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Abstract 
 

Objectives 

The burden of non-ST elevation acute coronary syndrome (NSTEACS) in older (≥75 

years) patients is rising. However, there are few studies to date on the pattern of 

coronary disease in this cohort. Using intracoronary imaging, I aimed to evaluate the 

vulnerable plaque burden among older patients presenting with NSTEACS, establish 

its association with patient and lesion phenotypes, and explore determinants of 

adverse outcomes. 

 

Methods 

Prior to percutaneous coronary intervention (PCI), 3-vessel intracoronary imaging was 

performed with virtual histology intravascular ultrasound (VH IVUS) and optical 

coherence tomography (OCT). Angiographic, VH IVUS and OCT images were 

analysed offline and blinded to patient data. Major adverse cardiovascular events 

(MACE) at one year were defined as death, ACS, stroke, repeat unplanned 

revascularisation, and bleeding. 

 

Results 

Recruitment of older patients was successful, with 69.8% of approached patients 

recruited (91 patients, mean age 80.8 years, 63.7% male), and successful imaging 

performed in >70% of anatomically suitable vessels. There was a high success rate of 

PCI overall (90.4%). 

 

With increasing age, %atheroma volume (<79 years: 42.7% vs. 79-82 years: 43.4% 

vs. >82 years: 50.0%, p<0.001) and burden of thin-cap fibroatheroma (TCFA) (5.7% 

vs. 9.3% vs. 14.1%, p<0.001) increased. Men had a higher burden of atheroma on all 

modalities but plaque composition did not differ between the sexes. Calcification on 

VH IVUS increased with frailty (robust: 13.7% vs. pre-frail: 13.0% vs. frail: 17.7%, 

p=0.018). Vulnerable plaque features on OCT such as rupture, microchannels and 

TCFA clustered together, suggesting they form part of the same pathophysiological 

process. 
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Calcification was initially associated with a reduction in the %stenosis of a lesion, 

mediated by a high rate of positive remodeling that slowed with severe calcification 

(R=0.363, p<0.001). Moderately calcified lesions had a higher residual %stenosis post-

PCI (23.1% vs. none: 14.2% vs. severe: 19.0%, p=0.014) and were associated with 

higher MACE at 1 year (low: 9.5% vs. moderate: 31.6% vs. high 12.0%, p=0.044), 

driven by ACS. Previously identified vulnerable TCFA did not predict MACE at 1 year 

in this cohort (p=0.291).  

 

Conclusions 

Even in high-risk older patients, PCI after NSTEACS is successful and associated with 

a low rate of MACE at 1 year. At no age does the accumulation of coronary plaque 

plateau but frailty, not age, was associated with increased calcification. Calcium is not 

an inert plaque component, but actively shapes vessel remodeling. Moderate 

calcification had the highest risk for adverse outcomes at 1 year due to recurrent ACS, 

suggesting that these patients may derive greater benefit from an aggressive invasive 

strategy. 
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1.1 Acute Coronary Syndrome In Older Patients 

 

Ischaemic heart disease (IHD) is a disease of ageing. In 2013-2014, almost half of all 

myocardial infarctions (MI) occurred among patients aged over 70 years in the UK1. 

Moreover, older patients presenting with acute coronary syndrome (ACS) are at higher 

risk of poor outcomes even after adjustment for confounding factors such as co-

morbidities2. However, the rate of invasive angiography in patients with non-ST 

elevation ACS (NSTEACS) declines with age3. This has led to a treatment paradox, 

whereby high-risk older patients who are more likely to benefit from invasive treatment 

following ACS are less likely to receive it. 

