎𝑟𝑒𝑎) 

 

To account for potential differences in segment length between patients, TAV was 

subsequently normalized, by multiplying the average plaque area in a segment by the median 

number of evaluable images for all patients in the study. 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑇𝐴𝑉

=  
∑(𝐸𝐸𝑀 𝑎𝑟𝑒𝑎 − 𝑙𝑢𝑚𝑒𝑛 𝑎𝑟𝑒𝑎)

𝑛
 𝑥 𝑀𝑒𝑑𝑖𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑚𝑎𝑔𝑒𝑠 𝑖𝑛 𝑐𝑜𝑐ℎ𝑜𝑟𝑡 
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The quantitation of plaque calcium has been described previously24. The presence of calcium 

in each measured image was assigned a grade from 0 to 2. Grade 0 representing no calcium, 

grade 1 representing calcium with acoustic shadowing <90°, grade 2 representing calcium with 

shadowing >90°. In images that contained multiple calcium deposits, the grade represented the 

summation of all angles of acoustic shadows present. The degree of calcification is expressed 

as the percentage of images containing ≥1 grade of calcium. From serial imaging, changes in 

PAV and TAV were calculated as the difference from baseline to follow up and the percentage 

of images containing ≥1 grade of calcium at each time point were directly compared. The 

percentage of patients demonstrating any degree of progression or regression of either PAV or 

TAV were also determined. 

 

Statistical analysis 

Patients were identified with no standard modifiable risk factors (n = 165) and then those with 

at least one such risk factor were matched in a 3:1 fashion based on age, sex and use of statins 

during the trials (n = 492). These two groups were then compared on baseline clinical 

characteristics, use of secondary prevention medications, blood pressure, serum lipids, CRP, 

IVUS measurements, proportion of patients with >1 grade of calcium, and proportion of 

patients showing progression or regression. Continuous variables were compared between 

groups using Student’s t-test or Wilcoxon rank-sum test, depending on if normally or non-

normally distributed, respectively. Mean ± standard deviation or median (interquartile range) 

are reported. Changes from baseline were assessed to see if significantly different than zero 

using the paired t-test or Wilcoxon signed-rank test, as appropriate. Categorical variables were 

compared between the two risk factor groups using Pearson’s chi squared or Fisher’s exact test. 

Percentages are reported. Annualized changes in IVUS measurements were compared between 
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the two groups using mixed models adjusting for baseline counterparts and with trial set as a 

random factor to control for heterogeneity across the ten studies. Least-squares means ± 

standard error is reported. Given that each trial’s duration varied from 18 to 24 months, 

annualized change in PAV is the interpolated value of change in PAV at 1 year. All tests were 

two tailed with a significance level of 0.05. Analyses were performed using SAS software, 

version 9.4 (SAS Institute, Cary, NC, USA). 

 

Candidate's contributions:  I contributed to the design of the study. I collaborated with the 

lead investigator in these clinical trials. I collected the IVUS imaging data from the ten 

randomised clinical trials. I interpreted the data and performed the statistical analysis. I 

performed the literature search and drafted the publication. 

 

Cardiovascular magnetic resonance characteristics and clinical outcomes of 

patients with ST-elevation myocardial infarction and no Standard Modifiable 

Risk Factors - A DANAMI-3 substudy. 
 

The reasons for the higher mortality rates in patients without standard modifiable 

cardiovascular risk factors (SMuRFs) following myocardial infarction are not well described. 

The higher mortality in this group of patients may be due to differences in myocardial infarct 

size, microvascular obstruction and adverse left ventricle remodelling as these characteristics 

are known to be associated with poor outcomes25-28. Cardiac magnetic resonance imaging 

allows assessment of these characteristics and has been employed in clinical trials to assess 

outcomes29-32. Therefore, in chapter 7, we aimed to explore cardiovascular magnetic resonance 

(CMR) imaging and clinical outcomes in patients with and without standard modifiable 

cardiovascular risk factors (SMuRFs) who presented with STEMI.  The Third DANish Study 

of Optimal Acute Treatment of Patients With ST-Segment Elevation Myocardial Infarction 

(DANAMI-3) trial program (NCT 01960933, NCT01435408) consisted of three randomized 
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controlled STEMI trials performed at four large primary percutaneous coronary intervention 33 

centres in Denmark between March 2011 and February 201434-37. The studies examined the 

effect of ischemic postconditioning (iPOST), deferred stenting (DEFER) and fractional flow 

reserve (FFR)-guided complete revascularization (PRIMULTI) in patients following STEMI. 

Patients were primarily randomized to either iPOST or DEFER. A secondary randomization 

was subsequently performed, randomizing patients with multivessel disease (MVD) in the 

PRIMULTI trial. For the current study, patients from all the DANAMI-3 trials with first-

presentation STEMI were classified into patients with no SMuRFs versus those with at least 

one SMuRF, to assess for any significant differences in clinical outcomes. SMuRFless patients 

were defined as patients with no standard modifiable cardiovascular risk factors- diabetes 

mellitus, hypertension, hyperlipidemia and current smoker.  A patient was classified as having 

diabetes, hypertension or hyperlipidemia if the patient reported a history of such, was on 

treatment of these conditions at time of presentation or LDL at the time of admission was ≥3.5 

mmol/L. A patient was defined as a current smoker if they reported to be smoking regularly 

prior to admission. The clinical outcomes of the two groups were compared as per the primary 

and secondary end points defined in the DANAMI-3 trial34-37. Baseline clinical characteristics, 

procedural data, medications at discharge as well as clinical outcomes were obtained.   

 

A subgroup of DANAMI-3 patients recruited at one centre (Righospitalet, Copenhagen 

University Hospital) had CMR performed according to a standard protocol to evaluate the 

effects of randomizations on a surrogate marker. This CMR-subgroup provided an optimal 

opportunity to examine for any potential differences in CMR variables such as AAR, infarct 

size, MVO and LV remodelling between individuals with no SMuRFs versus those with at 

least one SMuRF. Patients were included in the sub study if they had baseline and/or follow-

up CMR performed (Figure 1).  
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Acquisition and analysis of CMR Images 

CMR imaging was performed during index admission at the clinical trial sites following 

primary PCI using a 1.5 Tesla scanner (Avanto; Siemens, Erlangen, Germany). CMR was also 

repeated three months after the index admission. Images were analysed by an independent 

observer, blinded to all clinical data, using dedicated software (CVI42, Circle Cardiovascular 

Imaging Inc, Calgary, Alberta, Canada), and validated by a second experienced independent 

observer. These observers were study investigators of the original clinical trials. Left 

ventricular function and mass were calculated on short-axis steady-state free precession (SSFP) 

cine images on index and follow-up CMRs. Infarct size was assessed on late gadolinium 

enhancement (LGE) images, which was obtained 10 minutes after intravenous injection of 0.1 

mmol/kg body weight of gadolinium-based contrast (Gadovist; Bayer Schering, Berlin, 

Germany) on 8mm sliced short-axis images with full-LV coverage and no gap30. Myocardial 

infarction was defined as hyper-enhanced myocardium with a signal intensity of >5 standard 

deviations of the mean intensity of normal reference myocardium38. Infarct size was calculated 

as a percentage of left ventricular mass and reported on both index and follow-up CMRs. AAR 

was identified as edema on the index scan using a T2-weighted short tau inversion-recovery 

sequence (STIR)29,31. Edema was defined as an area with signal intensity of >2 standard 

deviations above the signal intensity in remote normal myocardium38. Microvascular 

obstruction (MVO) was assessed on the LGE images in the index scans as hypointense areas 

within the acute infarct region. Myocardial salvage index (MSI) was calculated as the 

difference between area at risk and infarct size, divided by area at risk39.  
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Statistical analysis 

The DANAMI-3 patients with first-presentation STEMI were identified and classified into 

patients with no SMuRF (SMuRFless) and those with at least one SMuRF. Continuous 

variables were compared using Student’s t-test (if normal distribution) or Mann–Whitney U 

test (if not normal distribution). Mean ± SD or median (interquartile range, IQR) or percentages 

are reported. Changes in baseline to follow-up CMR measures were assessed using the paired 

t-test. Categorical variables were compared using Pearson’s chi-squared or Fisher’s exact test 

as appropriate. Multivariable linear regression analyses were performed using SMuRFless 

patients as a predictor for final infarct size or final MSI adjusting for pre-specified clinically 

relevant variables: male sex, age, ECG–to-wire time, former smoking, thrombolysis in 

myocardial infarction (TIMI) flow 0–1 pre-PCI and culprit left anterior descending artery 

(LAD). A Cox proportional hazards regression model was used to assess the individual risk of 

a clinical outcome in SMuRFless patients. Finally, an additional logistic regression model was 

performed to determine the independent predictors of TIMI 0-1 flow, adjusting for pre-

specified clinically relevant variables, namely, male sex, age, symptom to wire time, 

multivessel disease, culprit LAD, heart rate, systolic blood pressure and SMuRFless status. A 

result was considered significant when it was below a two-sided p-value of 0.05. The statistical 

analyses were performed with SPSS version 25. 

 

Candidate's contribution:  I contributed to the design of the study. I collaborated with the 

lead investigators in these clinical trials. I collected the cardiac MRI imaging data from the 

three randomised clinical trials. I interpreted the data and performed the statistical analysis. I 

performed the literature search and drafted the publication. 
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Chapter 3. Automated Quantification of Myocardial Salvage in a Rat 

Model of Ischemia–Reperfusion Injury using 3D High-Resolution 

Magnetic Resonance Imaging (MRI) 

Summary: 

The pathophysiology of coronary no-reflow post primary PCI is multifactorial and includes 

myocardial reperfusion injury that may occur after restoration of blood flow with 

accumulation of neutrophils and platelets that release inflammatory mediators and 

vasoconstrictors. In chapter 6 we explored the clinical predictors of coronary no-reflow. A 

larger infarct size is a clinical consequence of no-reflow which can be measured by cardiac 

MRI as demonstrated in chapter 7. Novel therapies targeting ischemia reperfusion injury are 

usually tested in small animal models. An accurate assessment of infarct size and area at risk 

(AAR) is critical when assessing new therapies for myocardial ischemia reperfusion (IR) 

injury. In chapter 8, we aimed to develop and validate a high-resolution 3-dimensional (3D) 

magnetic resonance imaging (MRI) method for quantifying infarct size and AAR in a rodent 

model. Current “gold-standard” methods perfuse the heart with Evan’s Blue and stain with 

triphenyl tetrazolium chloride (TTC), requiring manual slicing and analysis. The manual 

slicing is labor intensive and the slices are thick. The analysis requires assumptions to be 

made about the surface borders reflecting that of the mid slice tissue. In this chapter, we 

describe a novel MRI technique that allows precise assessment of infarct and AAR zones. It 

removes the need for tissue slicing and provides opportunity for 3D digital analysis at high 

anatomical resolution. 
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Automated Quantification of Myocardial Salvage in a Rat Model 

of Ischemia–Reperfusion Injury Using 3D High-Resolution Magnetic 
Resonance Imaging (MRI) 
Stuart M. Grieve, MBBS, DPhil;* Jawad Mazhar, MBBS;* Fraser Callaghan, PhD; Cindy Y. Kok, PhD; Sarah Tandy , PhD; Ravinay 

Bhindi, MBBS, PhD; Gemma A. Figtree, MBBS, DPhil, FRACP, FAHA 
 

Background-—Quantification of myocardial “area at risk” (AAR) and myocardial infarction (MI) zone is critical for assessing novel therapies targeting myocardial ischemia–

reperfusion (IR) injury. Current “gold-standard” methods perfuse the heart with Evan’s Blue and stain with triphenyl tetrazolium chloride (TTC), requiring manual slicing and analysis. We 

aimed to develop and validate a high-resolution 3-dimensional (3D) magnetic resonance imaging (MRI) method for quantifying MI and AAR. 

Methods and Results-—Forty-eight hours after IR was induced, rats were anesthetized and gadopentetate dimeglumine was administered intravenously. After 10 minutes, 

the coronary artery was re-ligated and a solution containing iron oxide microparticles and Evan’s Blue was infused (for comparison). Hearts were harvested and transversally 
sectioned for TTC staining. Ex vivo MR images of slices were acquired on a 9.4-T magnet. T2* data allowed visualization of AAR, with microparticle-associated signal loss in perfused regions. 

T1 data demonstrated gadolinium retention in infarcted zones. Close correlation (r=0.92 to 0.94; P<0.05) of MRI and Evan’s Blue/TTC measures for both AAR and MI was observed 

when the combined techniques were applied to the same heart slice. However, 3D MRI acquisition and analysis of whole heart reduced intra-observer variability compared to 

assessment of isolated slices, and allowed automated segmentation and analysis, thus reducing interobserver variation. 

Anatomical resolution of 81 lm3 was achieved (versus �2 mm with manual slicing). 

Conclusions-—This novel, yet simple, MRI technique allows precise assessment of infarct and AAR zones. It removes the need for tissue slicing and provides opportunity for 3D 

digital analysis at high anatomical resolution in a streamlined manner accessible for all laboratories already performing IR experiments. ( J Am Heart Assoc. 2014;3:e000956 

doi: 10.1161/JAHA.114.000956) 

Key Words: magnetic resonance imaging • molecular imaging • myocardial ischemia–reperfusion • ventricular remodeling 
 
 

 

schemic heart disease remains the number 1 cause of death in Western 

society. Improvements in the techniques and speed with which patients 

receive reperfusion 
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therapy have significantly decreased mortality and morbidity of patients suffering 

myocardial infarction (MI).1 However, regeneration of flow at the time of 

reperfusion also leads to a specific myocardial injury in addition to the injury caused 

by ischemia that is known as myocardial ischemia–reperfusion (IR) injury.2 This 

myocardial IR injury manifests itself clinically in the form of arrhythmias, reversible 

contractile dysfunction (myocardial stunning), endothelial dysfunction, and cell 

death.3,4 Contributing factors include postischemic low ATP and high phosphate 

levels, intracellular and mitochondrial calcium overload, oxidative stress and rapid 

increases in pH, endothelial dysfunction, and apoptosis.3,5 The inflammatory 

response is also thought to play an important role, and several experimental 

studies have demonstrated a reduction in MI size with anti-inflammatory 

treatment.6–10 

Rodent models of cardiovascular disease provide a 

valuable means to understand the molecular and physiological mechanisms that 

influence outcome. The ability to accurately quantitate outcome measures such 

as the extent 
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of infarction permits assessment of response to novel therapeutic strategies. 

In this article, we address the problem of measuring the volume of infarction in 

animal models of IR injury. Current “gold standard” methods use a combination of 

selective perfusion of the heart with Evan’s Blue and staining of the postmortem 

sectioned heart with triphenyl tetrazolium chloride (TTC) to quantitate the area at risk 

(AAR) and degree of completed infarct.11,12 Importantly, this approach accounts for 

variability in coronary artery anatomical supply, and can allow investigators to 

quantify the amount of salvaged myocardium. This method, although widely used 

and considered the “gold standard,” also has documented problems relating to 

the accurate and reproducible delineation of the border of the infarct and AAR 

zones.13 The requirement of manual slicing of tissue is labor intensive, and slices 

are relatively thick. This requires assumptions to be made about the surface 

borders reflecting that of the midslice tissue. Questions have also been raised 

regarding the sensitivity of TTC staining in the setting of a gradient of viability, as 

would be common in the setting of IR injury.14 

Magnetic resonance imaging (MRI) is well recognized for 

its high spatial resolution (25 to 100 µm at fields higher than 3 T) and excellent soft-

tissue discrimination. Cardiac MRI (CMR) has been developed to provide accurate 

functional data, although this requires an expert team to optimize cardiac and 

respiratory gating at high fields when applied to rodents,15 which may be a rate-limiting 

step in the majority of laboratories. Central to the clinical use of MRI to assess the 

ischemic heart is the use of delayed gadolinium-enhanced images to define 

infarcted tissue.16 The enhancement seen in the setting of an acute infarct using this 

method is based on the increased permeability of the cell membrane associated with 

necrosis, and has been shown to correlate extremely well with histology.17 

Delineation of AAR is considered a holy grail for cardiac MRI researchers. T2 

sequences have been used to delineate areas of higher water content/edema. 

Although some studies have provided evidence for this approach,18,19 there is 

considerable controversy regarding this with concerns over reliability and 

robustness of the measure across different laboratories.20,21 Microparticles of iron 

oxide (MPIO) provide excellent negative contrast even at low concentrations, are 

inert, and remain intravascular.22 In this study, we compare the standard Evan’s 

Blue/TTC method of AAR/infarct delineation against a novel method that uses a 

combination of T2* contrast from MPIO to define the borders of the perfused/ 

unperfused myocardium, together with gadolinium-based T1- weighted enhancement 

to define the established infarct zone. We propose that this method has potential to 

provide rapid and accurate quantitation of these parameters in animal models of 

IR injury. 

Methods 

Animals and Experimental Model of Myocardial IR Injury 

Sprague–Dawley rats (weight 250 to 300 g) were acclimatized for a period of 1 week 

before surgery. Procedures were conducted with the approval of the Royal North 

Shore Hospital Animal Care and Ethics Committee. Myocardial IR was induced as 

previously described using an open-chest approach.23 

Ischemia was induced for 30 minutes by transient suture ligation of the left anterior 
coronary artery �2 to 3 mm distal to the junction of pulmonary artery and left atrial 
appendage. 

The ligature was then released and the rats recovered for 48 hours. Under repeat 

anesthesia, gadopentetate dimeglumine 0.15 mmol/kg was infused via the tail 

vein. After 10 minutes, the left anterior coronary artery was re-occluded and a 

solution containing MPIO (4.5 mg/kg body weight, as determined in pilot studies) 

mixed with 3% Evan’s Blue, in a total volume of 5 mL, was infused. After a 2-minute 

interval, the heart was then excised, sectioned into 2-mm short-axis slices, and placed 

in TTC 1% in phosphate-buffered saline for 20 minutes at 37°C.24 Slices were 

photographed and then fixed in 10% normal buffered formalin. To reduce sample 

movement during MRI imaging, whole hearts and sections were set in agar gel. They 

were then stored at 4°C and imaged within 1 week of each experiment. A schematic 

illustration of both techniques is shown in Figure 1. 

 

Iron-Oxide Microparticles 

MyOneTosyl-activated iron microparticles (MPIO: diameter 1.08 lm, iron content 

26%) were purchased from Life Technologies. The MPIO particles were diluted in 

phosphate- buffered saline prior to use. 

 

Magnetic Resonance Imaging: Protocol and Analysis 

MRI data were acquired on a vertical 9.4-T magnet (Biospec, Bruker, Ettlingen, 

Germany). Three-dimensional gradient echo, inversion recovery (2-dimensional 

multislice spin-echo), and T2 sequences were acquired with parameters optimized 

in order to achieve anatomical detail as well as T1 and T2/T2* contrast. Details of 

imaging parameters are found in Table 1, and illustration of our process of sequence 

optimization is shown in Figure 2). Resolution was 81 lm3 for 3-dimensional (3D) 

gradient echo, 163x325x400 µm for inversion recovery, and 120 µm3 for T2 

sequences. T1 maps of sectioned MRI images were created from the inversion-

recovery images (TI range 100 ms—1500 ms), respectively, and along with T2* 

images were registered to a common coordinate system for region-of-interest 

analysis. 
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Figure 1. Schematic illustration comparing the steps involved in the 

traditional Evan’s Blue/TTC technique, versus the auto- mated 

MPIO/Gd 3D MRI technique. Gd-DPTA indicates gadopentetate 

dimeglumine; LCA, left anterior coronary artery; MPIO/ Gd, 

microparticles of iron oxide/gadolinium; MRI, magnetic resonance 

imaging; TTC, triphenyl tetrazolium chloride. 
 

 
The 3 image stacks (T1 map, T2*, and T2) were used for each heart section. For 

comparison with Evan’s Blue/TTC stained slices, analysis of the MRI data was 

restricted to 8 evenly spaced slices. Figure 2D and 2F shows representative 

segmentation on a 3D gradient echo (T2) image and T1- weighted image. The MRI 

images were preprocessed to define left and right ventricular epicardium and left 

ventricular endocardium by 1 observer. Regions of interest for the AAR and MI were 

then manually contoured by 4 blinded observers, and by 1 observer twice, with 

1 week between 

analyses. AAR was identified by an absence of signal voids from MPIO in the T2* 

image stack, and MI was identified by high intensity on an inverted T1 map (ie, 

longitudinal relativity, R1). In the case of any discrepancy, any region that was 

defined as MI was included as AAR. Regions of confluent signal within the MI, 

most likely representing microhemorrhage,25 were included as infarct zone. The 

T2 image was used to assist with anatomical definition of the AAR and MI zones. 

The same analysis technique was used for the MR whole heart images 

following reformatting of the data to present the data in left ventricle short-axis (SA) 

orientation. For the whole-heart MRI analysis technique, 20 SA slices (650-lm 

slice spacing) were generated covering the whole heart. In addition, an automatic 

segmentation of the AAR and MI regions in the whole-heart MRI volumes was 

carried out. A 3D minimum filter was applied to accentuate the signal voids due 

to MPIO, followed by a 2D 9x9 pixel standard deviation filter, which resulted in low 

signal in the region of AAR, and high signal outside of the AAR where signal voids 

were present. Within the region detected as AAR, thresholding of the T1 map images 

was used to define MI regions. The T1 threshold was chosen based on a single 

manual segmentation. 

The photographed heart sections were also preprocessed to define left and right 

epicardium and left endocardium borders before being analyzed by the same 

observers, identifying AAR and MI on the apical side of each heart section 

following standard protocols.24 Custom code written in Matlab (The MathWorks Co, 

Natick, MA) was used for all analysis. 

 

Statistical Analysis 

Statistical analysis was performed within Matlab and SPSS v20 (IBM, NY). The Bland 

Altman statistical test was used to assess intra- and interobserver variability, with 

the results presented graphically including mean differences and 95% limits of 

agreement. Summary results are presented as mean 

± SEM. 

 
Table 1. Technical Details of the Parameters Used for Acquiring MRI Data 

 

Sequence Parameters 

3DGE NA=4. TE=4 ms, TR=40 ms, flip angle=30°, FOV=20.89 20.895.1 mm, matrix=2569256964, resolution=81x81x81 µm (zero-filled to 40 

lm3 isotropic) imaging time=44 min. 

Inversion recovery 

sequence (2D multislice 

spin-echo) 

NA=1, TE=12.5 ms, TR=4000 ms, FOV=20.8x20.8, matrix=128x 64, 8 contiguous slices of 400 µm, in-plane resolution=163x325 µm 

(zero-filled to 81x81 µm), TI=100–1500 ms (6 steps: 300, 400, 600, 800, 1000, 1500 ms), imaging time=34 min (per TI value). 

Spin-echo images TE=42 ms, TR=400, NE=3, resolution=120x120x120 µm (zero-filled to 60x60 µm), imaging time=27 min 

3DGE indicates 3-dimensional gradient echo; NA, Number of averages; TE, echo time; TR, repetition time; FOV, field of view; MRI, magnetic resonance imaging; TI, inversion time. 
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Figure 2. Visual comparison of traditional Evan’s Blue/TTC and novel high-field MRI technique for defining 

myocardial salvage zone. A, Photograph of sliced rat heart prepared using standard Evan ’s Blue TTC technique. The AAR is 

determined as the region of the heart that is not stained blue by Evan’s Blue dye. Within the AAR the MI zone is seen 

as the central white zone (white arrow). The pink/red zone within the AAR defines the viable myocardium stained by 

TTC. Slice thickness is ~2 mm. B, 3DGE (TE 4 ms) image of the same representative slice shown in A, illustrating 

the perfused myocardium appearance containing numerous signal voids (black dots), and clear delineation of 

perfused and nonperfused myocardium. Resolution: 81 lm3. The dashed white lines indicate the reformatted slices 

C1 and C2. D, 3DGE image of same slice with TE=8 ms showing increased T2* contrast within the perfused territory 

from the MPIOs (border zone of AAR delineated by blue line). Resolution: 81 µm3. E, Spin echo MRI image (TE=42 

ms, TR=600 ms) of same slice highlighting T2 contrast within the MI zone, while also showing signal voids from MPIO. 