 

1.1.1 The Epidemiology of ACS In Older Patients 

Table 1.1 illustrates the under-representation of older patients in international ACS 

registries for which data on older patients has been published. In the Global Registry 

of Acute Coronary Events (GRACE), the median age of patients was 65 years, and 

24% were over the age of 75 years4. However, almost half of those with NSTEACS in 

GRACE were over the age of 70 years, reflecting the later age of presentation of 

NSTEACS versus ST elevation MI (STEMI). In a large Canadian registry, the 

proportion of women presenting with NSTEACS increased with age (23.1% of those 

≤64 years vs. 46.0% of those ≥75 years, p<0.001)5. The proportion of patients with 

ACS with previous angina (41.8% of those ≤64 years vs. 65.6% of those ≥75 years, 

p<0.001), MI (25.2% vs. 41.7%, p<0.001), heart failure (5.0% vs. 17.9%, p<0.001), and 

cerebrovascular disease (4.1% vs. 12.1%, p<0.001) also increased with age5. The 

presence of such co-morbidities can influence the diagnosis, treatment and prognosis 

of ACS and, as such, requires accurate documenting to allow correction for 

confounding factors. 
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Registry 
Recruiting 

Years 
Country Sample 

Oldest 

cohort 

% in Oldest 

cohort 

% angiography 

in oldest cohort 

In-hospital mortality 

in oldest cohort 

Canadian ACS Registry5 1999-2001 Canada 4,627 >75  25.3% OR 0.79* 5.5% 

EuroHeart Survey ACS6 2000-2001 International 10,253 ≥75  25% 38.5% 9.7% 

CRUSADE7 2001-2003 USA 56,963 >65  58.4% 63.3% 7.1% 

GRACE3, 4 2001-2007 International 31,982 >75  24% 41% 4.5% 

SPACE8 2005-2007 Saudi Arabia 5,055 >70  16% 54% 7% 

PL-ACS9 2003-2009 Poland 78,422 >80  17.5% 24% 5% (I), 14% (C) 

MINAP10 2006-2010 England and Wales 155,818 ≥85 12.9% 14% 40.8% (I), 66.2% (C)† 

Table 1.1 Under-representation of older patients in registries of NSTEACS  

Older patients are under-represented in the largest international registries of NSTEACS and several 

group patients >75 years in the “oldest” cohort within the registry. In addition, there is a low uptake of 

invasive management for older patients in these registries despite the fact that this has been 

demonstrated to be a superior treatment option vs. conservative management. 

*every decade increase in age resulted in a decrease in coronary angiography 

(I) invasive treatment, (C) conservative management 

†all-cause mortality during mean follow up of 2.29 years 

 

Schoenenberger et al enrolled a large, prospective cohort of 13,662 patients with ACS 

aged ≥70 years and stratified them by year of presentation (2001-4, 2005-8, 2009-

12)11. Over the observed 12 year period, mean age increased (78.6 vs. 79.3 vs. 79.6 

years, p<0.001), incidence of STEMI decreased (53.6% vs. 49.7% vs. 48.1%, p<0.001) 

and the prevalence of dementia increased (3.9% vs. 4.1% vs. 5.2%, p<0.001)11. In-

hospital adverse outcomes decreased over time (14.4% vs. 11.5% vs. 11.3%, 

p<0.001), but not in the oldest (nonagenarian) sub-group11. 

 

1.1.2 Age Predicts Adverse Outcomes Following ACS 

Older patients presenting with ACS are at high risk of poor short and long term 

outcomes. Each 10-year increase in age confers a 70-75% increase in in-hospital 

mortality in patients presenting with ACS (Table 1.1, Figure 1.1)2, 12. In the GRACE 

registry, when comparing the youngest (<45 years) with the oldest (≥85 years) age 

groups, cardiogenic shock was nearly 6 times more common and the rate of major 

bleeding was nearly tripled12. Predictors of peri-procedural mortality following 

percutaneous coronary intervention (PCI) in ACS in patients ≥75 years include 

presentation with haemodynamic instability, chronic renal failure, prior stroke and left 

main stem (LMS) disease and patients  ≥75 years are more likely to suffer a non-fatal 

stroke, major bleeding or renal failure requiring dialysis following PCI for ACS13. 
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Figure 1.1 In-hospital mortality by age in ACS registries 

In-hospital mortality increased with age in all 4 large international ACS registries (the Canadian ACS 

and GRACE registries have not published data for patients >85 years). 