Some low-intensity signal (orange arrow) can be seen centrally within the MI zone likely secondary to microvascular 

obstruction. Resolution: 120 µm3. F, Inversion recovery image of the same slice shown in E, highlighting the T1 

contrast caused by gadolinium within the MI zone (yellow line). Resolution: 163x325x400 µm. The LV 

epicardial contour is shown in D and F by a green line and the endocardial surface by a red line. AAR indicates area at 

risk; DGE, delayed gadolinium enhanced; LV, left ventricular; MI, myocardial infarction; MPIO, microparticles of iron oxide; 

MRI, magnetic resonance imaging; TE, echo time; TTC, triphenyl tetrazolium chloride. 

 

Results 

MPIO to Delineate AAR 

Initial visual inspection of the MRI data, focusing on the T2 and T2* data, found evenly 

spread foci of signal loss (observed as “black dots”) in regions that remained perfused 

outside the territory of the ligated coronary artery, and no “dots” in the area perfused by 

the coronary artery (AAR) (Figure 2). The presence of small microbubbles did not 

compromise visualization of AAR borders, and was minimized through careful sample 

prepara- tion. The small number of bubbles present could easily be differentiated 

from microparticles due to size and position (bubbles are larger and more 

peripheral). 

Consistent with our previous observations,25 regions in the MI region of some 

hearts demonstrated signal loss in a midwall

 

 

 

 

 

distribution with a more confluent pattern than that of the discrete signal loss 

attributed to MPIO (Figure 2). We have previously demonstrated by histological 

techniques that this corresponds to microhemorrhage at the core of the MI.25 

Similar MRI signal loss has been reported in human CMR images, and has been 

associated with MI size and prognosis.26 We examined the correlation of AAR using 

the traditional Evan’s Blue technique, and that determined by MPIO/MRI 

technique, using the calculated AAR as a percentage of myocardial mass (Figure 

3). This direct comparison required MRI and analysis to be performed on sliced 

myocardium, taking away a major advantage of MRI related to examining an intact 3D 

dataset, and being able to easily examine adjacent regions “above” or “below.” Figure 3A 

provides a scatterplot comparing the AAR calculated using the 2 methods. While the size 

of the AAR varied between animals, the correlation between the 
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Figure 4. Comparison between the borderzone definition of the AAR 

using Evan’s Blue (A) and MPIO (B). The edge definition (white arrows, A; 

red arrows, B) using Evan’s Blue appears indistinct due to diffusion of the 

stain and the reduced contrast between Evan’s Blue–positive area and the 

TTC-positive staining. In contrast, the particulate nature of the MPIO, 

and the T-weighted image acquisition, create a sharp definition of the 

border between the AAR and the perfused territory. Insets show magnified 

image. Two millimeter magnified views are provided to the right of A and 

B. AAR indicates area at risk; MPIO, microparticles of iron oxide; 

TTC, triphenyl tetrazolium chloride. 

 
 
 
 

Figure 3. Comparison between AAR measurements obtained using 

MPIO MRI vs traditional Evan’s Blue methods. A, Scatterplot of the 

calculated AAR (expressed as % of LV mass) for MPIO MRI method vs 

Evan’s Blue method performed on same isolated tissue slices (r=0.94; 

P=0.004). B, Bland-Altman plot examining the intra- observer (top 2 

panels) and interobserver (bottom 2 panels) variability for the 2 

methods when both were applied to the same tissue slices. The dashed 

lines represent the 95% level of agreement. AAR indicates area at risk; 

MPIO, microparticles of iron oxide; MRI, magnetic resonance imaging; 

LV, left ventricular. 

 
measurements was high (r=0.95, P=0.004). The intra- and interobserver variability 

was assessed using a Bland-Altman plot for both techniques (Figure 3B). The particulate 

nature of the MPIO avoids the diffusional blurring seen using Evan’s Blue. This 

superior edge definition that results from using the MPIO/Gd (microparticles of iron 

oxide/gadolinium) MRI technique is demonstrated in Figure 4. 

Gadolinium Enhancement to Delineate MI 

Initial visual inspection of the MRI images showed that using longitudinal relaxivity 

(R1) data (ie, an inverted T1 map), in which the MI zone appears as high intensity, was 

preferable to using either the raw T1-weighted inversion recovery data or an orthodox 

presentation of the T1 maps (in which the MI zone appears as a region of low 

intensity). The regions of T1 shortening correlated closely with the distribution of 

infarction defined by TTC on corresponding images (e.g, Figure 2). Figure 5A shows 

a comparison between the MI mass measured using the Evan’s Blue/TTC 

method versus using the MPIO/Gd MRI method in the same slices. There was a good 

correlation between 2 methods for the measurement of MI (r=0.93, P=0.020). A 

Bland-Altman plot of the 2 methods is presented in Figure 5B, demonstrating 

adequate inter- and intra-observer variability when applying the MPIO/Gd MRI 

method to sliced heart slabs where the majority of points fall between the 95% limits of 

agreement. For the TTC data, there is a nonsignificant trend toward positive 

differences at low 
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Figure 5. Comparison between MI quantification obtained using Gd 

MRI vs traditional TTC method. A, Scatterplot of calculated MI volume 

(expressed as % of LV) for the Gd MRI vs traditional TTC method 

performed on same isolated tissue slices (r=0.93; P=0.04). B, Bland-Altman 

plot examining the intraobserver (top 2 panels) and interobserver (bottom 

2 panels) variability for the 2 methods when both were applied to the same 

tissue slices. The dashed lines represent the 95% level of agreement. LV 

indicates left ventricular; MI, myocardial infarction; MRI, magnetic 

resonance imaging; TTC, triphenyl tetrazolium chloride; Gd, gadolinium. 
 

percent infarct and negative differences at high percent infarct. 

 

Analysis of AAR and MI in Whole Hearts 

In order to comprehensively assess the potential benefits of the MPIO/Gd MRI 

technique, an additional 4 hearts were assessed, but were imaged as intact hearts, 

thereby preserv- 

ing the 3D information inherently provided by this technique. Figure 6 demonstrates 

the continuity of both the AAR and MI zones in both short-axis (SA, top 2 rows), and 

long-axis views (4 chamber—left, and LVLA—right). At the 4 SA levels chosen as 

representative slices, the definition and extent of the AAR and MI zones are clearly 

demarcated. The ability to scroll between slices acts to further clarify any unclear 

regions, meaning that little ambiguity is present when assigning regions 

manually. The anatomical relationships of the segmented territories are also clearly 

identified, making it easier for the investigator to exclude artifactual changes in signal. 

Figure 7A shows a plot of the AAR and MI masses for each of the whole heart 

samples. Figure 7B shows a Bland-Altman plot of the intra-observer and 

interobserver variation for manual quantitation of both AAR and MI mass. Compared 

with the conventional AAR/MI measures (Evan’s Blue/TTC staining of the sliced 

hearts assessed in Figures 3B and 5B), MRI- derived AAR and MI from whole 

hearts show tighter intra- observer limits of agreement for both measures, and 

similar interobserver agreement. 

We next explored automated methods for segmenting and quantitating the AAR 

and MI zones, since the high-contrast and digital 3D nature of the MRI data is inherently 

suited to an algorithmic, automated approach. Figure 8 shows a 3D representation 

of the segmented heart, with the MI color- coded in white, the AAR as red, and 

the unaffected myocardium coded as blue. The left anterior oblique (LAO) 

projection shows how the zonal nature of the AAR and MI regions are precisely 

captured by our automated approach, and the SA and 4-chamber views 

demonstrate the clear delineation of the borders of each zone. The ability of the 

investigator to scroll through the digital dataset, in order to appreciate anatomic 

relationships, is highlighted by Movie S1 and S2. 

Figure 9 shows Bland-Altman plots comparing the inter- 

observer variability between the manual and automatic segmentation of the 

whole heart for and MI zones. These show good agreement between the 

segmentation strategies. 

 
 

Discussion 
In this study, we have applied high-field cardiac MRI to precisely assess MI size 

and AAR in a rat model of myocardial IR. This removes the need for physical slicing 

of the fresh, postmortem heart, offering the possibility for reducing the error of 

measurements and providing the opportunity for high- resolution, automated 3D digital 

analysis. 

Given the clinical importance of MI and its complications, investigators have 

been looking to animal models to assist them in understanding the 

pathogenesis, and to assess efficacy of novel therapies. Due to cost and 

ease of 
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Figure 6. Selected images from 3D MRI volumetric images of a whole rat heart following IR and preparation 

using the MPIO/Gd method. A, Short-axis GE slices from the apex to base demonstrating clear definition of the AAR. 

The border of the MPIO signal voids delineates the AAR from the myocardium not perfused by the occluded vessel. 

The position of the slices is shown in C. B, Co-registered slices from a 3D R1 map (ie, inverted T1), clearly demonstrating 

the MI zone as high-signal against a low-signal background of normal myocardium. Note the low signal contained within 

the MI zone due to microhemorrhage. C, D, 4 chamber and (E, F) LVLA reformats of both GE and R1 map data showing 

the transmural nature of the MI and the full extent of the endocardial extension reformats of GE and R1 map data. AAR 

indicates area at risk; GE, gradient echo; MI, myocardial infarction; MPIO/Gd, microparticles of iron oxide/gadolinium; 

MRI, magnetic resonance imaging; IR, ischemia–reperfusion; LVLA, left ventricle long axis. 

 

management, the use of mouse and rats has predominated. Providing genetic 

modification is not required, the rat has advantages of not only being 

convenient to house, and relatively inexpensive, but also, compared to the mouse, 

being technically easier on which to perform the required cardiac surgery. In regions 

of complete MI, achieved with a complete ligation model, histopathology in the rat has 

been found to be similar to that in humans, although with an accelerated time- course, 

and less polymorph infiltration.27 In the case of temporary ligation, and 

myocardial IR injury, the histopatho-logic changes are more patchy than in humans.24 

The surgical transient ligation model, as we have performed in this study, is the most 

commonly used technique to achieve myocardial IR injury.24 The occlusion time of 

30 minutes is usually chosen, with longer periods resulting in larger areas of 

infarction and associated higher mortality.28,29 Although investigators may ligate 

the left coronary artery at what 

appears to be the “same place” for every animal, the variation in coronary anatomy and 

the territory of myocardium supplied by the vessel means that there is considerable 

variation in the area of threatened myocardium or AAR. If only MI size was measured, 

without this denominator of AAR, the noise of experimental data would be greatly 

increased. In contrast, precise assessment of AAR allows for the MI size to be 

expressed in relation to this, and the effect of therapy on salvaged myocardium 

to be fully appreciated. For this purpose, Evan’s Blue injection, with the vessel 

re-ligated, has become indispensable to researchers for decades, and is widely 

accepted as the “gold standard” technique. However, even experienced researchers 

will acknowledge difficulties with the technique.  

We have developed a user-friendly technique, in which AAR is defined by perfusion 

border zones of MPIO instead of Evan’s Blue, and the MI region is highlighted 

by gadolinium 
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Figure 7. Summary of AAR and MI measurements in whole rat hearts 
(n=4 readers) following IR using the MPIO/Gd MRI method. A, AAR 
and infarct zones (expressed as a percentage of LV myocardial mass 

±SEM). B, Bland-Altman plots examining the intra-observer (top 2 

panels) and interobserver (bottom 2 panels) 

variability for determination of AAR (left) and MI zones (right). The dashed 

lines represent the 95% level of agreement. AAR indicates area at risk; LV, 

left ventricular; MI, myocardial infarction; MPIO/ Gd, microparticles of 

iron oxide/gadolinium; MRI, magnetic resonance imaging; IR, 

ischemia–reperfusion. 

 
uptake. MRI then provides a high-resolution digital dataset, and removes the 

requirement for manual slicing of fresh postmortem heart. Given that the physical 

principles delineating perfused and nonperfused myocardial segments are similar in 

the 2 techniques, and that late gadolinium enhancement (LGE) and TTC 

techniques have previously been highly correlated,16 it is not unexpected that the 2 

approaches provided very similar MI/AAR measurements for correspond- 

ing slices. However, the major benefits of the MRI technique are realized through 

whole-heart analysis. The 3D digital dataset allows the operator to scroll through 

adjacent slices (Figure 8 and Movie S1 and S2), and for automated segmentation and 

quantification to be performed. Improved ability to examine anatomic relationships of 

the segments also helps ensure that artifacts are excluded. 

Access of investigators to an entire high-resolution 3D dataset (effective 

isotropic resolution 40 to 80 lm, depending on acquisition time available), rather than 

just the surface of five ~2-mm slices, ensures that any regional effects of 

intramyocardially applied therapies such as stem cell injections will not be 

overlooked. These methodological improvements not only improve the ease of the 

measurements, but also will likely result in less intra-observer variability (Fig- ure 

7B), and if automated strategies are used, removal of the nonsystematic components 
of interobserver variability. 

Although the ex-vivo nature of our 3D MRI technique has limitations in regard to 

serial studies, and assessing functional correlations, it does open up the possibility of 

an easily accessible technique for laboratories that may not have direct access to high-

field MRI facilities and staff expert in high-field, cardiac-gated MRI. It is emminently 

feasible, using this technique, for research teams to prepare the hearts, and have 

them imaged at high resolution by a core facility, with the prepared hearts being 

suitable for postal delivery. In the case of this study, hearts were imaged within 1 

week. Although previous studies have identified issues with relatively rapid 

dispersion of gadolinium (within hours),30 this did not cause significant problems in our 

hands using heart tissue that was rapidly fixed postmortem. Furthermore, we observed 

stability of the AAR border zones with the MPIO compared with our experience 

using Evan’s Blue, where we often found postmortem diffusion of the blue agent 

making the borders blurry. The ex-vivo nature or novel approach also overcomes 

issues related to cardiac movement, and engineering challenges of imaging the high 

heart rate of the smaller animal. This allows high-resolution imaging to be acquired. 

The 3D nature of the data obtained using this technique also allows for digital analysis 

and automated segmentation. The technique is applicable to both smaller (e.g, 

mouse) and larger animals. A comparison of the advantages and disadvantages of 

the traditional Evan’s Blue/TTC technique and the 3D MPIO/Gd MRI technique is 

provided in Table 2.  

Hopes have been pinned on CMR by investigators studying myocardial salvage in 

the setting of IR and infarction in vivo. The most successful technique of imaging the 

AAR to date, based on higher T2 signal intensity in the edematous myocardium 

postischemia, requires highly expert teams to interpret and acquire the data and is 

poorly reproducible across laboratories.20 Recent advances in T2-weighted CMR, 

including with free-breathing, motion-correction,31,32 and T2 
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Figure 8. A 3D reformat of a whole rat heart following automated segmentation of the AAR and MI zones. The AAR 

is coded as red, the MI as white, and the myocardium beyond the AAR as blue. Short-axis views from the base to apex 

demonstrating the clear delineation of the MI. A through D, The level of the slices is shown in the 4-chamber (4C) view. 

An LAO projection shows the surface distribution of the occluded AAR territory following an expected distribution over 

the anterior and lateral walls of the LV. AAR indicates area at risk; MI, myocardial infarction; LAO, left anterior oblique; 

LV, left ventricle. 
 

 

Figure 9. Bland-Altman plots comparing manual and automatic detection of the AAR (left) and MI (right) zones in 

intact (nonsliced) rat heart (n=4) using the MPIO/Gd technique. The dashed lines represent the 95% level of agreement. 

AAR indicates area at risk; MI, myocardial infarction; MPIO/Gd, microparticles of iron oxide/gadolinium. 
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Table 2. Advantages and Disadvantages of the Traditional Evan’s Blue/TTC Technique, Vs the 3D MPIO/Gd MRI Approach 

 

Evan’s Blue/TTC 3D MPIO/Gd MRI 

Requires IV tail injections Requires IV tail injections 

Requires re-ligation of culprit vessel Requires re-ligation of culprit vessel 

Assessment is postmortem, excluding possibility of serial study Assessment is postmortem, excluding possibility of serial study 

Relies on physical cutting of 2-mm slices of fresh postmortem heart, on average resulting in 

5 slices for 1 rat heart 

High resolution, with slice thickness not limited at a practical level (eg, we acquired 

48 “slices” for 1 heart) 

Assumptions made that AAR/MI same across the volume of the 2-mm slice No requirement for assumptions due to high number of slices and high resolution 

Evan’s Blue can diffuse across the border zones, making rapid assessment essential, and 

reducing the clarity of measurement 

MPIO appears to be more restricted in its diffusion, and the border zones are seen 

clearly even 1 week postfixation 

Requires manual tracing of borders, and calculation of volumes for MI and AAR Extremely suited to 3D digital analysis and automated segmentation 

Difficult to easily assess corresponding myocardium between slices Extremely easy for operator to scroll through slices, and examine anatomic 

relationships to reduce error 

AAR indicates area at risk; 3D, 3-dimensional; MI, myocardial infarction; MPIO/Gd, microparticles of iron oxide/gadolinium; MRI, magnetic resonance imaging; TTC, triphenyl tetrazolium chloride. 

 

 
mapping, have partially alleviated problems related to inher- ently low signal-to-noise 

ratio, and inconsistent image qual- ity.21 Furthermore, precontrast T1 mapping has 

shown potential to provide more robust definition of the AAR.33 Despite these 

major breakthroughs, recent clinical studies highlight remaining practical difficulties 

in applying edema- imaging techniques to larger clinical studies, with the need to 

exclude a significant portion of patients from myocardial salvage assessment by 

CMR due to insufficient image quality.34 The technical difficulty of cardiac gating with 

rapid heart rates of mice and rats in a small-bore, high-field magnet exacerbates these 

issues. The application to preclinical research is hampered further by the fact that 

therapies, including ischemic preconditioning, can influence water content and 

T2 signal intensity, independently of the true AAR.35 Combined, these factors 

make current in vivo assessment of myocardial IR injury and myocardial salvage by 

CMR not only technically challenging, but also far less reliable than the high-

resolution, postmortem histological approach, and, as such, in vivo MRI 

approaches to this methodological challenge in rodents is not comparable to our 

current study findings. 

 

 

Conclusions 
IR injury is considered a major contributor to the residual morbidity and mortality 

resulting from MI. Improved robust- ness and precision in quantifying salvaged 

myocardium is key to the success of research programs aimed at minimizing 

myocardial IR injury. We have developed a novel, automatable 3D MRI technique that 

improves the robustness of measure- ment of the salvaged myocardium, and is 

accessible to any 

 
laboratory capable of performing standard Evan’s Blue/TTC assessment. 
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Chapter 4. Optical coherence tomography (OCT) as an adjunct to 

percutaneous coronary intervention; a single centre experience 

 

Summary:  

Although chapter 3 demonstrates that 2D-QCA may be a reasonable alternative to OCT in 

assessment of proximal and distal reference diameter of a lesion, optical coherence 

tomography (OCT) provides additional information regarding lesion morphology that is not 

possible with 2D-QCA. Unlike IVUS (Intravascular ultrasound) which uses ultrasound 

waves, OCT creates an image by directing an optical beam of infrared light onto the tissue 

and measuring the reflected intensity of light. OCT is a relatively new intravascular imaging 

catheter in comparison to IVUS and indications for its use are not well defined.  In this 

chapter we report a single centre experience where OCT was used to help guide management 

in routine clinical practice. It may help physicians identify the clinical indications for using 

OCT in percutaneous coronary intervention.  
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Intravascular imaging of coronary arteries has become increasingly common. Optical coherence 

tomography (OCT) and intravascular ultra- sound (IVUS) are the two most recognized modalities 

utilized. Unlike IVUS which uses ultrasound waves, OCT creates an image by directing an optical 

beam of infrared light onto the tissue and measuring the reflected intensity of light [1]. Until 

recently OCT has predominantly been used in the research setting, though it has been shown to be 

safe and feasible to use in the clinical setting [2,3]. 

IVUS guided percutaneous coronary intervention has been shown to reduce target lesion 

revascularisation in certain patient cohorts [4,5] and although no similar outcome studies 

currently exist with OCT, it is arguable that the indications for its use would be similar to those 

established for IVUS. We sought to clarify the potentially under-appreciated clinical role that OCT 

may play in PCI. We report a single centre experience where OCT was used to help guide 

management in routine clinical practice. 

Between November 2010 and February 2012 all cases where OCT performed for clinical 

indications during PCI in our centre were retrospectively analysed. The OCT acquisition was 

performed using the C7 Dragonfly™ intracoronary imaging catheter and the ILUMIEN™ PCI 

Optimization System (St. Jude Medical). All images were acquired using a non-occlusive 

technique with injection of isosmolar iodixonoal (Visipaque™ by GE healthcare) contrast to clear the 

vessel of blood [3]. 

 
 

 
⁎ Corresponding author. Tel.: +61 422040611. 

E-mail address: jawadmc2@gmail.com (J. Mazhar). 

Demographic details of the patients, OCT vessel, OCT indications and impact of OCT on decision 

making was collated. The authors certify compliance with the principles of ethical publishing in the 

International Journal of Cardiology. 

The main indications for use of OCT were categorised into 4 main sub-groups (see Table 

1): 

1—To assess cause of stent thrombosis (n= 6);  

2—to assess in-stent restenosis (n= 11); 

3—to assess hazy or ambiguous lesions (n= 23); and 

 4—to optimise stent selection/size (n= 7). 

Forty seven patients had OCT performed for clinical indications during the study period. 

The mean age was 68±12 years and 40 (86%) were male. The clinical presentations were ST 

elevation myocardial infarction [STEMI] (10), non ST elevation myocardial infarction [NSTEMI] (16), 

unstable angina (7) and stable angina (14). A femoral approach was used in 15 cases and 

radial approach in 32 (68%) cases. The vessels assessed were left anterior descending artery 

(16), saphenous vein graft (11), right coronary artery (8), diagonal artery (4), left main 

stem (3), circumflex (3), obtuse marginal (1) and ramus (1). OCT identified intracoronary 

pathologies like plaque rupture (6), intra-coronary dissection (4), cause of stent thrombosis (6) and 

intracoronary thrombus (3), see Fig. 1. It added to angiographic interpretation in 33 (70%) 

cases and changed management in 23 (49%) cases (see Table 2). There were no complications 

related to the OCT procedures. The details for each indication are as follows: 

Out of the 6 cases of stent thrombosis, OCT added to angiographic interpretation in 5 (83%) 

cases. It showed malapposed stent (1), well apposed stents (2), exposed (not 

endothelialized) stent struts (1), and suboptimally dilated stents (2). This led to a change in 

management in 3 (50%) cases. The reasons for change in management were: only balloon 

dilatation done in two cases as stents were well apposed and it helped in selecting an 

appropriate size stent in the third case. 

Out of the 11 cases of in-stent restenosis (ISR), OCT added to angiographic 

interpretation in 7 (63%) cases. It added to angio- graphic interpretation by showing radial 

stent collapse (1), plaque rupture (1), showed ISR rather than stent thrombosis (2), no 

significant ISR in a case suspicious of severe ISR on angiogram (1), undersized stent 

(1) and a well apposed stent suggesting intima formation as cause of ISR (1). This led to a 

change in management in 3 (27%) cases: It showed plaque rupture rather than ISR in a 
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Table 1 

Clinical details of the forty seven patients in whom OCT was performed. To assess stent thrombosis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To assess angiographically ambiguous lesions 

1 Anterior 

STEMI 

LAD ?ostial LAD dissection No dissection 

(IVUS 3 months later also showed it to be 

a non-significant lesion) 

Yes Yes (LAD lesion 

not treated) 

PCI performed to culprit lesin in 

circumflex. 

2 Stable 

angina 

LM/CX ? guide dissection No dissection but severe LM-Cx lesion. Yes Yes PCI performed 

3 Anterior 

STEMI 

LAD ?plaque rupture 

? Dissection 

Plaque rupture with thrombus. Yes Yes PCI performed 

4 NSTEMI CX Filling defect In-stent dissection Yes Yes Medical treatment. 

5 Anterior 

STEMI 

LAD ? proximal edge dissection Edge dissection LM 

not involved 

Yes Yes Medical treatment 

6 NSTEMI LM LM abnormality noted after PCI to Cx. 

?Significant LM disease or guide dissection 

Severe LM disease Yes Yes Helped in sizing of LM stent 

7 Stable 

angina 

SVG Filling defect at ostium Dissection Yes Yes PCI performed 

8 Anterior 

STEMI 

LAD Hazy at proximal and distal edge with good TIMI 

flow. 

Stent malapposition with plaque rupture and 

thrombus. 

Yes Yes PTCA. Stent not implanted as patient 

has myeloproliferative disorder and 

aspirin allergy. 