 

The increased risk persists after hospital discharge. In a prospective cohort study that 

enrolled 7,217 patients undergoing PCI in Rotterdam, after adjusting for confounding 

factors, all-cause mortality was significantly higher in octogenarians at 30 days, 1 year 

and four years14. However, the proportion of cardiac deaths declined over time and this 

reduction was more pronounced in octogenarians (although the difference in the 

proportion of non-cardiac deaths at 4 years between younger patients and 

octogenarians did not reach statistical significance: 57.5 vs. 72.2%, p=0.090)14. There 

was no difference in the incidence of MI following PCI in younger patients and 

octogenarians (9.7 vs. 14.0 per 1,000 person-years at four years), but a lower rate of 

target vessel revascularisation in the octogenarian cohort (25.0 vs. 37.7 per 1,000 

person-years at four years)14. 

 

1.1.3 Frailty And The Vulnerable Patient 

Frailty, a vulnerability to physiological stressors due to a decline in reserve and 

resilience with age, is emerging as an important concept in identifying older people at 

risk of adverse outcomes such as functional decline, institutionalisation and death. It 

has been defined by a consensus group as “a medical syndrome with multiple causes 

and contributors that is characterised by diminished strength, endurance, and reduced 

physiologic function that increases an individual's vulnerability for developing 

increased dependency and/or death”15. Although it is related to the ageing process, 

the concept of frailty may help to explain the variance in functional decline with 

CRUSADE7 

EuroHeart survey ACS6 

Canadian ACS Registry5 

GRACE3 
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chronological ageing, and could predict an individual’s vulnerability to adverse events 

in older age. A better understanding of the mechanisms underlying frailty may pave 

the way to identifying potential targets for its prevention and/or treatment. 

 

There is currently no universally accepted definition or measurement tool for frailty, 

leading to difficulty in comparing studies of frailty. De Vries et al proposed that, as frailty 

is a multi-dimensional concept, a measurement tool should incorporate physical (e.g. 

nutrition, physical activity, mobility and strength), psychological (e.g. cognition and 

mood) and social (e.g. availability of support) components16. 

 

Fried et al were the first to develop an objective frailty scoring system, using data 

obtained from the Cardiovascular Health Study, a prospective observational cohort 

study of 5,317 participants aged ≥65 years from 4 communities in the USA17. Table 

1.2 outlines the Fried Frailty Criteria. Overall, 6.9% of the original study population 

were categorised as frail at baseline, and the prevalence of frailty increased with age 

and female gender17. Over a 7 year follow-up period, 43% of those originally 

categorised as frail had died, compared to 23% of those in the pre-frail group and 12% 

of the robust group (p<0.0001)17. Frailty, as measured by the Fried criteria, was also 

associated with hospitalisation, falls, and worsening mobility17. In addition, those who 

were pre-frail at baseline were more than twice as likely to become frail over 3 years, 

compared to those who were robust at baseline17. 

 

Frailty Characteristic Cardiovascular Health Study Measure 

Nutritional status Weight loss >10 lbs unintentionally in the preceding year 

Strength Grip strength, the lowest 20% scoring positive (by gender and body mass index) 

Endurance/Energy Self-reported exhaustion 

Mobility Walking time over 15 feet, the lowest 20% scoring positive 

Physical activity Kcals/week, lowest 20% scoring positive 

Table 1.2 Fried frailty criteria 

Frail: ≥3 criteria present, pre-frail: 1-2 criteria present, robust: 0 criteria present 

 