9 Stable 

angina 

RCA ? calcified lesion Soft plaque in the lesion. Diffuse calcification 

otherwise 

No (can be 

appreciated on 

angiogram) 

No PCI performed 

10 Stable angina SVG Unable to pass filter wire retrieval device past proximal edge of deployed stent. 

 No. Presentation Vessel OCT indication OCT findings. Did OCT add to 

angiographic 

interpretation 

Did it change 

management? 

Outcome or How did it change 

management? 

 

 1 Anterior LAD Very late ST Confirmed ST and showed Yes No PCI performed.  

  STEMI   malapposed stent struts.     

 2 STEMI Ramus ? ST ?ISR Confirmed ST Yes Yes PTCA performed as stent  

    had stent 2 weeks earlier, No stent malapposition.   well apposed.  

    ? cause of ST      

 3 Inferior RCA Reinfarction 2/7 following PCI after Stent well apposed, ST due to Yes Yes Confirmed that ST due to  

  STEMI  starting plasmaphoresis for GB washout of antiplatelet drugs   plasmaphoresis rather than  

    syndrome. due to plasmaphoresis   stent malapposition.  

 4 Inferior RCA Late ST Exposed stent struts Yes No PCI performed  

  STEMI        

 5 NSTEMI Diagonal Sub-acute ST Suboptimally dilated mid No No PTCA performed.  

     segment of stent (also noted on     

     angiogram)     

 6 STEMI RCA Sub-acute ST (previous PCI to RCA Suboptimally deployed stent, Yes (confirms Yes (Helped in PCI performed.  

    3 days ago) although could be seen underdeployed sizing the stent).   

     angiographically as well. stent)    

 
To assess in-stent restenosis 

1 Unstable RCA ISR/ST Confirmed aggressive ISR and Yes No PCI performed 

 angina   probable radial stent collapse.    

2 Unstable Cx/OM2 ISR Confirmed ISR No No PCI performed 
 angina       

3 Unstable LAD ? ISR Plaque rupture prior to stent. No Yes Yes (as it showed PCI performed 
 angina   ISR  plaque rupture  

      although FFR  

      normal)  

4 Stable LAD ?ISR?ST Confirmed ISR No No PCI performed 
 angina       

5 NSTEMI RCA ISR Confirmed ISR No No PCI performed 

6 NSTEMI RCA ?ISR?ST Showed ISR rather than ST. Yes No PCI performed 

7 NSTEMI Cx ISR Confirmed severe ISR No No PCI performed 

8 Stable 

angina 

LAD Severity of ISR No significant ISR on OCT, MLA 

5.2 mm2 

Yes Yes Medical treatment 

9 Stable RCA ISR Yes (stent well apposed and ISR Yes No PCI performed. 
 angina   due to intima formation)    

10 Unstable D1 ?ST?ISR ISR. Yes Yes PTCA done as stent well 
 angina      apposed. 

11 Stable LAD ISR Undersized stent (gives Yes No PCI performed. 
 angina   mechanistic reason of ISR)    
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Disrupted 

(inwardly 

deformed) 

proximal edge of 

stent 

Yes No PCI to cover 

proximal edge 

11 NSTEMI LAD Hazy proximal LAD. Atheroma with plaque rupture.  Yes No PCI done 

12 NSTEMI SVG Occluded vein graft, thrombus aspirated, 

and two sequential lesions visualized. ? Atypical distal 

lesion or residual thrombus. 

Tight lesion confirmed. Yes Yes No further aspiration and 

proceeded to PCI. 
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Table 1 (continued) 

To assess stent thrombosis 

No. Presentation Vessel OCT indication OCT findings. Did OCT add to 

angiographic 

interpretation 

 

 

 
Did it change 

management? 

 

 

 
Outcome or How did it change 

management? 

13 NSTEMI LAD Hazy proximal LAD, 

? Spontaneous coronary artery dissection 

Atheroma with plaque rupture Yes No PCI performed 

14 Stable 

angina 

LAD Hazy lesion ostial LAD Severe lesion with thrombus Yes Yes CABG performed. 

15 STEMI Cx Hazy lesion mid circumflex Thrombus No No PCI performed. 

16 NSTEMI SVG Severe lesion on angiogram Severe lesion. No No PCI performed 

17 NSTEMI LAD Hazy mid LAD lesion (appeared signifi 

cant on angio) 

Mild disease on OCT (FFR nor- mal). 

Probably a kink in the vessel made it 

appear as significant lesion. 

Yes Yes Medical treatment. 

18 NSTEMI LAD Severe lesion on angiogram Severe lesion. No No PCI performed. 

19 STEMI LAD Hazy prox LAD lesion (poor images due to 

obesity) 

Severe lesion Yes Yes PCI performed. 

20 Unstable 

angina 

Diagonal Severe lesion in diagonal artery. Severe lesion No No PCI performed 

21 NSTEMI Diagonal To see if thrombus in diagonal artery is embolic. plaque rupture and dissection plane, 

although could be due to balloon 

predilation. 

Yes Yes (if embolic, 

PCI would not have 

been done) 

PCI performed. 

22 Stable 

angina 

SVG Intermediate lesion on angiogram Severe lesion on OCT (MLA of 

lesion 6 mm2 and MLA of nor- mal 

part 14 mm2) 

Yes Yes PCI performed. 

23 NSTEMI LAD Filling defect within stent, ? ISR ? ST. Severe ISR Yes No PCI performed 

 
To assess vessel size prior to stent deployment 

1 

 
2 

Stable 

angina 

Unstable 

SVG 

 
SVG 

To measure size and length of lesion 

 
To measure size and length of lesion 

True diameter of vessel determined. 

True diameter of vessel 

No 

 
No 

No 

 
No 

 

 
3 

angina 

Unstable 
 

SVG 
 

To measure size and length of lesion 

determined. 

True diameter of vessel 
 

No 
 

No 

 
4 

angina 

Stable 
 

SVG 
 

SVG to PDA occluded. 

determined. 

True diameter of vessel 
 

No 
 

No 

 
5 

angina 

NSTEMI 
 

SVG 

To measure size and length of lesion 

Occluded stent in ostium of SVG to Cx. 

determined. 

True diameter of vessel 
 

Yes 
 

Yes 
 

Led to choosing a larger 

 
6 

 
Stable 

 
SVG 

 
ISR 

determined. 

Confirmed severe ostial ISR 
 

Yes 
 

Yes 

stent. 

Helped in sizing the stent 

 
7 

angina 

Unstable 
 

LM 
 

80% lesion in distal LM. 
 

True diameter of vessel 
 

Yes 
 

Yes 
 

Led to choosing a larger 

 angina   determined.   stent. 

Legend: Cx=circumflex artery, D1 =diagonal, GB=Guillian Barre, ISR=in‐stent restenosis, LAD=left anterior descending, LM=left main, MLA=minimum luminal area. NSTEMI=non ST elevation myocardial infarction, 

OM=obtuse marginal, OCT=optical coherence tomography, PTCA=percutaneous coronary angioplasty, PCI=percutaneous coronary intervention, RCA=right coronary artery, STEMI=ST elevation myocardial infarction, ST=stent thrombosis, 

SVG=saphenous vein graft, PDA=posterior descending artery. 

 
 
 

case of unstable angina which led to percutaneous coronary intervention (PCI). It showed no 

significant ISR with minimum luminal area 5.2 mm2 in a case where there was suspicion 

of significant ISR on angiogram. It showed well apposed stent in a case of ISR, so only 

balloon dilatation done. 

Out of the 23 cases of angiographically ambiguous lesions, OCT added to angiographic 

interpretation in 18 (78%) cases. Lesions were considered ambiguous if they appeared hazy 

or as filing defects on coronary angiogram. In these lesions, OCT added to angiographic 

interpretation by excluding dissection (2), showing atheroma with plaque rupture (2), plaque 

rupture with thrombus (1), plaque rupture and dissection plane (1), intracoronary 

dissection (3), stent malapposition with thrombus (1), disrupted (inwardly deformed) 

proximal edge of stent (1), severe lesions (6) and mild disease in LAD which appeared 

significant on angiogram (1). This led to change in management in 14 (60%) cases. 

 
In 7 cases, OCT was done to assess vessel size prior to stent deployment. OCT added to 

angiographic interpretation in 3 (43%) cases by measuring the accurate intraluminal diameter. 

This led to choosing a larger stent size in 3 cases (43%). 

OCT provides cross sectional images of the coronary artery with a resolution up to 10 μm [6] which 

is approximately ten times higher than that of IVUS [6,7]. This allows OCT to demonstrate vessel 

morphology and stent deployment in greater detail then other currently clinically available technologies 

[8]. OCT demonstrates more clearly differentiation of lumen to arterial wall interface or the lumen border, 

when compared with IVUS [2]. This makes it superior to IVUS in identifying plaque rupture [9] 

coronary artery dissection and intracoronary thrombus [8,9]. In our case series it identified 

intraluminal pathologies like atheromatous plaque, coronary artery dissection, intracoronary 

thrombosis, plaque rupture and stent malapposition. Although OCT has limited depth penetration (b 

2 mm) [2], it adequately visualized 11 cases of saphenous vein graft in this cohort. 
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Our single centre study confirms that OCT is a safe procedure and can be used clinically to 

add to information obtained angiographically and importantly to change management for the 

patient. Whilst long term prospective studies are necessary to define a role for OCT guided 

angiography and PCI, the present study supports its use for selected clinical indications. 
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Fig. 1. Intraluminal pathologies seen on OCT. Figure 1a: Atheroma with plaque rupture (arrow). Figure 1b: Intracoronary dissection flap (arrow) in a saphenous vein graft. Figure 1c: Stent thrombosis (arrow). Figure 1d: In-stent restenosis, arrow points 

to stent struts. 

 
Table 2 

Change in management in each group. 
 

Indication for OCT Total no. of patients in each 

group. 

No. of patients in which it added to angiographic interpretation 

(%) 

No. of patients in which it changed 

management (%) 

Stent thrombosis 6 5 (83%) 3 (50%) 

In-stent restenosis 11 7 (63%) 3 (27%) 

Ambiguous lesion 23 18 (78%) 14 (60%) 

Vessel size 7 3 (43%) 3 (43%) 
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Chapter 5. Comparison of two-dimensional quantitative coronary 

angiography (2D-QCA) with optical coherence tomography 

(OCT) in the assessment of coronary artery lesion dimensions 

Summary:  

An accurate assessment of intracoronary lumen dimensions is essential in the diagnosis and 

treatment of coronary artery disease. Although intravascular catheters like IVUS and OCT 

can provide an accurate assessment of the coronary artery lumen dimensions, they are 

invasive, expensive, time consuming and may require use of additional contrast. There is 

limited data on how well 2D-QCA and OCT agree with each other for measurement of 

coronary artery lumen dimensions. In this chapter we aimed to assess the agreement between 

the two modalities and found that there is a good correlation and agreement between 2D-

QCA and OCT for measurement of proximal and distal reference diameters of a coronary 

vessel. However, the minimum luminal diameter (MLD) was underestimated by 2D-QCA. 
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  abstract  
 

Objectives: There is limited data on how well 2D-QCA and OCT agree with each other for measurement of coronary artery lumen dimensions. We aimed 

to assess the agreement between the two modalities. 

Methods: Patients undergoing OCT for assessment of coronary artery lesions were reviewed. Minimum luminal diameter (MLD), proximal reference 

diameter and distal reference diameter were measured for each lesion prior to stenting. 

Results: OCT was performed in 64 patients and 40 lesions were suitable for analysis. There was a good correlation for proximal and distal reference 

diameters (r = 0.86, p b 0.0001 and r = 0.92, p b 0.0001 respectively). There was good agreement on Bland–Altman analysis; the proximal and 

distal reference diameters measured by QCA were on average 0.09 mm (95% CI, −0.52 to 0.53 mm) and 0.1 mm (95% CI, −0.59 to 0.6 

mm) smaller than OCT respectively. There was a satisfactory correlation (r = 0.63, p = b 0.0001) between QCA and OCT for MLD. 

However, the MLD by QCA was 0.49 mm (95% CI, − 1.57 to 0.59 mm) smaller than OCT, suggesting a poor            

agreement for MLD.  

Conclusions: There is a good correlation and agreement between QCA and OCT for measurement of proximal and distal reference diameters. However, the 

MLD was underestimated by QCA. 

© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 

 
 

 
 

1. Introduction 

 
Suboptimal stent deployment has been shown to be associated with increased incidence of target 

vessel revascularization [1–3]. An accurate assessment of intracoronary lumen dimensions is 

essential in the diagnosis and treatment of coronary artery disease. Coronary lumen dimensions 

can be assessed by a visual estimate by an experienced op- erator, by quantitative coronary 

angiography (QCA) or by more invasive techniques like intravascular ultrasound (IVUS) or optical 

coherence tomography (OCT). 

Intracoronary lumen dimensions assessed by OCT correlate well with IVUS, however OCT 

measurements are usually smaller than IVUS [4–6]. Previous studies comparing OCT and 

2D/3D-QCA show a satisfactory to good correlation; however QCA measurements are usually 

smaller than OCT [5–8]. Our aim was to assess the correlation between 
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422040611. 

E-mail address: Jawadmc2@gmail.com (J. Mazhar). 

 
2D-QCA and OCT for coronary lumen dimensions prior to stent implantation and to quantify the 

agreement between the two modalities by Bland–Altman analysis. We hypothesized that if the QCA 

measurements are within 0.5 mm of the OCT measurement, then it would be considered as an 

acceptable agreement between the two modalities. 

 
2. Methods 

 
2.1. OCT acquisition 

 
Patients undergoing OCT for various clinical indications at our institution were reviewed. The 

OCT acquisition was performed using the C7 Dragonfly™ intracoronary imaging catheter and 

the ILUMIEN™ PCI Optimization System (St. Jude Medical). All images were acquired using a 

non-occlusive technique with injection of isosmolar iodixonoal (Visipaque™ by GE healthcare) 

contrast using automatic injection to clear the vessel of blood [9]. The lesion was crossed using a 

routine angioplasty wire. The imaging catheter was then advanced over the wire. Once the catheter 

was positioned distal to the lesion it was pull backed using an automated motor at a speed of 15 

mm/s. 
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2.2. 2D-QCA 

 
2D-QCA was performed offline using automated software. Measurements were performed 

on image sequences adequately filled with contrast and when the vessel was not foreshortened. 

Calibration was performed on the contrast filled segment of the guiding catheter. Measurements 

were performed on the lesion of interest using the auto- mated software. Proximal and distal reference 

diameters were performed manually to measure the diameter of the normal segment of the vessel. 

 
2.3. Measurements 

 
Minimum luminal diameter (MLD), proximal reference diameter (PRD) and distal 

reference diameter (DRD) were measured for each lesion. PRD was defined as the diameter of the 

normal vessel proximally but within 10 mm of the lesion and DRD as the diameter of the normal 

vessel distally but within 10 mm of the lesion. 

 
2.4. Lesions excluded 

 
Lesions that were not suitable for analysis were excluded. OCT images with poor clearance of 

blood or inadequate short runs were excluded. Lesions that were dilated prior to performing OCT were 

excluded. Lesions with poor angiographic images not suitable for QCA were also excluded, e.g. 

foreshortened images or images with overlapping vessels. 

 
2.5. Statistical analysis 

 
Statistical analysis was performed using GraphPad Prism 6 for windows. Continuous 

variables are expressed as means. Means were compared using Student's t test. A p value of b 

0.05 was considered to be significant. The association between the measurements by QCA and 

OCT was tested by plotting a scatter plot and measuring the correlation coefficient ‘r’ by Pearson's 

method. Bland–Altman plots were construct- ed to test the agreement between the two methods by 

plotting the average of the QCA and OCT measurements on x axis and the difference between the 

QCA and OCT measurements on y axis. 

 
3. Results 

 
64 patients underwent OCT between November 2010 and August 2012. 40 lesions in 38 

patients were suitable for analysis by QCA and OCT. Mean age was 68 years with 28 males 

and 10 females. Majority of the cases were done by radial approach (87%). Clinical presentations 

were stable angina (10), unstable angina (6), non-ST elevation myocardial infarction (14) and ST 

elevation myocardial infarction (8). Vessels assessed were left anterior descending artery (17), right 

coronary artery (8), circumflex artery (5), obtuse marginal (1) and saphenous vein graft 

(7). 

 
3.1. Proximal reference diameter 

 
30 lesions were suitable for measurement of PRD by QCA and OCT. There was no significant 

difference between the mean PRD measured by QCA and OCT (3.15 vs. 3.24 mm, p = 

0.56), see Fig. 1a. There was a good correlation (r = 0.86, 95% confidence interval 0.72 

to 0.93, p = b 0.0001) between QCA and OCT (Fig. 1b). Bland–Altman plot showed a bias 

of − 0.09 mm with 95% confidence interval from − 0.52 to 

0.53 mm, suggesting that on average the PRD by QCA was 0.09 mm smaller than that by 

OCT (Fig. 1c). 

 
3.2. Distal reference diameter 

 
28 lesions were suitable for measurement of DRD by QCA and OCT. There was no significant 

difference between the mean DRD measured by QCA and OCT (3.25 vs. 3.35 mm, p = 

0.66), see Fig. 2a. There was a good correlation (r = 0.92, 95% confidence interval 0.84 to 

0.96, p = b 0.0001) between QCA and OCT (Fig. 2b). Bland–Altman plot showed a bias of 

−0.1 mm with 95% confidence interval from − 0.59 to 

0.6 mm, suggesting that on average the DRD by QCA was 0.1 mm smaller than that by 

OCT (Fig. 2c). 

 
3.3. Minimum luminal diameter 

 
37 lesions were suitable for measurement of MLD by QCA and OCT. There was a satisfactory 

correlation (r = 0.63, 95% confidence interval 0.38 to 0.79, p = b 0.0001) between QCA and 

OCT, however the mean MLD measured by QCA was significantly lower compared to OCT 

(1.40 vs. 1.90 mm, p = 0.001), see Fig. 3a and b. Bland–Altman plot showed a bias of 

− 0.49 mm with 95% confidence interval from − 1.57 to 

0.59 mm, suggesting that on average the MLD by QCA was 0.49 mm smaller than that by OCT 

(Fig. 3c). Hence there was a poor agreement for estimation of MLD. 

 
4. Discussion 

 
Visual estimation is commonly used to quantify the severity of a coronary artery lesion in the 

catheterization laboratory but is limited by significant inter-observer variability [10]. QCA is more 

precise than visual estimation and has less inter-observer variability [11,12]. It has been in use 

as a clinical and research tool since the 1980s [12]. It uses automated edge detection software to 

detect the contrast filled lumen of the coronary artery [12]. 

OCT and IVUS are the two main intra-coronary imaging modalities in clinical use. Unlike IVUS 

which uses ultrasound waves, OCT creates an image by directing an optical beam of infrared light 

onto the tissue and measuring the reflected intensity of light [13]. It has a resolution of 10–20 

μm which is 10 times higher than IVUS [13]. In an ex-vivo study assessing 

coronary lumen dimensions, IVUS and OCT 

 

 
 

Fig. 1. Fig. 1a shows the mean PRD by QCA and OCT, p = 0.65. Fig. 1b shows a scatter plot of the correlation between QCA and OCT for PRD. Fig. 1c shows the Bland–Altman plot for PRD. PRD = proximal reference diameter, QCA = 

quantitative coronary angiography, OCT = optical coherence tomography. 
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Fig. 2. Fig. 2a shows the mean DRD by QCA and OCT, p = 0.66. Fig. 2b shows a scatter plot of the correlation between QCA and OCT for PRD. Fig. 2c shows the Bland–Altman plot for PRD. DRD = distal reference diameter, QCA = quantitative 

coronary angiography, OCT = optical coherence tomography. 

 

measurements were larger than histologic specimens, but this may have been due to tissue 

shrinkage when preparing specimens for histology [4]. In clinical studies, OCT measurements are 

usually smaller than IVUS and QCA measurements even smaller than OCT [4–6]. In a study 

using a phantom model of known dimension, OCT measured the lumen area accurately while 

IVUS overestimated the lumen area [14]. This may be due to poor border detection by IVUS, 

whereas, OCT has the advantage of higher resolution with a clear lumen to vessel interface 

[15] (15). Hence, OCT is emerging as the new gold standard for measuring coronary 

lumen dimensions. It also has less inter-observer variability than IVUS in measuring lumen 

dimensions [14,16]. 

Proximal and distal reference diameters are crucial dimensions needed for selecting the 

appropriate stent size during coronary angioplasty. This is even more important when selecting 

bioresorbable vascular scaffolds (BVS), due to their limited distensibility [17]. Previous studies 

comparing OCT and 2D-QCA show a good correlation, but how well the two agree with each other 

has not been well studied [5,8]. This study shows a good correlation and agreement between 2D-

QCA and OCT for estimating PRD and DRD. There was no significant difference in the mean 

PRD and DRD in both groups. On average, the PRD by 2D-QCA was 0.09 mm smaller 

and the DRD by 2D-QCA was 

0.1 mm smaller than the OCT measurements. Importantly, most of the reference diameter 

measurements by 2D-QCA were within 0.5 mm of the OCT measurements. Although OCT is the gold 

standard in measuring coronary lumen dimensions, this study shows that in the absence or non-

availability of OCT, 2D-QCA can be used to estimate reference vessel diameters for sizing of 

stent prior to angioplasty. This is also supported by the ABSORB EXTEND study in which 

mandatory use of QCA prior to implantation of BVS showed a reduction in the undersizing of BVS 

[17]. 

QCA has the advantage of being non-invasive, inexpensive and less time consuming. The main 

technical challenge with QCA is selection of 

an appropriate image sequence. The accuracy of QCA is improved by selecting an image with 

minimal foreshortening and minimal overlap with other vessels or other radio-opaque structures 

[12]. 

The MLD measured by QCA was significantly smaller compared to OCT. On average the MLD 

by QCA was 0.49 mm smaller than the OCT measurements. The possible reasons for this 

difference may be poor border detection by QCA or foreshortening of the image or incomplete filling 

of the vessel with contrast. 

 
4.1. Limitations 

 
Although the reference diameters on the two modalities were matched as closely as possible, 

the measurements were not done at exactly the same point in the vessel, as it was not possible to make 

an exact match. However, the measurements were done as it would be in routine clinical practice to 

measure the reference diameters for a lesion. Lesion lengths were not measured as it was difficult to 

correlate exactly the start and end of a lesion on the two modalities. However, fusion 

technology is now available that can match QCA with IVUS or OCT and allows exact correlation of 

plaque seen on angiography with IVUS or OCT [18,19]. 

 
5. Conclusion 

 
There is a good correlation and agreement between QCA and OCT for measurement of proximal 

and distal reference diameters of a lesion. There was no significant difference in the mean proximal 

and distal reference diameters in both groups. The MLD was underestimated by QCA. 

 
Conflict of interest 

 
None. 

 

 
 

Fig. 3. Fig. 3a shows the mean MLD by QCA and OCT, p = 0.001. Fig. 3b shows a scatter plot of the correlation between QCA and OCT for MLD. Fig. 3c shows the Bland–Altman plot for MLD. MLD = minimum luminal diameter, QCA = quantitative 

coronary angiography, OCT = optical coherence tomography. 
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Chapter 6. Progression of coronary atherosclerosis in patients 

without standard modifiable risk factors 

Summary: 

There has been an increase in the prevalence of myocardial infarction in patient who have no 

standard modifiable cardiovascular risk factors i.e., diabetes, hypertension, hyperlipidemia, 

and current smoker. Large observational studies have shown that these patients have higher 

in-hospital and 30-day mortality rates after myocardial infarction compared to patients with at 

least one of the major 4 modifiable risk factors. Intravascular ultrasound (IVUS) permits 

quantification of coronary atheroma burden. Patients without standard modifiable risk factors 

have not been well studied in randomized clinical trials.  In this chapter I analysed serial 

IVUS data from a pooled cohort of 5823 patients enrolled in ten randomized clinical trials to 

examine rates of plaque progression in patients who had no standard modifiable risk factors 

versus individuals with risk factors who were matched on age, sex and use of statins. Patients 

without traditional risk factors demonstrated a 2.3% lower degree of plaque burden. Degree 

of calcification was 4.3% less than those with at least one SMuRF. The rate of plaque 

progression was similar to patients with risk factors. Despite having lower plaque burden, 

these patients still had clinical events which requires further studies to identify unknown risk 

factors that increase susceptibility to atherosclerosis. 
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Chapter 7. Cardiovascular magnetic resonance characteristics and clinical 

outcomes of patients with ST-elevation myocardial infarction and no 

Standard Modifiable Risk Factors - A DANAMI-3 substudy. 