Gharacholou et al enrolled 545 patients aged ≥65 years undergoing PCI, of which 

65.3% was an urgent or emergency procedure18. The mean age of participants was 

74.8 ± 6.4 years and 18.6% were frail, 47.4% pre-frail, and 20.6% were robust 

according to the Fried frailty criteria18. Frailty was associated with increasing age, 
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female sex and increasing co-morbidity but there were no differences between frailty 

groups in the short-term (30-day) outcome rate18. Singh et al showed, in the same 

population, that the addition of frailty, quality of life and a co-morbidity index to a 

conventional cardiovascular risk score (the Mayo Clinic Risk Score: presence of 

cardiogenic shock, LMS disease, severe renal disease, urgent or emergency 

procedure, congestive heart failure, angiographic evidence of thrombus, multi-vessel 

disease or older age19) improved the risk prediction for older patients undergoing PCI 

(C-statistic improved from 0.628 with the risk score alone to 0.724, p=0.007)20. 

 

White et al measured self-reported Fried Frailty Score in 4,996 patients with NSTEACS 

aged ≥65 years21. The majority of the cohort were robust (72.3%), with 23.0% pre-frail 

and 4.7% frail. Increasing frailty was associated with older age, previous 

cardiovascular co-morbidities and GRACE risk score (all p<0.001) but the percentage 

of patients undergoing angiography did not differ (robust: 39.5% vs. pre-frail: 36.8% 

vs. frail: 41.8%, p=0.177)21. Frail patients experienced a higher likelihood of the 

composite endpoint of cardiovascular death, MI, or stroke compared with robust 

patients (39.7% vs. 23.1%; hazard ratio [HR]: 1.76; 95% confidence interval [CI]: 1.36–

2.28; p<0.001). In addition, after adjustment for baseline characteristics and GRACE 

score, frailty remained independently associated with the composite endpoint21. 

 

1.1.4 The Treatment Paradox 

Despite being a high-risk group, data from multiple global registries have consistently 

shown that older patients are much less likely to undergo invasive revascularisation 

following ACS (Table 1.1). In an analysis of three international registries (GRACE, and 

2 Canadian registries: ACS I and ACS II), the rate of angiography following ACS 

decreased with age: 86.3% in patients ≤65 years, 80.3% in those 65-74 years, and 

56.9% in patients ≥75 years (p<0.001)3. In addition, older patients waited longer for 

angiography following ACS (≤65 years: 3 days, interquartile range (IQR) 2-5; 65-74 

years: 4 days, IQR 2-6; ≥75 years: 4 days, IQR 4-7; p<0.001)3. Physician-reported 

reasons given in the Canadian ACS II registry for not following an early invasive 

strategy included presence of significant co-morbidities (15.7% of those ≥75 years vs. 

2.4% of those ≤65 years, p<0.001), patient or family refusal (10.2% vs. 5.2%, p=0.01), 

and bleeding or safety concerns (8.5% vs. 0%, p<0.001)3. Although rates of PCI in 

older patients have increased over time (Figure 1.2), they are still well below the rates 

seen in younger patients11.   
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Figure 1.2 Temporal trends in the use of PCI in older patients with ACS 

The use of PCI decreases as the age of patients increases although, overall, the use of PCI has 
increased for all ages, p<0.001 across time points in each age group11 
 

Although the use of an invasive strategy offers the greatest relative benefit to younger 

patients, it offers the greatest absolute benefit to those over 75 years; within each age 

group, the 1-year mortality rate was significantly lower in those who underwent PCI 

compared to those who didn’t (≤65 years: 1.6% vs. 4.9%; 65-74 years: 4.9% vs. 10.5%; 

≥75 years: 11.6% vs. 21.8%; p<0.001)3. In an analysis of the Polish Registry of Acute 

Coronary Syndromes of 13,707 patients aged ≥80 years enrolled from 2003-2009, 

invasively managed patients had a higher rate of major bleeding but lower rates of MI, 

and in-hospital, 30-day, 6-month, 1-year and 2-year mortality compared to propensity 

score-matched patients that were managed conservatively. The rate of stroke was not 

significantly different between the two groups. Over the course of the study, the rate of 

PCI for NSTEACS in older patients did increase from 7.3% in 2003 to 37.3% in 20099.  