Summary:  

In chapter 6, we examined the plaque burden and rates of plaque progression in patients with no 

standard modifiable risk factors. In order to understand the potential mechanism of higher mortality in 

these patients in observational studies, this chapter evaluates the clinical outcomes and CMR imaging 

characteristics of patients with and without SMuRFs who presented with first-presentation STEMI. 

We collaborated with physicians from major tertiary centres in Denmark. The Third DANish Study of 

Optimal Acute Treatment of Patients with ST-Segment Elevation Myocardial Infarction (DANAMI-3) 

trial programme consists of three randomized controlled STEMI trials performed at four large centres 

in Denmark. Patients from DANAMI-3 were classified into those with no SMuRFs vs. those with at 

least one SMuRF. There was no difference in 30-day mortality however SMuRFless patients had a 

larger infarct size and a smaller myocardial salvage index. This association was mediated by a larger 

proportion of left anterior descending artery (LAD) culprits and poor TIMI flow pre-PCI. 

Interestingly, the proportion of patients with culprit LAD and TIMI 0-1 flow pre-PCI was 

significantly higher in SMuRFless patients. Whether SMuRFless patients truly have a higher 

predisposition for the involvement of LAD and if there are any biological mechanisms predisposing 

them to a higher incidence of poor flow (TIMI 0-1) pre-PCI requires further investigation. 
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Introduction: A higher 30-day mortality has been observed in patients with first-

presentation ST elevation myocardial infarction (STEMI) who have no standard 

modifiable cardiovascular risk factors (SMuRFs), i. e., diabetes, hypertension, 

hyperlipidemia, and current smoker. In this study, we evaluate the clinical outcomes and 

CMR imaging characteristics of patients with and without SMuRFs who presented with first-

presentation STEMI. 

Methods: Patients from the Third DANish Study of Acute Treatment of Patients With 

ST-Segment Elevation Myocardial Infarction (DANAMI-3) with first-presentation STEMI 

were classified into those with no SMuRFs vs. those with at least one SMuRF. 

Results: We identified 2,046 patients; 283 (14%) SMuRFless and 1,763 (86%) had >0 

SMuRF. SMuRFless patients were older (66 vs. 61 years, p < 0.001) with more males (84 vs. 

74%, p < 0.001), more likely to have left anterior descending artery (LAD) as the culprit 

artery (50 vs. 42%, p = 0.009), and poor pre- PCI (percutaneous coronary intervention) 

TIMI (thrombolysis in myocardial infarction) flow ≤1 (78 vs. 64%; p < 0.001). There was 

no difference in all- cause mortality, non-fatal reinfarction, or hospitalization for heart failure 

at 30 days or at long-term follow-up. CMR imaging was performed on 726 patients. 

SMuRFless patients had larger acute infarct size (17 vs. 13%, p = 0.04) and a smaller 

myocardial salvage index (42 vs. 50%, p = 0.02). These differences were 
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attenuated when the higher LAD predominance and/or TIMI 0-1 flow were included in 

the model. 

Conclusion: Despite no difference in 30-day mortality, SMuRFless patients had a larger 

infarct size and a smaller myocardial salvage index following first- presentation STEMI. 

This association was mediated by a larger proportion of LAD culprits and poor TIMI flow 

pre-PCI. 

Clinical trial registration: clinicaltrials.gov, unique identifier: NCT01435408 (DANAMI 

3-iPOST and DANAMI 3-DEFER) and NCT01960933 (DANAMI 3- PRIMULTI). 
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Introduction 
 

Despite the common perception that coronary artery disease 

(CAD) is well understood and managed, it remains the leading 
cause of mortality in adults worldwide (1). Major advances have 

been made in the identification and treatment of standard 

modifiable risk factors (SMuRFs) for CAD—particularly 

hypercholesterolemia, hypertension, diabetes mellitus, and smoking (2, 
3). However, at an individual level, it is not uncommon for a patient to 

present with extensive atherosclerosis and acute coronary syndrome 

that is not clearly explained by such risk factors. We have previously 

reported an increase in the prevalence of myocardial infarction patients 
presenting with no standard modifiable cardiovascular risk factors in 

Australia from 11 to 27% over a 10-year period (4), confirmed in a large, 

nation-wide cohort (5). 

A number of large observational studies have shown, 

somewhat unexpectedly, that SMuRFless STEMI patients have higher 
in-hospital and 30-day mortality rates after myocardial infarction 

compared to patients with at least one of the major risk factors (4–9). 

A recent analysis of 62,048 patients with first presentation ST-

segment elevation myocardial infarction (STEMI) in the SWEDEHEART 
(Swedish Healthcare Registry on Heart Disease) registry showed that 

SMuRFless patients had a ∼1.5 times higher 30-day mortality rate 

compared to patients with >0 SMuRFs (9). SMuRFless women had 

the highest 30- day mortality (18%), with the heightened susceptibility 

factors presumably driving atherosclerosis compounding their already 
recognized poor outcomes post-STEMI compared with men (9). The 

reasons for these higher mortality rates in SMuRFless patients following 

myocardial infarction are not well described, but current data suggests 

they may be driven by arrhythmia rather than reinfarction or heart 
failure (9). Differences in myocardial infarct size and microvascular 

obstruction (MVO) may also contribute to the higher 30-day mortality 

rates, but this remains to be investigated. 

 
Cardiac magnetic resonance (CMR) imaging allows direct 

quantitation of the area at risk (AAR), myocardial infarct size, and MVO. 

Both myocardial infarct size and MVO are associated with poor outcome 
(10–12). CMR has also been employed to evaluate the impact of 

medical therapies on left ventricular remodeling post-myocardial 

infarction (13–16). In this study, we evaluate the clinical outcome and 

CMR measures of infarct characteristics and LV remodeling in patients 
with and without SMuRFs who presented with first-presentation STEMI. 

 

 

Methods 

Study population 
 

The Third DANish Study of Optimal Acute Treatment of Patients 

With ST-Segment Elevation Myocardial Infarction (DANAMI-3) trial 

programme (NCT 01960933, NCT01435408) 

consisted of three randomized controlled STEMI trials performed at 
four large primary percutaneous coronary intervention (PCI) centers in 

Denmark between March 2011 and February 2014 (17–20). The 

studies examined the effect of ischemic postconditioning (iPOST), 

deferred stenting (DEFER), and fractional flow reserve (FFR)-guided 
complete revascularization (PRIMULTI) in patients following STEMI. 

Patients were primarily randomized to either iPOST or DEFER. A 

secondary randomization was subsequently performed, randomizing 

patients with multivessel disease (MVD) in the PRIMULTI trial. For the 
current study, patients from all the DANAMI-3 trials with first-

presentation STEMI were classified into patients with no SMuRFs vs. 

those with at least one SMuRF, to assess for any significant differences 

in clinical outcomes. SMuRFless patients were defined as patients with 
no standard modifiable cardiovascular risk factors—diabetes mellitus, 

hypertension, hyperlipidaemia, and current smoker. A patient was 

classified as having diabetes, hypertension, or 
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hyperlipidaemia if the patient reported a history of such, was on the 

treatment of these conditions at the time of presentation, or LDL at 

the time of admission was ≥3.5 mmol/L. A patient was defined as a 

current smoker if they reported being smoking regularly prior to 

admission. The clinical outcomes of the two groups were compared as 

per the primary and secondary endpoints defined in the DANAMI-3 trial 

(17–20). Baseline clinical characteristics, procedural data, medications 

at discharge as well as clinical outcomes were obtained. 

 

 

The CMR sub-study 
 

A subgroup of DANAMI-3 patients recruited at one center 

(Righospitalet, Copenhagen University Hospital) had CMR 
performed according to a standard protocol to evaluate the effects 

of randomizations on a surrogate marker. This CMR-subgroup 

provided an optimal opportunity to examine any potential 

differences in CMR variables such as AAR, infarct size, MVO, and 
LV remodeling between individuals with no SMuRFs vs. those with 

at least one SMuRF. Patients were included in the sub-study if 

they had baseline and/or follow-up CMR performed (Figure 1). 
 
 

Acquisition and analysis of CMR images 
The CMR protocol has been described in detail previously 

(21). Briefly, CMR was performed during index admission following 
primary PCI using a 1.5 Tesla scanner (Avanto; Siemens, Erlangen, 
Germany). CMR was also repeated 3 months after the index 
admission. Images were analyzed by an independent observer, 
blinded to all clinical data, using dedicated software (CVI42, Circle 
Cardiovascular Imaging Inc, Calgary, Alberta, Canda), and validated by a 
second experienced independent observer. Left ventricular function 
and mass were calculated on short-axis steady-state free precession 
(SSFP) cine images on index and follow-up CMRs. Infarct size was 
assessed on late gadolinium enhancement images, which were 
obtained 10 min after intravenous injection of 0.1 mmol/kg body weight 
of gadolinium-based contrast (Gadovist; Bayer Schering, Berlin, 
Germany) on 8 mm sliced short-axis images with full- LV coverage and 
no gap (14). Myocardial infarction was defined as hyperenhanced 

myocardium with a signal intensity of >5 SDs of the mean intensity of 

normal reference myocardium. Infarct size was calculated as a 
percentage of left ventricular mass and reported on both index and 
follow-up CMRs. AAR was identified as oedema on the index scan using 
a T2-weighted short tau inversion-recovery sequence (STIR) (13, 15). 

Oedema was defined as an area with a signal intensity of >2 SDs above 

the signal intensity in remote normal myocardium. Microvascular 
obstruction (MVO) was assessed on the LGE images in the index scans 
as hypointense areas within the acute infarct region. 

Myocardial salvage index (MSI) was calculated as the difference 

between area at risk and infarct size, divided by area at risk (22). 
 

 

Statistical analysis 
 

The DANAMI-3 patients with first-presentation STEMI were 

identified and classified into patients with no SMuRF (SMuRFless) and 

those with at least one SMuRF. Continuous variables were compared 

using Student’s t-test (if normal distribution) or Mann–Whitney U test 

(if not normal distribution). Mean ± SD or median (interquartile range, 

IQR) or percentages are reported. Changes in baseline to follow-up 

CMR measures were assessed using the paired t-test. Categorical 

variables were compared using Pearson’s chi-squared or Fisher’s exact 

test as appropriate. Multivariable linear regression analyses were 

performed using SMuRFless patients as a predictor for final infarct size 

or final MSI adjusting for pre-specified clinically relevant variables: male 

sex, age, ECG–to-wire time, former smoking, thrombolysis in 

myocardial infarction (TIMI) flow 0–1 pre-PCI and culprit left anterior 

descending artery (LAD). A Cox proportional hazards regression model 

was used to assess the individual risk of a clinical outcome in SMuRFless 

patients. Finally, an additional logistic regression model was performed 

to determine the independent predictors of TIMI 0-1 flow, adjusting 

for pre-specified clinically relevant variables, namely, male sex, age, 

symptom to wire time, multivessel disease, culprit LAD, heart rate, 

systolic blood pressure, (23) and SMuRFless status. A result was 

considered significant when it was below a two-sided p-value of 0.05. 

The statistical analyses were performed with SPSS version 25. 

 
 

Results 

Study population 
 

A total of 2,217 patients were included in the DANAMI-3 trial 
program. After excluding 160 patients with previous acute myocardial 
infarction, PCI, and coronary artery bypass grafting (CABG), and 11 
patients with missing SMuRF data, the total study population was 
comprised of 2,046 patients. Of these, 283 (14%) were SMuRFless and 

1,763 (86%) had >0 SMuRFs. A total of 726 (13%) patients underwent 

baseline and/or follow-up CMR imaging: 688 (95%) had CMR at baseline 
and 639 (88%) had CMR at follow up. A total of 87 patients had only 
baseline CMR and 38 had only follow-up CMR performed. Of the 726 
patients in the CMR sub-group, 61 (8%) were SMuRFless, and 665 (92%) 

had >0 SMuRFs (Figure 1). 

In the CMR subgroup, the proportion of SMuRF-less and 

SMuRF patients in the three randomized trials was similar (Appendix 

Table A1). In the total DANAMI-3 population, the proportion of 

SMuRFless and SMuRF patients was 
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similar in PRIMULTI and iPOST but not similar in DEFER (Appendix Table 

A1). Additional analyses were performed to ensure, that there was no 

effect of randomizations on the results. There was no interaction 

between SMuRFs and either of the treatment arms in DANAMI-3 with 

regards to acute infarct size (DEFER p = 0.45, iPOST p = 0.70, and 

PRIMULTI p = 0.89). 

 
 

Baseline clinical characteristics 
 

The baseline clinical characteristics for the total population and 

the CMR subgroup are presented in Table 1. In the total study 

population, SMuRFless patients were older with more males, a larger 

proportion were former smokers, but fewer had a family history of 
ischemic heart disease. In the 

CMR sub-group, the SMuRFless patients were older, but the proportion 

of males was similar and likewise, a larger proportion were former 

smokers. 
 
 

Procedural characteristics 
 

Procedural characteristics for both populations are presented in 

Table 2. In the total study population and the CMR sub-group, the 

SMuRFless and SMuRF patients were similar in terms of the number of 
arteries treated, number of implanted stents, stent diameter, total 

stent length, and the use of periprocedural medications such as 

heparin, glycoprotein IIb/IIIa, and bivalirudin. In the total study 

population, the number of patients with multivessel disease (MVD) 
was less 
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TABLE 1 Baseline characteristics between SMuRFless and patients with more than one SMuRF, total DANAMI-3 and CMR sub-population. 
 

Total population CMR sub-population 
Parameter SMuRFless 

n = 283 (14%) 

SMuRF > 0 

n = 1,763 (86%) 

p-value  SmuRFless 

n = 61 (8%) 

SMuRF > 0 

n = 665 (92%) 

p-value 

Age, years 66 ± 12 61 ± 12 <0.001 
 

63 ± 11 58 ± 11 0.003 

Male, % 238 (84) 1,322 (75) <0.001  51 (84) 523 (79) 0.42 

SMuRFs        

Hypertension, % 0 (0) 758 (43)   0 (0) 245 (37)  

Diabetes, % 0 (0) 172 (10)   0 (0) 59 (9)  

Hyperlipidemia, % 0 (0) 1,019 (73)   0 (0) 487 (74)  

Current smoker 0 (0) 1,043 (59)   0 (0) 395 (59)  

Former smoker 148 (52) 420 (24) <0.001  34 (56) 115 (23) <0.001 

Pre-existing chronic heart failure, % 69 (24) 312 (18) 0.007  15 (25) 105 (16) 0.08 

Pre-existing chronic kidney disease, % 1 (1) 25 (2) 0.33  0 (0) 4 (1) 0.52 

Pre-existing stroke, % 3 (2) 59 (4) 0.24  2 (3) 21 (3) 0.96 

BMI, kg/m2 27 ± 4 27 ± 4 0.95  28 ± 4 27 ± 4 0.11 

Family history of IHD, % 93 (35) 785 (46) 0.001  26 (43) 328 (50) 0.35 

Time from first ecg to wire, minutes 87 (73–118) 87 (71–114) 0.64  91 (76–115) 85 (69–114) 0.31 

Admission eGFR < 60 mL/min/ 16 (12) 140 (11) 0.75  1 (2) 29 (5) 0.30 

1,73 m2, % 

Admission Hgb < 6.0 mmol/L, % 

 
4 (1) 

 
11 (1) 

 
0.15 

  
1 (2) 

 
2 (0.3) 

 
0.12 

 
in the SMuRFless group, however, in the CMR sub-group the number 

of patients with MVD was similar. The proportion of patients with 

TIMI flow 0–1 before PCI was higher in the SMuRFless group in both the 

total study population (78 vs. 64%, p = 0.001) and the CMR subgroup 

(75 vs. 61%, p = 0.02). In the total study population, the left anterior 

descending artery (LAD) was the culprit artery in a higher 

proportion of SMuRFless patients (50 vs. 42%, p = 0.009). In the CMR 

sub-group, the proportion was not significantly different (44 vs. 41%, p 

= 0.60). 

 

Discharge medications 
 

Appendix Table A2 summarizes discharge medications for both 

groups. In the total population, a significantly higher proportion of 
SMuRFless patients were discharged with clopidogrel or ticagrelor 

treatment vs. a higher proportion of patients with SMuRFs treated 

with prasugrel. No substantial group-level differences in the CMR 

subgroup were demonstrated. 
 
 

CMR endpoints 
 

Of the 726 patients in the CMR sub-group, 688 (95%) patients had 
a baseline CMR performed at a median of 0 days [IQR: 0–1] after 

primary PCI, and 639 (88%) patients 

had a follow-up CMR performed after a median of 90 days [IQR: 

88–96]). 
 
 

Infarct size, microvascular obstruction, and 
myocardial salvage index 

CMR results are presented in Table 3. At baseline, SMuRFless 

patients had significantly larger acute and final infarct sizes with a 

similar-sized AAR compared to their counterparts. After adjusting for 

the AAR, there remained an association between larger acute infarct 

size and SMuRFless status (B 2.3% LV mass, 95% CI (0.1–4.4%), p = 0.04) 

compared to patients with >0 SMuRFs. The increased infarct size to 

AAR is presented in Figure 2. This is reflected in the lower acute MSI in 

SMuRFless patients. MVO was similar to those with or without SMuRFs. 

In a multivariable regression model, the association of SMuRFless 

status with larger acute infarct size remained significant independent 

of age, sex, former smoking, and ECG- to-wire time. However, this 
association was no longer observed if culprit LAD and/or TIMI 0-1 

flow pre-PCI were included in the model (Table 4). As TIMI 0-1 flow 

pre-PCI was a strong predictor of infarct size, a logistic regression 

analysis was performed to determine the predictors of TIMI 0-1 flow 
pre- PCI (Table 5). This model included clinically relevant variables, 

namely, male sex, age, symptom-to-wire time, multivessel disease, 

culprit LAD, heart rate, systolic blood pressure, and being SMuRFless. 

The predictors of TIMI 0-1 flow pre-PCI in 
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TABLE 2 Procedural data and medication given at discharge, total DANAMI-3 and CMR sub-population. 
 

Total population CMR sub-population 
 

SMuRFless 

n = 283 (14%) 

SMuRF > 0 

n = 1,763 (86%) 

p-value  
SmuRFless 

n = 61 (8%) 

SMuRF > 0 

n = 665 (92%) 

p-value 

No. of main arteries treated per patient, 1 (1–1) 1 (1–1) 0.89 
 

1 (1–1) 1 (1–1) 0.85 

meana        

No. of implanted stents, n (IQR) 1 (1–2) 1 (1–2) 0.80  1 (1–2) 1 (1–2) 0.81 

Stent diameter, mean, mm 3.4 ± 0.5 3.5 ± 0.5 0.52  3.4 ± 0.7 3.5 ± 0.6 0.21 

Total stent length, mm (IQR) 18 (15–33) 23 (15–33) 0.80  21 (18–36) 23 (18–33) 0.87 

Stent type   0.16    0.70 

None 1 (0) 21 (1)   0 (0) 8 (1)  

POBA 16 (6) 79 (5)   4 (7) 50 (5)  

Bare-metal 6 (2) 37 (2)   1 (2) 12 (2)  

Drug-eluting 258 (92) 1,607 (92)   55 (92) 607 (92)  

Pretreatment with heparin 268 (96) 1,645 (96) 0.94  58 (97) 606 (95) 0.56 

Use of glycoprotein IIb/IIIa inhibitor 49 (18) 318 (19) 0.68  15 (25) 139 (22) 0.57 

Use of bivalirudin 220 (79) 1,308 (76) 0.38  43 (72) 463 (73) 0.88 

Thrombus aspiration 158 (56) 1,016 (58) 0.57  39 (64) 392 (59) 0.45 

Killip class III-IV heart failure at any time 6 (2) 25 (1) 0.37  0 (0) 3 (1) 0.60 

Multivessel disease 90 (32) 709 (40) 0.006  21 (34) 280 (42) 0.23 

Location of culprit lesion        

LM 0 (0) 3 (0) 0.49  0 (0) 1 (0) 0.76 

LAD 142 (50) 736 (42) 0.009  27 (44) 271 (41) 0.60 

RCA 104 (37) 759 (43) 0.04  22 (36) 293 (44) 0.22 

LCx 37 (13) 261 (15) 0.44  12 (20) 99 (15) 0.32 

TIMI flow grade 0/1 before PCIb 222 (78) 1,130 (64) <0.001  46 (75) 402 (61) 0.02 

TIMI flow grade 2/3 after PCIb 282 (99) 1,752 (99) 0.58  61 (100) 661 (99) 0.54 

Radial access 8 (3) 113 (7) 0.02  3 (5) 44 (7) 0.58 

Results expressed as mean±SD, interquartile range (IQR), or percentage. LCx, left circumflex artery; LAD, left anterior descending artery; LM, left main artery; POBA, plain old balloon 

angioplasty; RCA, right coronary artery; TIMI, thrombolysis in myocardial infarction. 
a Includes diagonal, obtuse marginal, posterolateral coronary artery, and posterior descending coronary artery. 
b Grades range from 0 to 3, with 3 indicating higher flow. 

 

this model were SMuRFless status (OR 1.6, CI (1.03–2.4), p = 

0.03), male sex (OR 1.4, CI (1.1–1.9), p = 0.006), culprit LAD 

(OR 0.7, CI (0.6–0.9), p = 0.005), and symptom-to-wire time (OR 1.0, 

CI 1.0–1.0, p = 0.001). 

 

 
Left ventricle function and remodeling 

At baseline CMR, there was no difference in indexed left ventricle 

end diastolic volume (LVEDV), indexed left ventricular end systolic 

volume (LVESV), or left ventricular ejection fraction (LVEF), which were 

relatively preserved in both groups (Table 3). 
We next examined CMR measurements of ventricular remodeling 

between baseline and follow-up scans within each individual 
participant (Table 3). There was an increase in LVEDV, decrease in 
LVESV, increase in LVEF, and a reduction in infarct size in both SMuRFless 

and SMuRF groups (p < 0.001 

for all). The increase in LVEDV tended to be greater in SMuRF- less 

participants (p = 0.06). However, this was not significant when indexed 

for body surface area. The proportion of patients reaching ≥12% 

increase in LVEDV was equivalent in both groups. All other CMR 
ventricular remodeling measurements were similar between patients 
with or without SMuRFs (Table 3). 

 
 
 

Clinical outcomes 
 

The clinical outcomes at 30 days are presented in Table 6. Kaplan–

Meier survival curves illustrating the 30-day risk and long-term risk of 

all-cause mortality and hospitalization for heart failure in patients with 
SMuRF vs. SMuRFless is shown in Figure 3. All the rates of all-cause 

mortality (3 vs. 2%), non-fatal reinfarction (0 vs. 1%), hospital admission 

for heart failure (1 vs. 1%), and the combined all-cause 

mortality/hospital admission 
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TABLE 3 CMR variables at baseline and follow-up.  

Parameter SmuRFless 

n = 61 (8%) 

SMuRF > 0 

n = 665 (92%) 

p-value 

Baseline 
   

LV EDV (ml) 172 ± 39 165 ± 38 0.20 

LV EDV index (ml/m2) 86 ± 18 83 ± 16 0.13 

LV ESV (ml) 88 ± 34 83 ± 29 0.23 

LV ESV index (ml/m2) 44 ± 17 41 ± 14 0.22 

LVEF (%) 50 ± 11 51 ± 10 0.74 

Acute infarct size (% LV)* 17 ± 2 13 ± 2 0.04 

AAR (% LV) 35 ± 10 33 ± 11 0.24 

MVO (% LV)* 3 ± 3 3 ± 2 0.78 

Acute MSI (%) 42 ± 22 50 ± 25 0.02 

Follow-up    

LV EDV (ml) 186 ± 44 170 ± 40 0.006 

LV EDV index (ml/m2) 93 ± 19 86 ± 18 0.006 

LV ESV (ml) 83 ± 34 74 ± 30 0.03 

LV ESV index (ml/m2) 41 ± 16 37 ± 15 0.06 

LVEF (%) 57 ± 10 58 ± 9 0.42 

Final infarct size (% LV)* 12 ± 2 8 ± 3 0.03 

Final MSI (%) 60 ± 22 64 ± 24 0.23 

A Baseline to follow-up    

LV EDV (ml) 13 ± 26 ** 5 ± 27 ** 0.06 

LV EDV index (ml/m2) 6 ± 13 ** 3 ± 13 ** 0.10 

LV ESV (ml) −7 ± 21 ** −9 ± 22 ** 0.58 

LV ESV index (ml/m2) −4 ± 11 ** −4 ± 11 ** 0.69 

LVEF (%) 7 ± 10** 7 ± 8 ** 0.50 

Infarct size (% LV) −1.6 ± 1.7 ** −1.5 ± 1.8 

** 

0.30 

LV EDV % change from baseline – follow-up CMR 8 ± 17 4 ± 17 0.14 

LV ESV % change from baseline – follow-up CMR −5 ± 25 −8 ± 25 0.31 

Patients with ≥ 12% increase in LV EDV and LV ESV from baseline to follow-up, n (%) 6 (11) 72 (13) 0.68 

Data are expressed as mean±SD. 
* Logarithm transferred. 
** p-Value within groups < 0.001, paired t-test. 