 

Savonitto et al randomised 313 patients (mean age 82 years) with NSTEACS to either 

early (<72 hours) angiography or an initial conservative strategy, where angiography 

was only allowed in the case of ischaemia refractory to medical therapy, reinfarction, 

ischaemic heart failure or ventricular arrhythmia22. There was a significant reduction in 

in-hospital recurrent ischaemia (0.6% in the early angiography group vs. 9.4% in the 

initial conservative management group, p=0.0004). However, at 1 year, only patients 

with an elevated baseline troponin had a significant reduction in the primary composite 
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end-point (all-cause mortality, MI, disabling stroke, and repeat hospital stay for 

cardiovascular causes or severe bleeding) when managed with early angiography 

(22.1% vs. 40%, p=0.03)22. Likewise, the recent “After 80” study conducted in Norway, 

(n=457), showed a benefit with an invasive strategy compared with conservative 

treatment in patients presenting with NSTEACS in terms of reduction in the composite 

end point of death, MI, need for urgent revascularisation and stroke (41% vs. 61%, 

p=0.0001). However, this study excluded high-risk frail patients and had a high non-

recruitment rate of eligible patients (89%) due to short life expectancy, ongoing or 

recent bleeding, unable to comply with protocol, clinically unstable including ongoing 

ischaemia, refusal to participate, ‘logistical and other reasons’23. 

 

Finally, a meta-analysis of 6 randomised controlled trials (RCT) compared a routine 

invasive strategy to selective invasive strategy for 1887 patients ≥75 years of age with 

NSTEACS. A routine invasive strategy was superior for the composite end-point of 

death or MI (odds ratio [OR] 0.65; 95% CI 0.51-0.83), but this was primarily driven by 

the reduced risk of MI (OR 0.51; 95% CI 0.40-0.66) with no difference between the 

groups in all-cause mortality (OR 0.85; 95% CI 0.63-1.20) or cardiovascular death (OR 

0.84; 95% CI 0.61-1.15)24. 

 

1.1.5 Coronary Intervention In The Older Patient With ACS 

1.1.5.1 Vascular Access 

Age is a powerful predictor of peri-procedural bleeding complications following PCI and 

it is known that radial artery access reduces the risk of bleeding complications 

compared to femoral artery access25. In addition, transfemoral access in older patients 

can be complicated by calcified and atherosclerotic peripheral arteries, thus increasing 

the risk of vascular injury. Moreover, older patients are less likely to be able to tolerate 

prolonged bed rest after a femoral approach procedure due to issues such as prostate 

problems or arthritis. However, older patients are less likely to undergo PCI via 

transradial access. In the UK, analysis of the British Cardiovascular Intervention 

Society Database demonstrated a lower rate of radial access with increasing age 

(p<0.0001)26. In this cohort, utilisation of transradial access was also associated with 

decreased 30-day mortality in all age groups26.  
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1.1.5.2 Coronary Anatomy 

Older patients with acute coronary syndrome have been shown to have more complex 

disease than younger patients, with one study demonstrating a higher rate of multi-

vessel disease in octogenarians compared to patients <65 years (79% vs. 40%, 

p<0.05)27. In a study of older patients (≥65 years), multi-vessel or LMS disease was 

more common in frail patients compared to pre-frail or robust patients (74% vs. 68% 

vs. 60%, p=0.019), even after adjusting for age and sex (p=0.005)18. Because of this 

increased complexity of coronary disease, procedural success is lower in older patients 

(9.4% vs. 4.0%, p<0.001)14.  