AAR, area at risk; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular; LVEF, left ventricular ejection fraction; MVO, microvascular obstruction. 

 
for heart failure rate (3 vs. 3%) were low and similar between the two 
groups (SMuRFless vs. SMuRFs). Patients had a long-term clinical 
follow-up of a median of 3.1 years (IQR: 2.4–3.8) and no patients were 
lost to follow-up. Event rates continued to be low and there were no 
differences in any of the clinical outcomes at long-term follow up, when 

comparing SMuRFless patients to patients with >0 SMuRFs (Table 6). 

 
Discussion 
 

In recent studies, we have reported excess early mortality in 

STEMI patients who have developed CAD in the absence of 

modifiable risk factors. Contrary to previous publications, we did not 

find any difference in 30-day clinical endpoints. 

However, the CMR imaging of the DANAMI-3 trials allowed us to 

examine potential differences in acute infarct size and myocardial 
remodeling after the first presentation of STEMI in patients with no 

SMuRFs vs. those with at least one SMuRF. Whilst we did not find any 

difference in 30-day clinical endpoints, myocardial remodeling, or MVO 

in the DANAMI- 3 study cohort, we did observe an increased acute and 
final infarct size in SMuRFless patients. This appeared to be at least 

partially mediated by a higher proportion of culprit locations in the 

LAD-territory and pre-PCI TIMI 0-1 flow among SMURFLESS patients. 

SMuRFless patients are often an invisible subgroup in 

randomized clinical trials and subsequently, evidence-based guidelines 

for STEMI patients. Indeed, of the 256 controlled trials referenced in 

the ESC (European Society of Cardiology) 
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and AHA (American Heart Association) STEMI guidelines, the 

proportion of patients with diabetes mellitus, hypertension, 

hypercholesterolemia, and smoking is a common feature of the 

baseline characteristics in Table 1, but not a single study reported the 

proportion of patients without SMuRFs (24–26). It is important to note 

that this proportion cannot be derived from the number of patients 

with one or more of the four SMuRFs reported. In the current study of 

1st presentation STEMI patients in the combined DANAMI 3 studies, we 

confirm that a substantial proportion (14%) were unknown SMuRFless 

according to our definition. However, the proportion was smaller than 

initially reported (27%) (4, 5). In regard to their non-modifiable risk 

factors that may have contributed to their event, SMuRFless patients 

were older, were more likely to be male, and had a higher rate of prior 

smoking, but were less likely to have a family history of ischemic heart 

disease than their STEMI counterparts with at least one SMuRF. It 

is, however, important to bear in mind that the definitions of SMuRFs 

were based on electronic medical records and patients were 

categorized as having hypertension, hypercholesterolemia, or diabetes 

if the diagnosis was present at the time of enrolment or if LDL ≥3.5 

mmol/L upon admission. Serum glucose was not incorporated in the 

diagnosis of diabetes due to the influence of AMI on glucose levels. 

Importantly, there may be a risk of patients neglecting to report their 

actual smoking habits leading to a falsely high number of patients 

reporting being prior smokers as well as unknown hypertension. We 

have accounted for this in the multivariable analyses. 

In the recent study of the SWEDEHEART Registry, 30- day 

mortality rates were ∼50% higher in SMuRFless STEMI patients (11.3%) 

vs. those with at least one modifiable risk factor (7.9%; p < 0.0001) 

(9). In comparison, the mortality rate was much lower overall in 

the DANAMI series (2%), and not significantly different between the 

groups. This lower mortality rate may reflect a degree of selection bias, 

with severely unwell patients being unsuitable for randomization to 

clinical trials, as well as potential higher rates of secondary prevention 

medications that are recognized to occur in the setting of a rigorous 

clinical trial vs. a “real-world” registry. It may also relate to the lower 

than expected proportion of women in the DANAMI study population, 

given women have an excess early mortality post STEMI (9, 27). On the 

other hand, register-based data are more prone to bias as regards 

the existence of comorbidities and risk factors, which may be even 

more pronounced among the most critically ill who also carry the 

highest mortality rate. The presence of multi- vessel disease in the 

overall population was higher in the SMuRF group (41 vs. 34%, p = 

0.02), however, despite this the incidence of clinical outcomes like all-

cause mortality, non- fatal reinfarction, or hospitalization for heart 

failure at 30 days or long-term follow up was not higher in the SMuRF 

group. Hence, the presence of higher multivessel disease in the SMuRF 

group probably did not have an effect on outcomes. The main 

emphasis of our study was the CMR subgroup to assess CMR imaging 

features in the two groups. In the CMR subgroup, there was no 

difference in the presence of multi-vessel 
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Relationship between infarct size and area at risk between SMuRFless and SMuRF >0 individuals. Representative CMR images of mid-ventricular 

LGE and T2-weighed STIR slices at baseline. SMuRFless patient: (A) LGE contrast enhanced slice showing area with hyperintense signal in the 

inferior-septal region indicating infarction. (B) T2-weighed STIR slice showing hyperintense signal in the same region indicating the AAR 

(oedema) and thus acute infarction. Same images are shown for a patient with SMuRF >0: (C) LGE image of the infarction with corresponding 

(D) T2-weighed STIR image of the AAR. Scatterplot (right panel) of the acute infarct size and AAR in SMuRFless vs. SMuRF patients showing a 

larger infarct size in SMuRFless patients after adjustment for AAR. 
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TABLE 4 Multivariable linear regression analysis for predictors of acute infarct size and MSI. 
 

Acute infarct size Myocardial salvage index 
  Univariable   Multivariable  Univariable  Multivariable 

B P-value  B P-value  B P-value  B P-value 

Model 1 

Male sex 

 
 

3.2 

 
 

0.004 

  
 

3.9 

 
<0.001 

  
 

−4.4 0.07 

  
 

−5.3 0.04 

Age, years 0.1 0.01  0.1 0.007  −0.2 0.05  −0.1 0.12 

Former smoker −0.1 0.92  −1.5 0.18  −0.4 0.87  1.7 0.48 

ECG-to-wire-time, min 0.02 0.08  0.02 0.08  −0.06 0.01  −0.06 0.006 

SMuRFless 3.5 0.03  3.3 0.04  −7.8 0.02  −7.7 0.03 

Model 2–TIMI flow 

Male sex 

    
3.7 

 
<0.001 

    

−4.8 0.04 

Age, years    0.1 0.06    −0.1 0.16 

Former smoker    −1.5 0.14    1.9 0.38 

ECG-to-wire-time, min    0.02 0.02    −0.06 0.002 

SMuRFless    2.2 0.15    −5.4 0.10 

TIMI 0-1 pre-PCI 9.1 <0.001  8.8 <0.001  −20.7 <0.001  20.6 <0.001 

Model 3–culprit LAD          

Male sex    3.7 0.001    −5.2 0.04 

Age, years    0.1 0.03    −0.1 0.43 

Former smoker    −1.0 0.35    1.5 0.52 

ECG-to-wire-time, min    0.01 0.20    −0.05 0.02 

SMuRFless    3.1 0.05    −7.6 0.03 

Culprit LAD 5.1 <0.001  5.2 <0.001  −2.2 0.26  −2.0 0.32 

Model 4–full model 

Male sex 

    
3.5 

 
<0.001 

    

−4.7 0.04 

Age, years    0.1 0.04    −0.1 0.22 

Former smoker    −1.0 0.32    1.6 0.46 

ECG-to-wire-time, min    0.02 0.08    −0.06 0.003 

SMuRFless    1.8 0.21    5.1 0.12 

TIMI 0-1 pre-PCI    9.5 <0.001    21.1 <0.001 

culprit LAD    6.2 <0.001    −4.5 0.02 

 

 
TABLE 5 Uni and multivariable logistic regression analysis for predictors of TIMI 0-1 flow pre-PCI. 

 
 Univariable   Multivariable  

Odds Ratio 
(95% CI) 

P-value  Odds Ratio 
(95% CI) 

P-value 

Male sex 1.3 (1.1–1.7) 0.005 
 

1.4 (1.1–1.9) 0.006 

Age, years 1.0 (0.99–1.01) 0.86  0.99 (0.99–1.00) 0.81 

Symptom-wire time, min 1.001 (1.001–1.002) 0.003  1.0 (1.0–1.0) 0.001 

Multivessel disease 1.0 (0.8–1.3) 0.7  0.9 (0.7–1.2) 0.60 

Culprit LAD 0.8 (0.7–0.95) 0.01  0.7 (0.6–0.9) 0.005 

Heart rate, bpm 0.99 (0.98–0.99) 0.008  0.99 (0.98–1.0) 0.08 

Systolic blood pressure 1.0 (1.0–1.001) 0.83  1.0 (1.0–1.0) 0.46 

SMuRFless 2.0 (1.5–2.8) <0.001  1.6 (1.03–2.4) 0.03 
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TABLE 6 Clinical outcomes, total DANAMI-3 population.  

 
SMuRFless 

n = 283 (14%) 

SMuRF > 0 

n = 1,763 (86%) 

Hazard 
ratio (95% CI) 

p-value 

30-days follow-up 
    

All-cause mortality, n (%) 8 (3) 31 (2) 1.7 (0.8–3.6) 0.20 

Non-fatal reinfarction 0 (0) 26 (1) 0.04 (0.0–1.6) 0.30 

Hospital admission for heart failure 2 (1) 20 (1) 1.1 (0.2–4.5) 0.94 

All-cause mortality or hospital admission for heart 9 (3) 47 (3) 1.4 (0.7–2.9) 0.31 

failure, n (%)     

Long-term follow-up     

All-cause mortality, n (%) 22 (8) 122 (7) 1.2 (0.7–1.8) 0.54 

Non-fatal reinfarction 9 (3) 104 (6) 0.5 (0.3–1.1) 0.08 

Hospital admission for heart failure 7 (5) 72 (4) 0.6 (0.3–1.3) 0.23 

All-cause mortality or hospital admission for heart 26 (9) 173 (10) 0.96 (0.6–1.4) 0.84 

failure, n (%)     

Data are number of events (%).     

 

 
 

disease between SMuRFs and SMuRFless patients (39 vs. 42%, 

p = 0.56). 

The detailed CMR imaging data available enabled us to explore any 

potential differences in myocardial infarction and remodeling 

characteristics as a potential explanation of the early mortality. It could 
be hypothesized that factors involved in heightened susceptibility to 

coronary artery disease against a background of minimal risk factors 

may be a reflection of increased inflammatory and pathophysiological 

signaling downstream of the risk factors. Such signaling may also 
impact the myocardial response to a myocardial infarction and 

ischemia-reperfusion injury. However, this hypothesis cannot be 

confirmed in the present study as SMuRF was not an independent 

predictor of infarct size and myocardial salvage after adjusting for LAD 
territory and TIMI 0-1 flow. 

 

The most significant predictors of infarct size were a culprit LAD 

lesion and TIMI 0–1 flow pre-PCI. This is consistent with the established 

literature, with extensive data demonstrating that STEMI due to LAD as 

the culprit vessel is associated with larger infarct size, worse left 
ventricle function, and higher mortality when compared with STEMI due 

to non-LAD arteries (28, 29). Interestingly, the proportion of patients 

with culprit LAD and TIMI 0-1 flow pre-PCI was also significantly higher 

in SMuRFless patients similar to what we had observed in the 
SWEDEHEART Registry (9), and CONCORDANCE (5) (Cooperative 

National Registry of Acute Coronary Syndrome Care) registry in 

Australia. The observed higher proportion of LAD culprit lesions in 

SMuRFless STEMI patients vs. those with at least one risk factor in 
SWEDEHEART (9) (42 vs. 37%) and CONCORDANCE (5) (46 vs. 37%) was 

initially considered 
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to be due to chance. However, whilst chance may still be an explanation 

for the observation due to the many statistical comparisons, the 

consistent signal in the DANAMI series of LAD territory culprits in the 

SMuRFless group (50 vs. 42%) raises the possibility of an underlying 
biological mechanism that warrants further investigation (30, 31). 

Poor pre-procedural TIMI flow in STEMI patients is associated with 

larger infarct size, higher fatal arrhythmia events, higher in-hospital, and 

one-year mortality (23, 32, 33). Some of the known predictors of pre-
procedural TIMI 3 flow are high systolic blood pressure and fast heart 

rate on admission, diabetes, longer delay to PCI, smoking, and extensive 

coronary disease (23). Other studies have demonstrated prothrombotic 

and inflammatory markers like neutrophil to lymphocyte ratio, platelet 
count and reactivity, mean platelet volume, and uric acid levels to be 

associated with patency of infarct-related arteries before PCI (23). 

Plaque composition may also contribute to poor pre-procedural flow in 

STEMI patients. An intravascular imaging study of 111 STEMI patients 
demonstrated that patients with pre-procedural TIMI 0-1 flow had 

greater lipid burden, larger vessel size, and larger plaque areas (34). 

Interestingly, in our multivariate analysis of predictors of TIMI 0-1 flow 

pre-PCI, SMuRFless status was one of the independent predictors. 
Whether SMuRFless patients truly have a higher predisposition for 

the involvement of LAD and if there are any biological mechanisms 

predisposing them to a higher incidence of poor flow (TIMI 0-1) pre-PCI 

is unknown. Other important differences between the groups may also 

contribute to these observations e.g., age, gender, former smokers, and 
baseline cardiovascular medications (aspirin, statins, ACE -inhibitors, 

beta-blockers, etc.) with cardioprotective abilities prescribed due to 

the risk factors. It is possible that being on these medications pre-

STEMI may provide a cardioprotective effect in patients with standard 
modifiable risk factors. Unfortunately, information on pre- STEMI 

prescribed medications is not available. 

CMR is the gold standard for measuring left ventricle 
volumes and ejection fraction due to its high reproducibility 

(35). The DANAMI series inclusion of serial CMR allowed us to 

examine potential associations with adverse remodeling post-STEMI. 

The average increase in LVEDV tended to be larger in the SMuRFless 
STEMI patients than in those with at least one risk factor. No 

differences were seen in the change of ESV or LVEF over the 3 

months between the groups. A 
previous study showed that adverse left ventricle remodeling after 

STEMI with ≥12% increase in both LVEDV and LVESV at 6 months was 
associated with worse clinical outcomes at 5 

years in terms of all-cause mortality and hospitalization for heart failure 
in comparison to their counterparts (35). The proportion of patients 

reaching this cut off was equivalent in both our groups (11% of 

SmuRFless vs. 13% of patients with at least one SMuRF) (Table 3). There 

was no difference in MVO between the 

two groups. At baseline, the infarct size was larger in SMuRFless patients 

even after adjusting for the area at risk. Infarct size, as a percent of LV 

mass, decreased equally over the 3 months in both groups by 1.5%. 

Although three different treatment strategies were used in the 
three randomized controlled STEMI trials of the DANAMI- 3 trial 

program, there was no difference in clinical outcomes in these trials 

due to the interventions. Therefore, including patients from three 

different STEMI trials should not have influenced the clinical outcomes 
in our study. Furthermore, there was no interaction between the infarct 

size and either of the treatment arms. The limitations of the study 

include the low mortality rate and the potential for selection bias of a 

clinical trial, which contributing to this vs. real-world registries. This 
must be weighed against the benefits of prospectively collected data in 

randomized trials, which are less susceptible to missing data than 

registries. Many comparisons were made leading to the risk of type 1 

error. Finally, many patients were lost to CMR, and it is well known that 
patients suitable for CMR are at lower risk compared to the CMR drop-

outs. 

 

Conclusion 
 

SMuRFless patients had a larger infarct size and smaller MSI 

following first-presentation STEMI, but this association was mediated 

by a higher proportion of LAD- territory events and pre-PCI TIMI 0-1 

flow. Despite of this observation, mortality was not significantly 
different. Whether the finding of LAD territory and flow reduction 

preponderance in SMuRFless STEMI patients is a chance finding or 

related to unknown differences in biology remains to be examined. 
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Appendix 

 
Table A1 Randomizations, total DANAMI-3, and CMR sub-population. 

 

Total DANAMI-3 population SMuRFless 

n = 283 (14%) 

SMuRF > 0 

n = 1763 (86%) 

p-value 

Primary randomization 
   

Randomized to deferred stenting, n (%). 52 (18) 508 (29) <0.001 

(DEFER)    

Randomized to postconditioning, n (%). 104 (37) 472 (27) <0.001 

(iPOST)    

Randomized to conventional treatment, n (%) 127 (45) 783 (44) 0.88 

Secondary randomization    

Randomized to full-revascularization, n (% within 26 (52) 267 (51) 0.85 

secondary randomization). (PRIMULTI)    

CMR sub-population SmuRFless 

n = 61 (8%) 

SMuRF > 0 

n = 665 (92%) 

p-value 

Primary randomization 
   

Randomized to deferred stenting, n (% within primary 17 (28) 222 (33) 0.38 

randomization). (DEFER)    

Randomized to postconditioning, n (% within primary 19 (31) 160 (24) 0.22 

randomization).    

(iPOST)    

Randomized to conventional treatment, n (%) 25 (41) 247 (42) 0.58 

Secondary randomization    

Randomized to full-revascularization. 10 (48) 136 (52) 0.22 

(PRIMULTI)    

 
Table A2 Medical therapy at discharge, total DANAMI-3 and CMR sub-population. 

Total DANAMI-3 population SMuRFless 

n = 283 (14%) 

SMuRF > 0 

n = 1,763 (86%) 

p-value 

Antiplatelet therapy, n (%) 
   

Aspirin 273 (96) 1,732 (98) 0.04 

Clopidogrel bisulfate 74 (26) 266 (15) <0.001 

Prasugrel hydrochloride 70 (25) 946 (54) <0.001 

Ticagrelor 130 (46) 530 (30) <0.001 

Statin, n (%) 271 (96) 1,728 (98) 0.01 

β-Blocker, n (%) 245 (87) 1,586 (90) 0.08 

ACE/ARB, n (%) 125 (44) 799 (45) 0.71 

CMR sub-population SmuRFless 

n = 61 (8%) 

SMuRF > 0 

n = 665 (92%) 

p-value 

Antiplatelet therapy, n (%) 
   

Aspirin 61 (100) 653 (98) 0.29 

Clopidogrel bisulfate 3 (5) 40 (6) 0.73 

Prasugrel hydrochloride 43 (71) 520 (78) 0.17 

Ticagrelor 14 (23) 103 (13) 0.13 

Statin, n (%) 61 (100) 661 (99) 1.0 

β-Blocker, n (%) 58 (95) 613 (92) 0.41 

ACE/ARB, n (%) 23 (38) 277 (42) 0.54 



 

120  

Chapter 8. Discussion - Overview of key findings and future directions 

 

Despite significant advancements in the diagnosis, treatment and risk stratification of coronary 

artery disease, there are still a number of clinical challenges. In this thesis, I have addressed 

some of these challenges using cardiac imaging modalities including intravascular imaging and 

cardiac MRI.  

 

1. A new method of assessment of infarct size and area at risk in a rodent model using 

3D-MRI. 

2. Identifying the clinical indications for use of OCT in cardiac catheterisation laboratory 

3. Can 2D-QCA be used as an alternative to OCT in assessment of coronary artery lesion 

dimensions? 

4. Assessed the plaque burden and progression in patients with no standard modifiable 

risk factors using IVUS 

5. Clinical outcomes and infarct characteristics on cardiac MRI in patients with no 

standard modifiable risk factors 

 

Below is an overview of the key findings and future directions. 
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Automated Quantification of Myocardial Salvage in a Rat Model of Ischemia–

Reperfusion Injury using 3D High-Resolution Magnetic Resonance Imaging 

(MRI) 

 

The pathophysiology of coronary no-reflow after primary PCI is multifactorial and includes 

myocardial reperfusion injury that may occur after restoration of blood flow with accumulation 

of neutrophils and platelets that release inflammatory mediators and vasoconstrictors. Novel 

therapies targeting ischemia reperfusion injury are usually tested in small animal models. 

Therefore, an accurate assessment of infarct size and area at risk (AAR) is critical when 

assessing new therapies for myocardial ischemia reperfusion (IR) injury. In chapter 3, I aimed 

to develop and validate a high-resolution 3-dimensional (3D) magnetic resonance imaging 

(MRI) method for quantifying infarct size and AAR in a rodent model. 

 

I addressed the problem of measuring the volume of infarction in animal models of ischemia 

reperfusion injury. In this study, I compared the standard Evan’s Blue/TTC method of 

AAR/infarct delineation against a novel method that uses a combination of T2* contrast from 

MPIO to define the borders of the perfused/ unperfused myocardium, together with 

gadolinium-based T1- weighted enhancement to define the established infarct zone. 

 

Current “gold standard” methods use a combination of selective perfusion of the heart with 

Evan’s Blue and staining of the post-mortem sectioned heart with triphenyl tetrazolium 

chloride (TTC) to quantitate the area at risk and degree of completed infarct1,2. This method, 

although widely used and considered the “gold standard,” has documented problems relating 

to the accurate and reproducible delineation of the border of the infarct and AAR zones3. 
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A brief description of the procedure is as follows. Myocardial ischemia reperfusion injury was 

induced for 30 minutes by transient suture ligation of the left anterior coronary artery around 2 

to 3 mm distal to the junction of pulmonary artery and left atrial appendage. The ligature was 

then released and the rats recovered for 48 hours. Under repeat anaesthesia, gadopentetate 

dimeglumine 0.15 mmol/kg was infused via the tail vein. After 10 minutes, the left anterior 

coronary artery was re-occluded and a solution containing MPIO (4.5 mg/kg body weight, as 

determined in pilot studies) mixed with 3% Evan’s Blue, in a total volume of 5 mL, was 

infused. After a 2-minute interval, the heart was then excised, sectioned into 2-mm short-axis 

slices, and placed in TTC 1% in phosphate-buffered saline for 20 minutes at 37°C. Slices were 

photographed and then fixed in 10% normal buffered formalin. 

 

Ex vivo MRI images of slices were acquired on a 9.4 Tesla magnet. The T2* data allowed 

visualization of AAR, with microparticle-associated signal loss in perfused regions. T1 data 

demonstrated gadolinium retention in infarcted zones. A Close correlation (r=0.92 to 0.94; 

P<0.05) of MRI and Evan’s Blue/TTC measures for both AAR and MI was observed when the 

combined techniques were applied to the same heart slice. However, 3D MRI acquisition and 

analysis of whole heart reduced intra-observer variability compared to assessment of isolated 

slices, and allowed automated segmentation and analysis, thus reducing interobserver 

variation. Anatomical resolution of 81 µm3 was achieved (versus ~ 2 mm with manual slicing). 

This novel, yet simple, MRI technique allowed precise assessment of infarct and AAR zones. 

It removed the need for tissue slicing and provided the opportunity for 3D digital analysis at 

high anatomical resolution. 

 

The high-resolution 3D dataset achieved with this technique may help investigators assess the 

full impact of new therapies. Our technique has recently been adapted by Alqarni et al by 



 

123  

injecting gadolinium and iron oxide microparticles in a mouse model and performing 3D MRI 

ex-vivo to assess infarct size and area at risk with similar results4.  