 

In addition, the coronary vessels of older patients are frequently calcified (85% of 

lesions in one series of nonagenarians undergoing PCI). Figure 1.3 shows a typical 

appearance of the coronary arteries of an older patient presenting with ACS. In an 

angiographic sub-study of patient-level pooled analysis of 2 large-scale, prospective, 

randomised trials consisting of 6,855 patients with ACS (Acute Catheterization and 

Urgent Intervention Triage Strategy [ACUITY] and Harmonizing Outcomes with 

Revascularisation and Stents in Acute Myocardial Infarction) demonstrated an 

increase in target lesion calcium with increasing age28. In turn, moderate or severe 

target lesion calcification was a significant predictor of non-coronary artery bypass graft 

(CABG) related major bleeding (HR 1.24, 95% CI 1.02-1.52, p=0.03)28. There is little 

data available on the use of calcium debulking techniques such as rotational 

atherectomy in older patients but, in one registry of 218 patients, age >70 years was 

not a predictor of all-cause mortality after rotablation (p=0.615)29. 
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Figure 1.3 Examples of the pattern of coronary artery disease in older patients 

with ACS 

Panel A: 77 year old male who presented with a non-ST elevation MI (NSTEMI). Angiography of his left 

coronary system showed multi-vessel disease and he received one stent to his left anterior descending 

(LAD) artery. 

Panel B: 85 year old female who presented with an NSTEMI. She had diffuse disease of her LAD and 

circumflex (Cx) arteries, both of which were stented. 

Panel C: 82 year old male with heavy calcification of his right coronary artery (RCA). PCI was attempted 

but unsuccessful. 

 

A single-centre retrospective study of 158 patients with ACS categorised participants 

as elderly (≥75 years, n=65) or non-elderly (<75 years, n=93) and performed pre-

intervention grayscale intravascular ultrasound (IVUS) in culprit arteries30. There were 

no differences between groups in the Synergy between PCI with Taxus and cardiac 

surgery (SYNTAX) score (10.8 ± 7.6 vs. 9.4 ± 5.4, p=0.500) or quantitative coronary 

angiography (QCA) measurements such as % diameter stenosis (73.1 ± 12.2 vs. 76.5 

± 10.0, p=0.15)30. On IVUS, elderly patients had a higher remodeling index (RI, 1.15 ± 

0.14 vs. 1.12 ± 0.14, p=0.05) and a trend towards a higher incidence of calcification 

(85% vs. 72%, p=0.06) and attenuated plaque (63% vs. 47%, p=0.07) on qualitative 

assessment30. These findings correlate with a previous IVUS study that demonstrated 

that octogenarians had a greater calcium arc (199 ± 91o vs. 115 ± 71o, p<0.0001) and 

calcium length (5.5 ± 2.9 vs. 3.5 ± 2.8mm, p=0.006) than patients <65 years at the 

ACS culprit lesion site27. However, plaque burden and maximum stenosis were not 

significantly different between the two age groups. 

 

1.1.5.3 Percutaneous Coronary Intervention Strategy 

In an effort to reduce peri-procedural complications in older patients with ACS, it has 

been suggested that an incomplete revascularisation strategy may be preferable in this 

high-risk cohort with multi-vessel disease and complex co-morbidities. A prospective, 

single centre study followed 502 patients ≥75 years of age who presented with ACS 

A C B 
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and multi-vessel disease and who underwent either complete or incomplete 

revascularisation31. There was no difference in major adverse cardiovascular events 

(MACE: cardiac death, non-fatal acute MI, target lesion/target vessel revascularisation 

and cerebral artery events) between the two groups after a median follow-up of 36 

months (20.4% in the incomplete revascularisation group vs. 14.9% in the complete 

revascularisation group, p=0.141)31. However, there was a higher mortality rate in the 

incomplete revascularisation group both in-hospital (2.9% vs. 1.3%, p<0.0001) and at 

follow-up (13.6% vs. 7.7%, p=0.05)31. This may be due to the fact the incomplete 

revascularisation group had a higher incidence of multi-vessel disease and a higher 

SYNTAX score, and patients in the complete revascularisation group that had failed 

PCI (n=21) were transferred into the incomplete revascularisation cohort. 