 

Future Directions:  

 

One of the challenges with current surgical technique of myocardial ischemia reperfusion 

models in rodents is the difficulty in performing the key step of ligating the left anterior 

descending artery in rodents. Recently Tong et al have described an improvement in the 

technique by using a polyvinyl chloride (PVC) tube and a unique knotting method 5.  In the 

current technique the myocardial tissue is ligated with a suture only which can tear the 

surrounding myocardial tissue or cause haemorrhage5. In the improved method by Tong et al, 

a soft PVC tube is used to apply pressure on the LAD, this prevents damage to the surrounding 

myocardial tissue and provides more consistent results5. The PVC tube is 2 mm in diameter 

and cut into 7 mm-length pieces. A 10 cm long 4-0 suture is inserted into the PVC tube, and 

tied at its ends, this helps with the insertion and removal of the PVC tube. A groove is cut in 

the middle of the PVC tube using ophthalmic scissors and the 6-0 suture is tied over the groove 

to prevent the PVC tube from falling off. 

 

Another challenge with the traditional method of measuring AAR involves re-tying the LAD 

and injection of Evans blue via the tail vein to allow the Evans blue to perfuse the normal 

myocardium only and the absence of Evan’s blue in the territory supplied by the LAD 

demarcates the boundary of AAR on tissue staining. This procedure has certain challenges. It 

requires re-operating on the animal especially if the study is intended for assessment of infarct 

size and AAR at longer time points e.g., 48 hours or 7 days. It requires re-tying the LAD at the 

same location at the time of second procedure which can be difficult to determine exactly and 

has the added risk of causing significant bleeding due to friable and oedematous tissue and 



 

124  

arrhythmias. The third challenge is injecting Evan’s blue via the small tail vein. Unfortunately, 

our method of determining AAR by injecting MPIO’s also requires these steps of re-operation, 

re-tying the LAD and injecting MPIO’s via the tail vein.  

 

An alternative method of measuring area at risk is by non-contrast T1 and T2 mapping by 

cardiac MRI which does not require these surgical steps to be performed. Ischemic injury due 

to occlusion of coronary vessel leads to an increase in edema or tissue water content which 

leads to an increase in myocardial T1 and T2 relaxation times. In a dog model of 2 hours of 

coronary occlusion followed by 4 hours of reperfusion, the area at risk was quantified by in-

vivo T1 and T2 mapping6. AAR was defined as regions which had a T1 or T2 value (ms) greater 

than 2SD from remote. Both T1 and T2 mapping agreed well with each other and with the 

reference method using microspheres to determine the area at risk6. Although non-contrast T1 

and T2 mapping has the potential to demarcate AAR in large animals, it can be very challenging 

to perform this technique in-vivo in small animal models.  

 

The impact of Manganese on proton relaxation was first studied in 1962 and 19737. It was the 

first MRI contrast agent assessed in mice in-vivo in the 1980s with significant cardiac, hepatic 

and renal uptake causing marked shortening of T1 relaxations7. Currently, Gadolinium is the 

most widely used contrast agent for myocardial infarction scar imaging as it accumulates in the 

extracellular space. Contrary to Gadolinium, Manganese can accumulate inside the myocytes 

by crossing myocardial L-type voltage-gated calcium channels and sodium-calcium 

exchangers as it is a calcium analogue7. Due to its ability to accumulate in viable myocytes, 

measurement of area at risk with manganese enhanced MRI (MEMRI) correlated well with 

fluorescent microspheres in a canine model, during and 2 hours after the occlusion of left 

anterior descending artery8. As Manganese accumulates in the normal viable myocytes and 
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shortens T1 relaxation, the area at risk and the infarcted area appear as a hypo-enhanced zone 

on MEMRI due to the absence of manganese in AAR and infarct9. When injected at time of 

occlusion of LAD in a rat model, the hypo-enhanced zone on MEMRI correlated with area at 

risk but when injected 6 hours after reperfusion, MEMRI correlated with infarct area on TTC 

staining 10. The AAR maybe underestimated when Manganese is injected after reperfusion as 

Manganese may accumulate in the viable myocytes within the area at risk. Hence if MEMRI 

is used in rodent models, it would still require re-operation and re-tying of LAD in order to 

accurately assess the AAR.    

 

The accurate assessment of AAR and infarct size in rodent models using cardiac MRI is 

challenging. Although our technique using Gadolinium and MPIO provides precise assessment 

of AAR and infarct along with a 3D assessment of whole heart, the surgical technique of the 

procedure remains a challenge. Improvements in surgical technique and MRI acquisition 

techniques may further improve assessment of infarct size and AAR in small animal 

myocardial ischemia reperfusion injury models. 

 

Optical coherence tomography (OCT) as an adjunct to percutaneous coronary 

intervention; a single centre experience 

OCT is a relatively new intravascular imaging catheter in comparison to intravascular 

ultrasound 11 and indications for its use are not well defined.  In chapter 4, I have tried to 

clarify the potentially under-appreciated clinical role that OCT may play in PCI. I reported a 

single centre experience where OCT was used to help guide management in routine clinical 

practice.  

 

The main indications for use of OCT were categorised into 4 main sub-groups: 
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1 - To assess cause of stent thrombosis 

2 - To assess in-stent restenosis 

3 - To assess hazy or ambiguous lesions 

4 - To optimise stent selection/size 

 

OCT identified intracoronary pathologies like plaque rupture, intra-coronary dissection, cause 

of stent thrombosis and intracoronary thrombus. OCT added to angiographic interpretation in 

70% cases and changed management in 49% cases. There were no complications related to the 

OCT procedures. 

 

OCT provides cross sectional images of the coronary artery with a resolution up to 10 μm12 

which is approximately ten times higher than that of IVUS12,13. This allows OCT to 

demonstrate vessel morphology and stent deployment in greater detail then other currently 

clinically available technologies14. OCT demonstrates more clearly differentiation of lumen to 

arterial wall interface or the lumen border, when compared with IVUS 15. This makes it superior 

to IVUS in identifying plaque rupture16 coronary artery dissection and intracoronary 

thrombus14,16. In our case series it identified intraluminal pathologies like atheromatous plaque, 

coronary artery dissection, intracoronary thrombosis, plaque rupture and stent malapposition. 

 

Our single centre study confirms that OCT is a safe procedure and can be used clinically to add 

to information obtained by coronary angiogram and to change management for the patient. 

Current guidelines also recommend using intravascular imaging for the indications used in our 

study17.  
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A met-analysis of 9 randomised controlled trials showed that IVUS guided PCI reduced major 

adverse cardiac events and target lesion failure 18. The clinical benefits of IVUS guided PCI 

were sustained at 5 years follow up11. There are no similar studies using OCT guided PCI vs. 

angiography guided PCI for clinical outcomes. However, OCT is non-inferior to IVUS guided 

PCI in terms of acute procedural results and mid-term clinical outcomes at 12 months in two 

randomised trials, ILUMIEN III and OPINION19,20. OCT has certain advantages over IVUS 

due to its higher resolution. OCT can detect stent malapposition, edge dissection, tissue 

coverage of stent struts and thrombus more clearly than IVUS17. OCT is more user friendly 

and images are easier to interpret. The main disadvantages of OCT are that it requires use of 

contrast and has limited ability to assess plaque burden due to lower tissue penetration 

especially in lipid rich plaque17.    

 

Current guidelines recommend intravascular imaging guided PCI for the following scenarios17. 

1. Long lesions, left main lesions and complex lesions.  

2. IVUS guided PCI in chronic total occlusions.   

3. OCT can be used to assess mechanism of stent failure (in-stent restenosis or stent 

thrombosis)  

Current guidelines recommend the following approach when intravascular imaging guided PCI 

is used to optimise stent implantation17.  

 

Pre-PCI assessment 

 

Intravascular imaging performed prior to PCI can identify plaque morphology and distribution. 

A heavily calcified lesion may require more aggressive lesion preparation with high pressure 

balloon dilatation or rotational atherectomy or intravascular lithotripsy. OCT allows better 

characterisation of calcification. IVUS can identify the arc of calcification but not the thickness 
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of calcification as the ultrasound waves are reflected off the calcified plaque21. An OCT based 

scoring system has been validated to determine which calcified lesions lead to under-expansion 

of stent, i.e. thickness >0.5mm, length of calcification >5mm and arc of calcium involving 

>50% (or >180 degrees) of the circumference of vessel21. Presence of all three factors increases 

the risk of stent under-expansion. A small observational study demonstrated greater stent 

expansion in lesions with fracture of coronary calcium after lesion preparation on OCT22. 

Demonstration of calcium fracture by OCT can be used as a goal for adequate lesion 

preparation.  

 

Stent under-expansion is a strong predictor of in-stent restenosis and stent thrombosis, which 

emphasizes the importance of selecting the appropriate stent size17.  An external elastic lamina 

23 based diameter is preferable to lumen based diameter as it leads to a larger diameter stent 

without an increase in device related complications21.  Stent size can be selected based on the 

proximal or distal reference diameter or an average of both17. Presence of significant plaque at 

the stent edge is associated with in-stent restenosis, stent thrombosis and major adverse cardiac 

events17.  The appropriate length of stent should be based on avoiding a landing zone with 

>50% plaque burden17.  

 

Post PCI optimisation of stent 

 

IVUS/OCT imaging post PCI can identify abnormalities related to deployment of stent, e.g., 

stent under-expansion, geographical miss, malapposition and edge dissection. Stent under-

expansion is a strong predictor of stent failure. Stent expansion is defined as the minimum 

cross-sectional area or minimum stent area (MSA) which can be measured as an absolute value 

or relative to the reference diameter. A stent cross sectional area of 5.5mm2 is recommended 

based on IVUS studies and 4.5mm2 based on OCT studies for non-left main lesions17. For left 
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main lesions the cut-offs are higher, 7mm2 for distal left main and 8mm2 for proximal left 

main17. The drawback of using absolute values is that it may lead to under sizing in large vessels 

and failure to achieve target MSA in small vessels. The MSA relative to the proximal or distal 

reference segment has been used in clinical trials to overcome this. The various cut-offs used 

for relative minimum stent area (MSA) in clinical trials are; MSA greater than distal reference 

area, MSA >80% or >90% of the average (proximal and distal) reference area17. As it is usually 

difficult to achieve a relative MSA of > 90% in all cases, it is recommended to use a relative 

MSA of >80% in clinical practice. In the OCT based DOCTORS study, a relative MSA of 

>79.4% was associated with FFR >0.9024. 

 

OCT is superior to IVUS in detecting strut malapposition and edge dissection. Although acute 

stent malapposition is not a predictor of stent thrombosis in prospective studies as it may 

resolve over time. However, it is frequently seen as an underlying abnormality in cases of stent 

thrombosis in registries17. Current guidelines recommend that an acute malapposition that is 

<0.4mm in axial direction and <1mm in longitudinal direction does not need to be corrected17. 

However, this requires validation in prospective studies. Large dissections that are >60 degrees 

in lateral direction, involve the deeper layers or >2mm in depth are associated with adverse 

outcomes17.  

 

Future directions: 

 

The OCT image acquisition requires injection of contrast to clear blood, which is not ideal in 

patients with renal failure. Low molecular weight dextran can produce comparable images but 

is also excreted via the kidneys and has the potential to cause renal injury. In a recent 

comparison of normal saline with contrast, it was possible to assess lesion morphology with 

saline flush but the clearance of blood was superior with contrast25. The lumen measurements 
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were smaller with saline OCT25. When saline flush measurements were corrected for the 

refractive index, the lumen dimension were larger with saline OCT25. An alternative flushing 

medium that has similar properties to contrast but less likely to cause renal injury is needed.  

The presence of residual disease or dissection at stent edge is associated with in-stent restenosis 

or stent thrombosis. A software based, automated co-registration of OCT data with coronary 

angiogram reduces the errors with manual co-registration and may allow more precise stent 

deployment with full coverage of lesion. In a study of 398 patients treated with OCT guided 

PCI, the frequency of untreated lipid plaque within 5mm of proximal or distal stent edge was 

less in automated co-registration group than no co-registration group26. Automated co-

registration is now available for clinical use.  

 

A novel OCT based FFR has been developed and has good correlation and agreement with 

wire based FFR27-29. It uses the high-resolution images acquired by OCT to reconstruct the 

vessel dimensions precisely and then compute virtual FFR using a software27. In a study of 181 

patients OCT based FFR was superior to angiography based quantitative flow ratio (QFR), 

when wire based FFR was used as a reference standard28. The diagnostic accuracy of OCT 

based FFR was not influenced by previous myocardial infarction or presence of stents28. OCT 

based FFR is promising as it allows assessment of coronary lesion morphology and ischemia 

with a single catheter. 

 

Micro-OCT is the next generation OCT with a much higher resolution of 1-2µm and allows 

assessment of cellular morphology30. It was initially developed as a bench-top microscope 

system for in-vitro and ex-vivo studies30. Micro-OCT has been able to visualize endothelial 

cells, inflammatory cells, smooth muscle cells, micro-calcifications and cholesterol crystals in 

ex-vivo studies30. Recently the micro-OCT has been integrated into a coronary catheter, the 



 

131  

size of which is suitable for imaging human coronary arteries31. Its ability to visualise cellular 

and sub-cellular structures like macrophages, smooth muscle cells and cholesterol crystals was 

recently demonstrated in cadaver human coronary arteries and live rabbit aorta31. The 

development of an intracoronary micro-OCT catheter for clinical use in humans is awaited. 

 

Comparison of two-dimensional quantitative coronary angiography (2D-QCA) 

with optical coherence tomography (OCT) in the assessment of coronary artery 

lesion dimensions 

 

An accurate assessment of intracoronary lumen dimensions is essential in the diagnosis and 

treatment of coronary artery disease. Although intravascular catheters like IVUS and OCT can 

provide an accurate assessment of the coronary artery lumen dimensions, they are invasive, 

expensive, time consuming and may require use of extra contrast. Also, these intravascular 

catheters may not be available in some cardiac catheterisation laboratories. 2D-QCA is 

available in most cardiac catheterisation laboratories as a software. It uses automated edge 

detection software to detect the contrast filled lumen of the coronary artery32. 

 

Previous studies comparing OCT and 2D-QCA show a good correlation, but how well the two 

agree with each other has not been well studied33,34. Chapter 5 shows a good correlation and 

agreement between 2D-QCA and OCT for estimating proximal and distal reference diameters. 

On average, the proximal reference diameter by 2D-QCA was 0.09 mm smaller and the distal 

reference diameter by 2D-QCA was 0.1 mm smaller than the OCT measurements. Importantly, 

most of the reference diameter measurements by 2D-QCA were within 0.5 mm of the OCT 

measurements. Although OCT is the gold standard in measuring coronary lumen dimensions, 

chapter 5 shows that in the absence or non-availability of OCT, 2D-QCA can be used to 
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estimate reference vessel diameters for sizing of stent prior to angioplasty. This is also 

supported by the ABSORB EXTEND study in which mandatory use of QCA prior to 

implantation of BVS showed a reduction in the under sizing of BVS35. 

 

QCA has the advantage of being non-invasive, inexpensive and less time consuming. The main 

technical challenge with QCA is selection of an appropriate image sequence. The accuracy of 

QCA is improved by selecting an image with minimal foreshortening and minimal overlap with 

other vessels or other radio-opaque structures32. The minimum luminal diameter (MLD) 

measured by QCA was significantly smaller compared to OCT. On average the MLD by QCA 

was 0.49 mm smaller than the OCT measurements. The possible reasons for this difference 

may be poor border detection by QCA or foreshortening of the image or incomplete filling of 

the vessel with contrast. In summary, there is a good correlation and agreement between 2D-

QCA and OCT for measurement of proximal and distal reference diameters. However, the 

MLD was underestimated by 2D-QCA. 

 

Future directions: 

 

3D-QCA is a further improvement over 2D-QCA and was developed to overcome the 

limitations of 2D-QCA such as foreshortening and out of plane magnification errors. In order 

to perform 2D-QCA, the calibration procedure is required, which can increase measurement 

variability and introduce the so-called out-of-plane magnification error36. When the vessel of 

interest is not aligned in the same plane as the calibration object, lumen size can be 

overestimated or underestimated depending on the assessed position36. 3D-QCA allows 

reconstruction of a coronary artery in 3D from two angiographic views and reduces this error. 

While IVUS or OCT provides a wealth of information about plaque morphology, 3D QCA can 
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provide unique and complementary information including vessel tortuosity, curvature, and 

optimal viewing angles 37. 

 

3D-QCA has been demonstrated to be more accurate than 2D-QCA in predicting 

physiologically significant coronary stenosis when FFR is used as a reference38. This was 

assessed in a substudy of FAVOR-II trial; a total of 645 vessels from 576 patients with 3D-

QCA, 2D-QCA, and FFR were analyzed38. Using the conventional cut-off value of 50% for 

percent diameter stenosis, 3D-QCA was more accurate in predicting FFR ≤0.80 than 2D-

QCA38. The study was based on data from prospectively enrolled consecutive patients with 

coronary lesions between 30% and 90% diameter stenosis and the overall optimal cut-off value 

for 3D-QCA was diameter stenosis of 50%38. 

 

Although, it’s not possible to determine the exact ischemic potential of a lesion with coronary 

artery lesion dimension alone, the correlation between lesion severity and FFR has been shown 

in multiple studies39. A minimum luminal area (MLA) of 6mm2 and 4mm2 in left main and 

non-left main lesions on IVUS has been identified as a predictor of a functionally significant 

lesion on IVUS in multiple studies39.  In a comparison study of 3D-QCA with IVUS for 

prediction of functionally significant coronary artery lesions i.e., FFR <0.8, 3D-QCA was non-

inferior to IVUS39.  The diagnostic accuracy of MLA was better than percentage diameter 

stenosis, as an area measurement may be closer to the true geometry of the lesion39. In this 

study of 175 lesions which were predominantly proximal LAD, the best cut-off value of 3D-

QCA diameter stenosis percentage, 3D-QCA MLA, and IVUS MLA for ischemic FFR was 

51.3%, 2.37 mm2 and 3.01 mm2, respectively39.  

 

Quantitative flow ratio (QFR) 
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Quantitative flow ratio (QFR) is a novel method for evaluating the functional significance of 

coronary stenosis by computation of FFR in the vessel based on 3-dimensional angiographic 

reconstruction and fluid dynamics algorithms40. Angiographic images are acquired at 15 

frames/second and the contrast medium has to be injected manually with a forceful and stable 

injection or by the pump at a rate of approximately 4 ml/s40. It requires two angiographic image 

runs acquired at different angles ≥25 degrees apart. Images are then transferred by local 

network to the QFR system (AngioPlus, Pulse Medical Imaging Technology, Shanghai Co., 

Ltd., Shanghai, China) that uses algorithms for QFR computation40. The contrast flow model 

uses a frame count method to derive contrast flow velocity from coronary angiography40.  

 

Diagnostic performance of QFR in comparison to FFR 

 

QFR was first evaluated in the single centre FAVOR pilot study and subsequently in FAVOR 

II China study, FAVOR Europe-Japan study and FAVOR III China study40-43. The multicentre 

FAVOR II China study enrolled 308 patients with at least 1 lesion with a stenosis of 30-90% 

in vessels ≥2mm in diameter. The lesions were assessed for QCA, QFR and FFR. The 

sensitivity and specificity of QFR was higher than QCA in predicting functionally significant 

stenosis when compared with FFR (sensitivity: 94.6% vs. 62.5%; p < 0.001; specificity: 91.7% 

vs. 58.1%; p < 0.00140. The patient- and vessel- level diagnostic accuracy of QFR was 

significantly higher than QCA at 92.4% and 92.7% respectively40. The FAVOR II Europe-

Japan (Functional Assessment by Various Flow Reconstructions II Europe-Japan) was a 

prospective, observational study that enrolled 329 patients from 11 centres. FFR, QFR, and 

2D-QCA was performed in 317 lesions. Sensitivity and specificity of QFR was significantly 

higher than 2D-QCA (sensitivity, 86.5% versus 44.2%; P<0.001; specificity, 86.9% versus 

76.5%; P=0.002)42. The diagnostic accuracy of QFR was significantly higher for QFR 

compared with 2D-QCA (area under the receiver curve, 0.92 versus 0.64; P<0.001)42.  
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A meta-analysis of 16 studies involving 3,335 vessels showed a good agreement and 

correlation between QFR and FFR44. The overall sensitivity, specificity, positive predictive 

value and negative predictive value were 0.84, 0.89, 0.80, and 0.92, respectively44.  

 

Limitations of QFR 

 

Although QFR has good diagnostic performance, it has some limitations. In order to assess 

QFR in a coronary lesion, it requires two coronary angiogram images at least 25 degrees apart, 

no overlap of vessels and avoidance of short angiographic imaging time. Also, presence of 

coronary microvascular disease reduces the accuracy of QFR, however, it remains superior to 

angiography alone in the presence of microvascular disease45. In a multicentre registry, FFR 

and the index of microcirculatory resistance (IMR) were measured in 300 vessels45. When 

assessed according to microcirculatory status, a significantly lower AUC (area under the curve) 

of QFR were found in the high-IMR group as compared with the low-IMR group, AUC: 0.88 

vs. 0.96, p < 0.05. 

 

Clinical applications of QFR 

 

QFR has the advantage of being a non-invasive wire-free and vasodilator-free method of 

assessing the functional significance of a coronary lesion. QFR can improve work flow as it 

also faster than performing an FFR. In FAVOR II Europe-Japan, the time to QFR computation 

was shorter than time to FFR (5.0 vs 7.0 min, p < 0.001)42. In the FAVOR III China study, 

QFR computation required 3.9 ± 1.4 min43. The clinical applications of QFR have been 

assessed in a number of trials.  
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FAVOR III China was a large multicentre, blinded, randomised, sham-controlled trial done at 

26 hospitals in China that enrolled 3847 patients43. It compared angiography-guided PCI versus 

QFR based PCI in lesions with 50-90% diameter stenosis and vessel diameter at least 2.5mm 

by visual assessment43. Patients were randomised to QFR based PCI i.e., PCI was performed 

if QFR <0.8 versus angiography-guided PCI by standard visual assessment43. The primary 

endpoint was a composite of death from any cause, myocardial infarction, or ischaemia-driven 

revascularisation at 1 year. The 1-year primary endpoint occurred in 110 (5·8%) participants 

in the QFR-guided group and in 167 (8·8%) in the angiography-guided group, driven by fewer 

myocardial infarctions and ischaemia-driven revascularisations in the QFR-guided group43. 

 

QFR in Multivessel Disease 

 

For patients with multivessel coronary artery disease, QFR of all three vessels maybe more 

practical than performing an invasive FFR. The prognostic significance of the sum of QFR of 

all three vessels was assessed in 549 patients with stable coronary artery disease who 

underwent an invasive coronary angiogram46. On multivariate analysis a three vessel sum of 

QFR <2.75 was one of the independent predictors of major cardiovascular adverse events46. In 

a retrospective analysis of 771 vessels from SYNTAX-II trial, achieving a post-PCI QFR of 

≥0.91 was associated with lower vessel related adverse events at 2 years follow up47.  

 

QFR in Acute Myocardial Infarction:  

 

The role of QFR has been assessed in patients with acute myocardial infarction (STEMI and 

NSTEMI). The post-PCI QFR of the culprit vessel was assessed in 186 patients at the time of 

staged PCI of non-culprit lesion more than 7 days after presenting with STEMI48.  In these 

STEMI patients, a low post-PCI QFR in the culprit vessel was associated with higher vessel 

related adverse clinical events at 2 years follow up48. Hence, post-PCI QFR of the culprit vessel 
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in STEMI patients can be used as a predictor of prognosis. In patients with acute myocardial 

infarction (STEMI and NSTEMI) and multivessel coronary artery disease, complete 

revascularization with angiography guided or FFR guided PCI of the non-culprit lesion is 

superior to culprit-lesion-only PCI in reducing the risk of major cardiovascular events49,50. 

There is a concern that angiography guided PCI of non-culprit vessel in STEMI and NSTEMI 

patients may lead to unnecessary PCI. In a post-hoc analysis of FRAME-AMI trial, the clinical 

events post PCI of non-culprit lesions in STEMI and NSTEMI patients were assessed according 

to QFR. Patients were classified by non-culprit vessel QFR values into two groups i.e., QFR 

≤0.80 and QFR >0.80. A total of 552 lesions were eligible for QFR analysis. In this analysis, 

30.0% of angiography-guided PCI had QFR > 0.80 that resulted in un-necessary PCI for the 

non-culprit vessel, which was significantly associated with an increased risk of MACE than in 

those with deferred PCI for non-culprit vessel. Hence, QFR of non-culprit vessel in acute 

myocardial infarction is superior to angiography guided PCI.  

 

QFR in patients with myocardial bridge 

 

Myocardial bridge is a congenital anomaly in which the coronary artery takes an 

intramyocardial course and can get compressed during systole. It is usually considered a benign 

condition however in some cases it can be associated with myocardial ischemia, 

atrioventricular block, arrhythmias, and even sudden cardiac death51. The decision to perform 

surgical revascularisation in patients with a muscle bridge is clinically challenging. QFR was 

assessed in a retrospective observational study of 45 patients with a muscle bridge in mid LAD 

who had an invasive coronary angiogram51. Patients were initially treated with medical therapy 

and those refractory to medical therapy were surgically revascularized. Patients were 

retrospectively divided into a medical therapy group or a surgical therapy group.  Due to the 

cyclical nature of stenosis in the myocardial bridge, the conventional QFR was not adequate. 
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QFR was assessed based on vessel geometry in end systole i.e., systolic geometry based QFR 

(SG-QFR) and in end diastole i.e., diastolic geometry based QFR (DG-QFR)51. The time-

averaged QFR (TA-QFR) was defined as the average of SG-QFR and DG-QFR51. TA-QFR 

performed better than SG-QFR and DG-QFR in assessment of the functional significance of 

stenosis due to a myocardial bridge and is a novel index in guiding surgical intervention51. The 

optimal cut-off value of TA-QFR in predicting MB patients who require surgical intervention 

was 0.88, with an overall accuracy of 89%, sensitivity of 85%, specificity of 92%, PPV of 90%, 

and NPV of 89%51. 

 

QFR in Drug Coated Balloon Angioplasty for In-stent restenosis 

 

Drug-coated balloons (DCB) are semi-compliant balloons covered with anti-proliferative drugs 

such as lipophilic paclitaxel that inhibits neointimal proliferation. Although DCBs are used as 

a treatment for in-stent restenosis (ISR), there is still a risk of recurrent ISR afterwards52. The 

prognostic role of QFR after DCB angioplasty has been assessed in two studies. In a study of 

226 lesions treated with DCB for ISR, QFR value after DCB angioplasty was one of the 

predictors of recurrent restenosis after DCB angioplasty52. The optimal QFR cut-off value was 

determined to be 0.90 with a sensitivity of 0.94, specificity of 0.56, and accuracy of 0.79 in 

predicting recurrent restenosis52. Another study of 185 in-stent restenosis lesions treated with 

DCB angioplasty showed similar results53. A low QFR after DCB angioplasty in DES-ISR 

lesions was an independent predictor of adverse clinical events during a 1-year follow up53. 

Post PCI QFR cut-off of 0.94 was a better predictor than percentage diameter stenosis for vessel 

related clinical endpoints, defined as a composite of cardiac death, vessel-related myocardial 

infarction, and ischemia-driven target vessel revascularization53.  
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QFR to assess Microcirculatory function 

 

The index of microcirculatory resistance (IMR) is a measure of coronary microvasculature 

function and it is calculated by measuring the distal intracoronary pressure and the mean transit 

time during maximal hyperaemia with an invasive coronary pressure-wire54 (reword). In 

STEMI patients, a post PCI IMR of >40U is associated with a higher rate of mortality and 

readmission for heart failure when measured at end of the procedure54. IMR is still considered 

a research tool and not used widely in clinical practice due to being invasive and requires 

additional time and cost. Recently, IMR derived from QFR called Angiography-derived index 

of microcirculatory resistance (IMRangio) has been proposed as an alternative to the wire based 

IMR54. The diagnostic accuracy of IMRangio was assessed in 145 patients with STEMI, 

NSTEMI and stable chronic coronary artery syndrome55. The IMRangio correlated well with 

invasive wire based IMR and demonstrated good diagnostic performance in predicting high 

IMR (STEMI AUC = 0.93; NSTEMI AUC = 0.77; CCS AUC = 0.88)55. IMRangio has the 

potential to be used more widely in clinical practice as it is wire-free, less expensive and 

shortens time of the procedure. 

 

vFFR 

 

vFFR is another angiography based FFR developed by CAAS, Pie Medical Imaging, 

Maastricht, the Netherlands and is obtained from two angiographic views at least 30° apart to 

generate the QCA56-58. The vFFR is calculated automatically by integrating the invasively 

measured aortic root pressure and the automatically generated 3D-QCA dimensions56-58. The 

pressure drop is calculated by applying the laws of physics including viscous resistance and 

separation loss effects present in coronary flow behavior56-58. A recent study of 334 patients 

demonstrated that 3D-QCA-based vFFR has excellent diagnostic performance to detect FFR 
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≤0.8058.  This was a prospective observational multicentre study. Both site-determined and 

blinded independent core lab vFFR measurements were compared to FFR. The calculation of 

vFFR using 3D-QCA is promising and can reduce the need for using invasive measurement 

with FFR wire and improve work flow in the cardiac catheterisation laboratory. However, 

larger clinical trials are needed to further validate vFFR by 3D-QCA.  

 

Progression of coronary atherosclerosis in patients without standard 

modifiable risk factors 

A number of large observational studies have shown, somewhat unexpectedly, that SMuRFless 

patients have higher in-hospital and 30-day mortality rates after myocardial infarction 

compared to patients with at least one of the major risk factors59-64. Analysis of 62,048 patients 

with first presentation ST-segment elevation myocardial infarction (STEMI) in the 

SWEDEHEART registry showed that SMuRFless patients had a ~1.5 times higher 30-day 

mortality rate compared to patients with >0 SMuRFs63. In a recent global metanalysis of 15 

studies that included 1,285,722 patients, 11.56% were SMuRF-less65. The SMuRFless patients 

were 7.44% of non-ST-segment-elevation ACS patients and 12.87% of STEMI patients65. The 

proportion of SMuRFless patients presenting with STEMI (60.71%) tended to be higher than 

those with SMuRFs (49.21%)65. The SMuRFless patients had increased in-hospital mortality 

and cardiogenic shock despite lower body mass index and fewer comorbidities such as chronic 

kidney disease, peripheral arterial disease, stroke and heart failure65. A large retrospective 

analysis of 434,111 STEMI patients from the National Inpatient Sample database in the United 

States, identified 318,281 (73.4%) patients as SMuRF and 115,830 (26.6%) as SMuRFless 

patients66. The SMuRFless STEMI patients had higher odds of in-hospital mortality and in-

hospital STEMI-related complications compared with SMuRF STEMI patients66. 
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The reasons for the higher mortality rates in SMuRFless patients following myocardial 

infarction are not well understood. In order to better understand SMuRFless patients, I analysed 

their coronary plaque characteristics on IVUS (chapter 6) and myocardial infarct characteristics 

on cardiac MRI (chapter 7).  

 

Greater plaque burden measured as PAV on baseline IVUS imaging in clinical trials has been 

shown to be associated with adverse cardiovascular events67,68. In an analysis of 4137 patients 

pooled from 6 clinical studies that used serial IVUS imaging, for each standard deviation 

increase in baseline PAV, there was a 1.3-fold increase in major adverse cardiovascular 

events67. The importance of baseline plaque burden has also been demonstrated in a post-hoc 

analysis of SATURN trial in which for each standard deviation increase in baseline PAV, there 

was 28% increase in major adverse cardiovascular events, despite achieving very low LDL-C 

levels of <70mg/dl68.  

 

In chapter 6, I utilised serial IVUS data from a pooled cohort of 5823 patients enrolled in ten 

clinical trials69-78 to examine the rates of plaque progression in patients who had no standard 

modifiable risk factors versus individuals with risk factors who were matched on age, sex and 

use of statins. It is the first study comparing SMuRFless CAD patients with SMuRF explained 

CAD patients in terms of burden of coronary artery plaque and progression of plaque with 

comprehensive IVUS imaging. In chapter 6, baseline IVUS imaging showed that SMuRFless 

patients had less plaque burden compared to patients with SMuRFs. 

 

Progression of plaque on serial IVUS imaging has also been shown to be associated with major 

adverse cardiovascular events67. Each standard deviation increase in PAV over a mean follow 

up of 21 months has been shown to be associated with a 1.2 fold increase in major adverse 
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cardiovascular events on serial IVUS imaging67. In chapter 6, there was no difference in the 

rate of progression of plaque between the two groups as determined by the change in PAV and 

the change in normalised TAV over a period of 12 months. This suggests the absence of 

traditional risk factors does not impact the potential modifiability of atherosclerotic plaque in 

these patients. 

 

The role of intensive treatment of underlying risk factors to modify plaque in patients with 

standard modifiable risk factors is well established79. However, the absence of these risk factors 

in some patients presenting with myocardial infarction has stimulated the search to identify 

additional factors that may influence atherosclerosis. In our study, SMuRFless patients had 

lower CRP levels, suggesting that inflammation may not be the explanation for atherosclerosis 

in this group.  

 

Future Directions: 

 

 

The IVUS study in chapter 6 is limited by the lower resolution of IVUS and lacked information 

regarding plaque composition e.g., lipid rich or fibrotic. Other plaque features like necrotic cap 

and thin cap fibro atheroma were not assessed. Also, spotty calcification which is a marker of 

unstable lesions was not measured in these studies. An OCT based imaging study of the 

coronary plaque in SMuRFless patients is needed to provide more understanding of plaque 

morphology in these patients.  

 

Air Pollution: 

 

Further studies are required to identify additional risk factors that may be associated with 

atherosclerosis. For example, repetitive long-term exposure to air pollution promotes 

atherosclerosis and increases the risk of myocardial infarction80. Air pollution is a complex 
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mixture of gaseous phase and particulate constituents80. The particulate matter 74 in the air is 

categorized by aerodynamic diameter as <10 μm (PM10), <2.5 μm (PM2.5), <0.1 μm (ultrafine 

particles), and between 2.5 and 10 μm (PM2.5-10)
80. Fine particulate matter (PM2.5) is the most 

important environmental contributor to global cardiovascular mortality and disability80. In a 

systematic review and meta-analysis of 34 studies, the risk of acute myocardial was increased 

after short-term air pollution exposures to PM2.5, nitrogen dioxide, sulfur dioxide and carbon 

monoxide81. The relative risk of acute cardiovascular events can increase by 1% to 3% within 

a few days after short-term elevations in PM2.5
80. Long term exposure over several years may 

increase this risk by a larger magnitude (∼10%)80. Repetitive long-term exposure is 

hypothesized to promote atherosclerosis80. The mechanisms of air pollution mediated 

cardiovascular risk maybe due to endothelial dysfunction, inflammation, prothrombotic 

pathways, autonomic imbalance and epigenomics80. 

 

Genetic Risk: 

 

Genome wide association studies have identified more than 50 loci associated with risk of 

coronary artery disease and genetic risk score based on these alleles can identify individuals at 

high risk of coronary artery disease82. Polygenic risk scores have the potential to predict risk 

of developing coronary artery disease but the incremental benefit over the traditional risk 

factors is modest83,84. In an analysis of 7237 US adults of European ancestry, the polygenic risk 

score did not significantly improve risk reclassification when compared with standard 

modifiable risk factors84. The added value of combining a polygenic risk score with a risk score 

based on traditional risk factors was evaluated in a cohort of 352 660 participants with no 

history of cardiovascular disease over a follow up of 8 years83.  The C statistic for 

discrimination of CAD for polygenic risk score, traditional risk factors, and both combined was 

0.61, 0.76, and 0.78, respectively83. The change in C statistic between the latter 2 models was 

0.02, which was statistically significant but the incremental benefit was very modest83. The 
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addition of the polygenic risk score to traditional risk factors resulted in a net reclassification 

improvement of 4.4% which was only a small proportion of cases83. As the incremental benefit 

of polygenic risk score on top of traditional risk factors model is only modest, the use of genetic 

information over the traditional risk factor score is still not ready for clinical implementation83. 

However, a potential advantage of a polygenic risk score maybe screening at a young age when 

traditional risk factors are absent and this may motivate individuals to make healthy lifestyle 

choices e.g., good diet and physical activity84. It is often assumed that the genetic predisposition 

to coronary artery disease is deterministic, however, it may be possible to attenuate the genetic 

risk of coronary artery by healthy lifestyle82. This was assessed in a study involving 55,685 

participants, in which, genetic and lifestyle factors were independently associated with risk of 

developing coronary artery disease82. Interestingly, in this study, among subjects with high 

genetic risk, a favourable lifestyle reduced the relative risk of coronary artery disease by 50% 

when compared with unfavourable lifestyle82. It also included 4260 participants from the cross-

sectional BioImage Study in whom subclinical coronary artery calcium was quantified in 

Agatston units82. Within low, intermediate and high genetic risk groups, a favourable lifestyle 

was associated with significantly less coronary-artery calcification82. Hence, a healthy lifestyle 

should be encouraged in every one but particularly in those with high genetic risk82.  

 

Biomarkers to risk stratify SMuRFless patients 

 

The association between raised serum biomarkers and recurrent cardiovascular events in 

patients with ACS is well established85. These biomarkers represent different 

pathophysiological processes, BNP represents hemodynamic stress, high CRP (hs-CRP) and 

fibrinogen represents inflammation, d-dimer represents activated coagulation, uric acid (UA) 

represents endothelial activation, GGT (gamma-glutyl transferase) represents oxidative stress 

and Lipoprotein (a) or Lp(a) represents lipid disorders85. The role of these 7 biomarkers in risk 
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stratifying SMuRFless patients with ACS for recurrent cardiovascular events was recently 

assessed in a single centre retrospective observational study85. In this study, 81 of the 621 

SMuRFless patients experienced a major adverse cardiovascular event (MACE) during a 

median follow up of 5 years85. MACE was defined as a composite of death, myocardial 

infarction and stroke. Out of the 7 biomarkers, higher fibrinogen, D-dimer, NT-proBNP and 

Lp(a) levels each were independently associated with increased risk of MACE85. However, hs-

CRP, UA and GGT were not predictive of MACE on the multivariate analyses85. The risk of 

MACE was increased with increasing number of elevated biomarkers85. If all four biomarkers 

that were associated with increased risk of MACE were elevated, there was a 6-fold increased 

risk for MACE compared to those without any elevated biomarkers85. The predictive value of 

these 4 biomarkers varied significantly based on gender and the type of ACS, i.e., unstable 

angina, NSTEMI or STEMI indicating that these biomarkers may not be applicable to all ACS 

subgroups simultaneously85. D-dimer had the strongest association with MACE and was 

predictive in males, females and all subtypes of ACS, suggesting that activated coagulation 

may play an important role in progression of atherosclerosis in SMuRFless patients85. In the 

absence of traditional risk factors, a strategy of multiple biomarkers can potentially be used to 

identify patients at high risk of recurrent cardiovascular events85.  

 

Metabolomics for coronary artery disease 

 

Metabolomics is the systematic identification and quantification of small molecules (up to 1.5 

kDa) or metabolites in biological fluids86. The metabolites are the end products of cellular 

regulatory processes and capture a unique aspect of cellular homeostasis that reflects the gene 

and protein functional activity at a given point in time87. Hence, it reflects the metabolic state 

of the biological system at a given point in time. A systematic review of metabolomics studies 

identified 5 metabolites, acylcarnitine, dicarboxylacylcarnitine, trimethylamine N-oxide 
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(TMAO), phenylalanine, and glutamate that were associated with the incidence of 

cardiovascular disease86. In a study of 5768 participants, plasma dimethylguanidino valerate 

(DMGV) levels were associated with the incidence of type 2 diabetes mellitus, coronary artery 

disease and cardiovascular mortality88. Interestingly, the intake of sugar-sweetened beverages 

was associated with increased levels of DMGV, while intake of vegetables and the level of 

physical activity was associated with lower DMGV88. Hence, it’s possible to modify levels of 

DMGV with lifestyle interventions. 

 

Bio-HEART-CT is a prospective, longitudinal study to identify novel biomarkers of coronary 

artery disease across multiple centres in Australia89. It aims to recruit 5000 adults undergoing 

clinically indicated CT coronary angiogram and blood samples are assessed for novel 

biomarkers using state-of-the-art genomics, metabolomics, proteomics and 

immunophenotyping89. The identification of coronary atherosclerosis on CTCA in conjunction 

with serum biomarkers may improve the ability to detect new biomarkers and pathways for 

coronary artery disease. It may also help develop new risk models that incorporate the 

traditional risk factors and new biomarkers. A recent analysis of 1002 patients from Bio-

HEART-CT study identified associations between four metabolites and coronary artery plaque 

phenotype on CTCA86. The four metabolites studied were TMAO, DMGV, glutamate, and 

phenylalanine. Out of these four metabolites, DMGV was most strongly associated with 

coronary artery disease plaque features86. DMGV was strongly associated with the presence of 

calcified plaque, obstructive coronary artery disease, and amount of coronary artery disease86. 

It also identified two metabolic pathways strongly associated with coronary artery disease, 

independent of traditional risk factors, the nucleotide metabolic pathway and the lipid 

metabolic pathway86. Further results from Bio-HEART-CT study may identify new biomarkers 

and mechanistic pathways of coronary artery disease. 
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Plasma Proteomics based model  

 

Individual plasma biomarkers like pro-brain natriuretic peptide (BNP), high sensitivity 

troponins, and high sensitivity C-reactive protein (CRP) have limited value in predicting 

cardiovascular risk90 This may be due to the fact that a single biomarker is part of a specific 

pathophysiological process but does not reflect the complexity of atherosclerosis90. 

Simultaneous measurement of a large number of plasma proteins may improve the risk 

prediction model. Widespread use of proteomics has been limited due to labour intensiveness, 

high costs, and the complex clinical interpretation90. Recently these limitations have been 

overcome by technical advancements90. Computational modelling allows interpretation of 

large data sets90.  

 

Recently a proteome-based model outperformed the traditional risk factor-based model in 

predicting the risk of myocardial infarction in a primary prevention setting90. The proteomics 

panel comprising of 368 proteins, related to pathways and/or risk factors involved in 

atherogenesis, to predict cardiovascular events was tested in 822 apparently healthy individuals 

in the United Kingdom90. A panel of 50 proteins was identified, which outperformed the 

clinical risk model in the prediction of myocardial infarction [area under the curve (AUC) 0.754 

vs. 0.730; P < 0.001] during a median follow-up of 20 years90. The predictive value of the 

protein panel was also tested in another cohort of patients and confirmed to be superior to the 

clinical risk model (AUC 0.705 vs. 0.609; P < 0.001)90. 

 

The ability of proteome-based risk model in predicting recurrent cardiovascular events has also 

been tested in the setting of secondary prevention91. At first, 267 proteins were tested in a 

derivation cohort to construct a protein-based model comprising of 50 proteins with the highest 
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predictive value using machine learning91. The proteome-based model outperformed the 

clinical model in both the derivation cohort [area under the curve (AUC): 0.810 vs. 0.750; P < 

0.001] and the validation cohort (AUC: 0.801 vs. 0.765; P < 0.001)91. It also identified a 

neutrophil dependent pathway in patients with low CRP, implying a residual inflammatory risk 

beyond the traditional IL-6 dependent pathway. The increased number of neutrophil-related 

proteins in the low CRP group with increased cardiovascular risk, also corresponds to the 

findings from LoDoCo2 (Low Dose Colchicine 2) trial in which proteins related to neutrophil-

activation such as myeloperoxidase were reduced following colchicine treatment91. 

 

Anatomic risk factors for coronary artery disease 

 

Atherosclerosis is a result of the complex interplay between systemic risk factors, anatomical 

risk factors and the physiological response of the arterial wall92. From the study of arterial 

bifurcation regions, it has been observed that the atherosclerotic plaque is more likely to build 

up and progress at certain geometric locations such as bifurcation sites despite the whole 

vascular tree being exposed to systemic risk factors92. The disturbance in flow and the low wall 

shear stress in these regions enhances the cellular and molecular processes towards 

atherosclerosis92. Hence, anatomic features maybe one of the risk factors that may explain the 

predisposition to coronary atherosclerosis in some individuals without traditional risk factors. 

The concept of high-risk geometry was first proposed by Friedman et al. in 1983 while studying 

pulsatile flow through casts of human aorta bifurcations92. Recent computational studies built 

on his initial work, has led to the discovery of several anatomical features that can influence 

wall shear stress e.g., inward curvature, marked angulating daughter branches, asymmetrical 

T-shaped bifurcation, bifurcation angle, cardiac curvature, vessel diameter, inflow angle and 

tortuosity92.  
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There have been significant improvements in the spatial and temporal resolution of CT 

coronary angiography. Recently, a study (GeoCAD) has been proposed to better understand 

the relationship between high-risk anatomic features and risk of coronary artery disease92. It 

aims to develop a better coronary artery risk model by incorporating coronary artery geometry, 

coronary calcium score and traditional risk factors 92. The recent improvements in 

computational processing power, large data storage and advancements in machine learning, 

may allow the translation of advanced imaging analysis into a practical coronary artery disease 

risk model that can be used clinically92.  

 

GeoCAD cohort study is a proof-of-concept study to address the risk of coronary artery disease 

in individuals with no traditional risk factors92. The primary aim is to identify novel anatomical 

biomarkers to improve the accuracy of prediction of coronary artery disease92. The secondary 

aims are:  

 

1. To profile the CTCA images of a large population with respect to variations in 

anatomical shape and associated haemodynamic risk, comprising an individual’s 

anatomical risk. 

2. To develop a machine-learning algorithm for the rapid assessment of anatomical risk 

directly from unprocessed CTCA images. 

3. To develop a novel CAD risk model combining traditional risk factors with anatomical 

risk. 

 

It aims to retrospectively identify 1000 patients from the CTCA database at St. Vincent’s 

Hospital, Sydney, Australia, who were referred for a CTCA for suspected coronary artery 
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disease92. Patients who have undergone at least two CTCA scans from 2010 onwards will be 

identified to allow comparison of geometry and plaque features over time92. 

 

New Clinical pathway for SMuRFless patients 

 

Recently a clinical pathway has been proposed to guide physicians in the diagnosis and 

management of SMuRFless patients based on the currently available evidence by an 

international multidisciplinary team using a modified Delphi approach where clear evidence 

was not available93. The clinical pathway outlines the additional investigations and 

management that should be considered in SMuRFless patients with coronary artery disease. 

An international multicentre, prospective patient registry has been established through special 

clinics to measure the efficacy and cost-effectiveness of the pathway93. It will also report 

clinical outcomes. The diagnostic pathway will be implemented initially in 3 Australian states 

(New South Wales, Victoria, and South Australia) and later incorporated into additional clinics 

where SMuRFless patients may be found, including in Singapore and Mount Sinai Health 

System, New York93. The clinical pathway recommends the following four steps: 

 

1) The first step is to confirm the presence of atherosclerotic coronary artery disease. In the 

setting of acute myocardial infarction, it requires the exclusion of non-atherosclerotic 

causes like spontaneous coronary artery dissection, coronary embolism and Takotsubu 

Cardiomyopathy. In the setting of stable angina, CT coronary angiogram or coronary 

calcium score can be used to confirm the presence of atherosclerosis.  

 

2) The second step is to confirm the SMuRFless status. It proposes the following cut-offs to 

correctly discriminate SMuRFless patients from SMuRFs. 

 

 



 

151  

Hypertension Systolic blood pressure ≥140 mm Hg or  

Diastolic blood pressure ≥90 mm Hg 

Diabetes mellitus HbA1c ≥ 6.5% or fasting blood glucose level ≥7.0 mmol/L or 

Oral Glucose Tolerance test with 2-hour blood glucose level 

>11.1 mmol/L 

Hypercholesterolemia Total cholesterol >5.5 mmol/L 

Low density lipoprotein-C >3.5 mmol/L 

Cigarette smoking Current smoker (smoking within 12 months) 

 

 

 

3) Patients with coronary artery disease and no modifiable risk factors should receive 

guideline based secondary prevention medications irrespective of their cholesterol and 

blood pressure. The group advocates for the inclusion of SMuRFless patients with 

coronary artery disease in interventional and secondary prevention trials. 

 

4) The clinical pathway recommends a systematic screening for additional risk factors 

known to be associated with atherosclerosis and cardiovascular mortality by taking a 

detailed history and physical examination. These risk factors are as follows:  

 

a) Obstructive Sleep Apnoea: Untreated severe obstructive sleep apnoea (OSA) is 

associated with the incidence of coronary artery disease and major adverse 

cardiovascular events. The hypoxia and fragmented sleep from OSA are associated with 

altered cardiac and pulmonary vascular hemodynamics that drive sympathetic 

activation, systemic inflammation, endothelial dysfunction, and generation of reactive 

oxygen species, that promote the development of atherosclerosis. The pathway 

recommends screening of SMuRFless patients for OSA using clinical questionnaires 

and referring to a sleep physician for diagnosis and treatment if necessary.  
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b) Nutrition: Provide dietary advice as per guidelines. Encourage Mediterranean diet, 

replacement of saturated with unsaturated fat, increased consumption of plant-based 

foods rich in fibre, restricted consumption of processed meats, and consumption of fish. 

c) Physical Activity: The International Physical Activity Questionnaire will be used to 

record physical activity and sedentary time for all patients. Patients will be encouraged 

to exercise regularly as per World Health Organisation guidelines, i.e.  150 to 300 

minutes of moderate-intensity aerobic activity or 75 to 150 minutes of vigorous-

intensity aerobic physical activity throughout the week. 

 

d) Oral health and periodontal disease: Poor oral health is associated with coronary 

artery disease in observational studies. A meta-analysis of 22 studies, including 129,630 

participants showed a 2-fold increased risk of myocardial infarction in those with 

periodontal disease after adjustment for traditional cardiovascular risk factors. 

However, there may be confounders like lower education and socioeconomic status. 

The pathway recommends screening for oral health with a self-reported questionnaire 

and referring to a dentist if necessary.  

 

 

e) Psychological and social factors: Mental health and social factors are known to be 

associated with coronary artery disease. The pathway recommends screening all 

SMuRFless CAD clinic patients with a Patient Health Questionnaire to identify a 

depressive disorder. 

 

f) Inflammatory Disorders: Systemic inflammatory diseases like systemic lupus 

erythematosus, rheumatoid arthritis, psoriasis, and inflammatory bowel diseases are 

known to be associated with increased risk of coronary artery disease. Patients will be 
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screened for these disorders by taking a detailed history and a limited set of screening 

tests including high-sensitivity C-reactive protein, rheumatoid factor, anti-cyclic 

citrullinated protein antibodies, antinuclear antibody, and antineutrophil cytoplasmic 

antibodies. 

 

 

g) Cardio-Oncology: SMuRFless patients will be screened for a history of previous 

malignancy with a particular focus on childhood malignancy; mediastinal radiation; and 

chemotherapy agents, immunotherapies, and biologics. 

 

h) Sex-Specific Factors: SMuRFless patients will be screened for pre-eclampsia, small 

for gestational age, preterm birth, gestational hypertension, gestational diabetes, 

endometriosis, polycystic ovary syndrome, ovarian insufficiency, 

menopause/hormonal status, use of hormone contraceptives, androgen deficiency, 

erectile dysfunction and use of anabolic or synthetic steroids.  

 

 

i) Metabolic and Vascular Health: If the lab tests in step 2 shows an abnormality or are 

borderline, patients will be further assessed for insulin resistance using homeostatic 

model assessment by measuring fasting glucose and insulin levels. Glucose tolerance 

test will be considered 4 weeks post ACS to avoid false positive results. Lipoprotein (a) 

will be measured in all patients. Non–HDL-C will be calculated and reviewed as an 

alternative marker. 

 

j) Thrombotic factors: Fibrinogen, Plasminogen activator inhibitor-1, and homocysteine 

will be measured in all SMuRFless patients with coronary artery disease.  
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Fibrinogen binds to platelets via glycoprotein IIb/IIIa receptors and promotes platelet 

aggregation. It is an independent risk factor for coronary artery disease and may 

mediate the effect of traditional risk factors as higher levels and activity are seen with 

age, smoking, diabetes and hyperlipidaemia.  

 

Plasminogen activator inhibitor (PAI)-1 is required for the dissolution of insoluble 

fibrin in clots as it is the main physiologic inhibitor of tissue-type and urokinase-type 

plasminogen activator, which are responsible for the enzymatic activation of 

plasminogen. Polymorphisms in the gene for (PAI)-1 are associated with altered plasma 

PAI-1 concentrations and are associated with CAD. 

 

Hyperhomocysteinemia has been associated with premature cardiovascular disease. It 

may occur due to genetic mutations to enzymes including cystathionine-β-synthase and 

methylenetetrahydrofolate reductase. Hyperhomocysteinemia can also result from 

nutritional deficiencies in folate, vitamin B12, and vitamin B6 and with metformin 

therapy (via reduction in B12 levels). 

 

k) Additional Vascular Studies: Screening for atherosclerosis in other vascular 

territories will be considered if symptoms are suggestive of clinically relevant disease 

using duplex ultrasound for carotids and vertebral arteries and ankle-brachial index for 

lower limbs. 

 

l) Environmental factors: Heavy metals (lead, cadmium, mercury, and arsenic) and 

particulate air pollution are associated with coronary artery disease and will be assessed 

by history or direct measurement. Exposure to common tick bites may lead to the 
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development of IgE antibodies to mammalian α-gal and is associated with >2-fold 

increase in the risk of coronary artery disease. IgE sensitivity to α-gal will be considered 

in some patients with a history of tick bite. 

 

m)  Inherited risk, genetic analysis and polygenic risk scores: SMuRFless patients will 

be screened for a family history of CAD, which is defined as an MI, stroke/transient 

ischemic attack, or peripheral artery disease in a first-degree relative who had an event 

before the age of 55 years if male or 65 years if female. In cases of a strong family 

history of premature CAD, screening for rare variants will be considered using whole-

genome sequencing, whole-exome sequencing, or single-nucleotide polymorphism 

array. 

 

In summary, the clinical pathway aims to perform a comprehensive assessment of SMurFless 

patients in dedicated clinics as part of a multicentre international registry. This approach aims 

to identify additional unknown risk factors that maybe modifiable.  

 

 

Cardiovascular magnetic resonance characteristics and clinical outcomes of 

patients with ST-elevation myocardial infarction and no Standard Modifiable 

Risk Factors - A DANAMI-3 substudy. 

In order to understand the reasons for the observed high mortality in SMuRFless patients, we 

evaluated the clinical outcomes and CMR measures of infarct characteristics and LV 

remodelling in patients with and without SMuRFs who presented with first-presentation 

STEMI in chapter 7.   
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We identified 2046 patients from three randomized controlled STEMI trials performed at four 

large primary percutaneous coronary intervention 19 centres in Denmark; 14% were SMuRFless 

and 86% had >0 SMuRF. In terms of clinical outcomes, there was no difference in all-cause 

mortality, non-fatal reinfarction or hospitalization for heart failure at 30 days or at long-term 

follow-up.  In the recent study of the SWEDEHEART Registry, 30-day mortality rates were 

~50% higher in SMuRFless STEMI patients (11.3%) vs. those with at least one modifiable risk 

factor (7.9%; p < 0.0001)63. In comparison, the mortality rate was much lower overall in the 

DANAMI series (2%), and not significantly different between the groups. This lower mortality 

rate may reflect a degree of selection bias, with severely unwell patients being unsuitable for 

randomization to clinical trials, as well as potential higher rates of secondary prevention 

medications that are recognized to occur in the setting of a rigorous clinical trial vs. a “real-

world” registry. It may also relate to the lower-than-expected proportion of women in the 

DANAMI study population, given women have an excess early mortality post STEMI63,94. On 

the other hand, register-based data are more prone to bias as regards the existence of 

comorbidities and risk factors, which may be even more pronounced among the most critically 

ill who also carry the highest mortality rate. The presence of multivessel disease in the overall 

population was higher in the SMuRF group (41 vs. 34%, p = 0.02), however, despite this the 

incidence of clinical outcomes like all-cause mortality, nonfatal reinfarction, or hospitalization 

for heart failure at 30 days or long-term follow up was not higher in the SMuRF group. Hence, 

the presence of higher multivessel disease in the SMuRF group probably did not have an effect 

on outcomes. 

 

The SMuRFless patients had larger acute infarct size (17% vs. 13%, p=0.04) and smaller 

myocardial salvage index (42% vs. 50%, p=0.02). The most significant predictors of infarct 

size were a culprit LAD lesion and TIMI 0–1 flow pre-PCI. This is consistent with the previous 
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studies demonstrating that STEMI due to LAD as the culprit vessel is associated with larger 

infarct size, worse left ventricle function, and higher mortality when compared with STEMI 

due to non-LAD arteries 95,96. Interestingly, the proportion of patients with culprit LAD and 

TIMI 0-1 flow pre-PCI was also significantly higher in SMuRFless patients similar to what 

was observed in the SWEDEHEART Registry63, and CONCORDANCE62 (Cooperative 

National Registry of Acute Coronary Syndrome Care) registry in Australia. In another pooled 

analysis of 2862 patients with individual level data from 10 randomised controlled trials, poor 

pre-PCI flow TIMI 0/1 was more frequent in SMuRFless patients compared to patients with at 

least 1 SMuRF (72% vs. 64%, OR: 1.35; 95% CI: 1.08-1.70)97. 

 

Poor pre-procedural TIMI flow in STEMI patients is well known to be associated with larger 

infarct size, higher fatal arrhythmia events, higher in-hospital, and one-year mortality98-100. 

Interestingly, in our multivariate analysis of predictors of TIMI 0-1 flow pre-PCI, SMuRFless 

status was one of the independent predictors. Whether SMuRFless patients truly have a higher 

predisposition for the involvement of LAD and if there are any biological mechanisms 

predisposing them to a higher incidence of poor flow (TIMI 0-1) pre-PCI requires further 

investigation. 

 

A previous study has shown that adverse left ventricle remodelling after STEMI with ≥12% 

increase in both LVEDV and LVESV at 6 months was associated with worse clinical outcomes 

at 5 years in terms of all-cause mortality and hospitalization for heart failure in comparison to 

their counterparts101. The proportion of patients reaching this cut off was equivalent in both 

groups (11% of SMuRFless vs. 13% of patients with at least one SMuRF). There was no 

difference in MVO between the two groups. At baseline, the infarct size was larger in 
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SMuRFless patients even after adjusting for the area at risk. Infarct size, as a percent of LV 

mass, decreased equally over the 3 months in both groups by 1.5%. 

 

Future Directions:  

 

In summary, SMuRFless patients had a larger infarct size and smaller MSI following first-

presentation STEMI, but this association was mediated by a higher proportion of LAD territory 

events and pre-PCI TIMI 0-1 flow. Despite of this observation, mortality was not significantly 

different. Whether the finding of LAD territory and flow reduction preponderance in 

SMuRFless STEMI patients is a chance finding or related to unknown differences in biology 

or plaque morphology requires further investigation. 

 

The reasons for a higher early mortality in SMuRFless patients in observational studies remains 

unclear despite these patients having lower plaque burden and lower calcification (Chapter 6 

and 7). The potential mechanisms maybe the absence of myocardial ischemic preconditioning, 

lack of pre-hospital therapy and less intensive early pharmacotherapy after the diagnosis of 

STEMI. The benefit of early pharmacotherapy with betablockers, lipid lowering therapies and 

ace inhibitors has been demonstrated in STEMI patients102-104, although with some limitations 

that need further investigation.  

 

Beta Blockers 

 

In a randomised study of 270 patients with anterior STEMI, the METOCARD-CNIC trial, very 

early administration of intravenous metoprolol at time of diagnosis in the absence of heart 

failure and systolic BP >120 systolic, was associated with a reduction in infarct size on cardiac 

MRI at days 5 to 7 and higher ejection fraction on cardiac MRI at 6 months105,106. The extent 

of microvascular obstruction on cardiac MRI was significantly less in patients treated with 
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metoprolol. The extent of myocardial injury after a myocardial infarction is due to a 

combination of ischemia and reperfusion injury. The neutrophils bind to platelets and red blood 

cells and form plugs that are embolised to the microcirculation after reperfusion and contribute 

to microvascular obstruction. Secondly, the neutrophils infiltrating in the area of myocardial 

injury can have direct deleterious effects. The mechanism for the benefit of metoprolol in 

reducing infarct size may be due to stunning of neutrophils and dampening the inflammatory 

response rather than a direct action on the myocardium107. The mechanism of action of 

metoprolol was studied by Ibanez et al in in-vivo mouse models and in in-vitro experiments. 

The group observed a significant positive correlation between high neutrophil count and the 

extent of microvascular obstruction in METOCARD-CNIC trial. In contrast, there was no 

association between other sub-types of white blood cells and the extent of microvascular 

obstruction. In a mouse model of ischemia reperfusion injury, metoprolol treated mice had 

smaller infarct size, smaller microvascular obstruction and lower neutrophil infiltration into the 

infarct area. Metoprolol inhibited the recruitment of neutrophils into the area of myocardial 

injury. Further in-vitro experiments showed that metoprolol inhibits recruitment of neutrophils 

and production of reactive oxygen species (ROS) from neutrophils via the beta-1 adrenergic 

receptor on neutrophils. Metoprolol also inhibits PSGL-1, the receptor involved in neutrophil-

platelet interaction, hence reducing the neutrophil-platelet plugs that can occlude microvessels 

in the myocardium107.  

 

The clinical benefit of beta blockers in patients with acute coronary syndrome and low ejection 

fraction is well established. However, the clinical benefit of beta blockers in patients with 

uncomplicated acute coronary syndrome and ejection fraction >40% is not known. Also, all 

the randomized trials that have demonstrated benefit of beta blockers after a myocardial 

infarction were done prior to the pre-perfusion era, except for CAPRICON trial but it only 
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recruited patients with EF <40%. In the current era of early reperfusion and revascularisation 

the clinical benefit of beta blockers is not known in patients with normal ejection fraction. In 

order to answer this clinical question, there are four ongoing prospective large-scale RCTs in 

Europe randomizing ACS patients without reduced LVEF to beta-blocker or a control group. 

These trials are: 

 

• REBOOT (TREatment with Beta-blockers after myOcardial infarction withOut 

Reduced Ejection fracTion) which aims to randomize 8468 ACS patients with LVEF 

>40% (ClinicalTrials.gov identifier: NCT03596385)108. 

 

• REDUCE-SWEDEHEART (Evaluation of Decreased Usage of Betablockers After 

Myocardial Infarction in the SWEDEHEART Registry) aims to randomize 5000 ACS 

patients with LVEF ≥50% (ClinicalTrials.gov identifier: NCT03278509) ESC 2023109. 

 

• BETAMI (BEtablocker Treatment After Acute Myocardial Infarction in Patients 

Without Reduced Left Ventricular Systolic Function) which aims to randomize 10,000 

ACS patients with LVEF >40% (EudraCT number 2018-000590-75)110. 

 

  

• DANBLOCK (Danish Trial of Beta Blocker Treatment After Myocardial Infarction 

Without Reduced Ejection Fraction) which aims to randomize 3570 patients with LVEF 

>40% after myocardial infarction, Clinicaltrials.gov identifier NCT03778554111. 

 

The optimal duration of treatment with beta-blockers after an acute coronary syndrome is also 

not known. There are two ongoing large-scale RCTs that will test the impact of beta-blocker 

withdrawal after 6–12 months following uncomplicated ACS and preserved LVEF:  
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• AβYSS trial (Beta Blocker Interruption After Uncomplicated Myocardial Infarction; 

NCT03498066) has randomized 3700 patients in 49 centres in France with a prior 

history of myocardial infarction and LVEF >40% to continued beta blocker therapy or 

interruption of beta blocker therapy after 1 year. It aims to assess if it is safe to withdraw 

beta blocker therapy after 1 year in uncomplicated stable post myocardial infarction 

patients112. 

 

• SMART-DECISION (Long-term Beta-blocker Therapy After Acute Myocardial 

Infarction) aims to recruit 2540 patients in Korea and investigate whether 

discontinuation of β-blocker after at least 1 year of β-blocker therapy is non-inferior to 

continuation of β-blocker in patients with LVEF >40% after acute myocardial 

infarction (ClinicalTrials.gov identifier NCT04769362). 

 

Lipid Lowering Therapies 

 

The benefit of statins in reducing the risk of cardiovascular death, non-fatal myocardial 

infarction, ischaemic stroke, and coronary revascularization by lowering LDL-C is well 

established. In a meta-analysis of 49 clinical trials with 312 175 participants, for every 1-

mmol/L reduction in LDL-C level, there was a 23% relative risk reduction of major vascular 

events for statins and a 25% relative reduction for non-statin interventions that act primarily 

via upregulation of LDL receptor expression113. The benefit of more intensive reductions in 

LDL-C levels has also been demonstrated. In a meta-analysis of patients presenting with a 

median LDL-C of ≤1.8, there was a 21% relative risk reduction of major vascular events by 

starting statins or non-statin therapy114. There was no increased risk of serious adverse events, 

myalgias and/or myositis, elevation in aminotransferase levels, new-onset diabetes, 
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haemorrhagic stroke, or cancer even by achieving LDL-C levels as low as 0.5mmol/L114.  In a 

recent metanalysis of 327,037 patients from 52 studies, there was a 19% relative risk (RR) 

reduction for major vascular events for each 1 mmol/L reduction in LDL cholesterol. 

Interestingly, there was a greater relative risk reduction in patients at lower 10-year 

atherosclerotic cardiovascular disease risk and in patients at younger age across a mean age of 

50-75 years115. Based on the continued benefit at lower levels of cholesterol, the current 

guidelines recommend to lower LDL-C to <1.4mmol/L for secondary prevention109. 

 

ACE Inhibitors 

 

The benefit of ACE inhibitors is well established in patients with heart failure and low ejection 

fraction109. In post myocardial infarction patients, the benefit of ACE inhibitors has mainly 

been demonstrated in those with heart failure and/or LVEF ≤40%, diabetes, chronic kidney 

disease, and/or hypertension109. However, these trials were performed more than 2.5 decades 

ago when coronary revascularisation was in its early phase. Current ESC guidelines give a 

Class IIa recommendation for use of ACE inhibitors after an ACS regardless of ejection 

fraction109. The benefit of ACE inhibitors in patients after a myocardial infarction with normal 

ejection fraction and absence of risk factors requires further investigation. 

 

In patients with normal LV function but at high risk of coronary events, the benefit of ACE 

inhibitors was demonstrated in the HOPE and EUROPA trials116,117. In HOPE trial that 

included 9297 high risk patients who had vascular disease or diabetes plus at least one other 

cardiovascular risk factor, ramipril reduced the rates of death, myocardial infarction and stroke 

116. In EUROPA trial, among patients with stable coronary artery disease and normal LV 

function, there was a 20% relative risk reduction in cardiovascular death, myocardial infarction, 

or cardiac arrest117. In contrast, the addition of an ACE inhibitor did not reduce the risk of death 
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from cardiovascular causes, myocardial infarction, or coronary revascularization among 

patients with stable coronary artery disease and preserved LV function in the PEACE trial118. 

The lack of benefit in PEACE trial was probably due to the patient population being lower risk 

for cardiovascular events in comparison to HOPE and EUROPA trials.  

 

Transition from vulnerable plaque to vulnerable patients 

 

The association between plaque rupture and acute myocardial infarction has been demonstrated 

on pathology studies119. The vulnerable plaque is characterized by a large lipid or necrotic core 

and a thin fibrous cap <65µm in thickness119. A number of imaging and clinical studies have 

been performed to identify vulnerable plaques, in order to predict the risk of acute coronary 

events. In a large, prospective study of 697 patients that underwent coronary angiogram and 

IVUS virtual histology imaging, the PROSPECT (Providing Regional Observations to Study 

Predictors of Events in the Coronary Tree) trial, the recurrence of adverse cardiac events was 

adjudicated according to types of coronary atherosclerotic plaque120. At 3 years follow up, 

almost half of the recurrent major cardiovascular events occurred in non-culprit lesions, most 

of which appeared to be mild on coronary angiography120. Although, 596 vulnerable plaques 

with thin cap fibroatheroma (TCFA) were identified, the risk of myocardial infarction or 

sudden death related to these lesions was very low119. There were 6 events (6 myocardial 

infarctions and no deaths) after 3.4 years of follow-up among 1,005 coronary arterial sites with 

pathological intimal thickening and 595 thin-cap atheromas (TCFAs). Out of the total 3,160 

plaques detected at baseline the event rate associated with each plaque would be only 0.06% 

per year. In patients with acute coronary syndrome, plaque rupture is frequently found in non-

culprit lesions suggesting that vulnerability is spread throughout the coronary tree. Hence, the 

identification of vulnerable plaque maybe a marker of widespread inflamed coronary artery 

disease.  



 

164  

 

Several longitudinal IVUS and OCT based studies have demonstrated the dynamic nature of 

coronary artery plaque119. Thin cap fibroatheromas can heal over time and become thick cap 

fibroatheromas121. Conversely, thick cap fibroatheromas can progress to thin cap 

fibroatheroma121. OCT and IVUS imaging studies have demonstrated that many plaques can 

rupture without clinical symptoms119. Plaques that rupture and heal lead to progressive luminal 

obstruction119. The prevalence of sub-clinical plaque ruptures varies from 4 to 79% depending 

on the risk profile and the method of assessment in various studies119. The plaque ruptures that 

do lead to clinical events may depend on other patient factors like the pro-thrombotic milieu of 

the patient119. For example, patients with systemic inflammation and suppressed fibrinolysis 

maybe more pro-thrombotic119. Hence, acute coronary syndrome may occur in the setting of 

plaque rupture and a pro-thrombotic milieu that cannot contain the thrombosis within the vessel 

wall119. The next step in understanding acute coronary syndrome is to identify new risk factors 

and mechanisms that makes the patient more vulnerable to thrombosis in the setting of plaque 

rupture. 

 

Beyond-SMuRFs Study 

 

The ‘‘Beyond-SMuRFs Study’’ is a prospective, observational study designed to identify 

clinical, laboratory or imaging biomarkers that may be associated with acute myocardial 

infarction in SMuRFless patients122. It aims to recruit 500 consecutive patients presenting with 

STEMI or Non-STEMI (NSTEMI) at two academic hospitals in Thessaloniki, Greece, 

undergoing primary or emergency coronary angiography122.  

 

It aims to make a comprehensive in-depth assessment of the clinical profile of SMuRFless 

patients by collecting additional information on top of basic. Patients will be asked to complete 
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the International Physical Activity Questionnaire (IPAQ), to measure their physical activity as 

low, moderate or high. Obesity will be diagnosed by measuring body mass index (BMI; 

Kg/m2). Socioeconomic parameters like education, marital status, employment, income, 

migration background and ethnicity will be recorded. The health-related perception of quality 

of life before the acute myocardial infarction will be measured by the 36-item short form (SF-

36) standardized questionnaire. 

 

In terms of laboratory markers, the following will be measured during the hospital admission: 

total blood count, standard biochemistry parameters, coagulation tests, thyroid hormone and 

thyroid-stimulating hormone levels, HbA1c, NTproBNP, high sensitive troponin T, LP(a), 

apolipoproteins B and A1 (ApoB and ApoA1) interleukin-6 (IL-6) and soluble urokinase 

plasminogen activator receptor (suPAR).  

 

Coronary angiograms will be assessed by two independent experienced cardiologists for lesion 

characteristics, coronary dominance and the SYNTAX score. All patients will have a detailed 

trans-thoracic echocardiogram that includes two-dimensional measurements, doppler and 

strain. Four different indices of myocardial work will be calculated, which are: 

 

1) LV global work index (LVGWI, mmHg %), representing the total work within the LV 

pressure-strain loops,  

2)  LV global constructive work (LVGCW, mmHg %), defined as the work performed during 

myocardial shortening in systole and the work during myocardial lengthening in 

isovolumic relaxation,  
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3) LV global wasted work (LVGWW, mmHg %), representing the work contributing to the 

lengthening of the cardiac myocytes during systole and the shortening during isovolumic 

relaxation, and  

4) LV global work efficiency (LVGWE, %), defining the percentage of effectively spend 

work by the LV myocytes and obtained by the following formula: (LVGCW/ 

[LVGCW + LVGWW]) × 100%. 

 

The main aim of the study is to compare clinical, laboratory and imaging parameters between 

SMuRFless patients and patients with SMuRFs, thereby identifying clinical, laboratory, 

echocardiographic and angiographic biomarkers that maybe associated with SMuRFless 

patients in acute myocardial infarction.  

 

Finally, in keeping with the continuous journey of discovery that is research, the work in this 

thesis has yielded important knowledge but has also generated many interesting questions and 

led to new avenues of inquiry.  There is now a growing interest in the cardiology community 

to study SMuRFless patients with coronary artery disease. There are a number of clinical and 

basic science research studies that are ongoing to identify additional risk factors, new 

biomarkers and new mechanisms that maybe contributing to coronary artery disease in 

SMuRFless patients. 
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