 

In a multi-centre RCT, 800 patients ≥80 years with NSTEACS and stable angina were 

randomised to receive either second-generation everolimus-eluting drug eluting stents 

(DES) or bare metal stents32. The incidence of MI (8.7% vs. 4.3%, p=0.014) and target 

vessel revascularisation (7.0% vs. 2.0%, p=0.0009) in the first year of follow-up were 

higher in the bare metal stent group, but there was no difference in mortality (7.2% vs. 

8.5%, p=0.51) or major haemorrhage (1.7% vs. 2.3%, p=0.61) between the groups32. 

 

1.1.5.4 Coronary Artery Bypass Grafting 

There are few studies examining the role of CABG in older patients with ACS. In a non-

randomised prospective study of 249 patients aged ≥80 years with LMS disease 

(65.1% presented with ACS), patients who underwent CABG were more likely to have 

MACE (defined as cardiac death, MI, repeat revascularisation, and stroke/transient 

ischaemic attack) at 30 days than those who underwent PCI (27.6% vs. 18.3%)33. 

However, after a mean follow up of 23±16 months, the MACE-free survival rates 

between the groups were similar (56.7% in the PCI group and 64.8% in the CABG 

group, p=0.33). In a retrospective study of 10,141 older ACS patients with multi-vessel 

disease (mean age 87.2 years), higher mortality was noted in the early months after 

CABG compared to PCI (OR 1.48, 95% CI 1.34-1.64, p<0.01), but CABG provided 

significantly lower mortality (OR 0.60, 95% CI 0.53-0.69, p<0.05) and freedom from the 

composite outcome of death, repeat revascularisation, stroke and MI at 3 years (OR 

0.83, 95% CI 0.76-0.91, p<0.01)34. However, both of these studies were conducted in 

the early 2000s in North America, before widespread use of DES and contemporary 

pharmacotherapy, so their results may not be applicable in the modern era of PCI. 
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1.1.6 Representation Of Older Patients In Cardiovascular Research 

Despite this well documented increase in risk, older patients are significantly under-

represented in cardiovascular clinical trials. In the Canadian ACS II registry, 9.6% of 

patients ≥75 years did not undergo angiography following ACS because their physician 

felt it was not supported by trial evidence3. A systematic review of RCTs in ACS 

showed that 55.2% of studies between 1996 and 2000 did not enrol any patients over 

the age of 75 years, and 31.9% actively excluded patients in this age group35. Although 

enrolment of older patients (≥75 years) has increased through the decades, only 10.3% 

of patients fell into this age category in the RCTs published between 1996 and 200035. 

However, previous cohort studies of older patients have shown good recruitment rates 

(72% of eligible participants were recruited to the Newcastle 85+ study) and a 

willingness among this age group to actively participate in medical research36.  

 

Of the 44 previously published RCTs in ACS in 2014, 10 studies (22.7%) had upper 

age limits (4 RCTs excluded patients >75 years, 4 excluded >80 years, 1 excluded >85 

years and 1 excluded >90 years) and the average age of participants across all RCTs 

was 62.0±6.8 years. Two RCTs (4.5%) specifically recruited older patients32, 37. Of the 

70 published prospective observational studies, 11 (15.7%) had upper age limits (1 

study excluded >55 years, 3 excluded >75 years, 5 excluded >80 years and 2 

excluded >85 years) and the average age of participants was 61.3±5.9 years. Six 

prospective observational studies did not define whether there were any exclusion 

criteria related to age. Two observational studies (2.9%) specifically recruited older 

patients38, 39. However, at least in RCTs, the percentage of trials actively excluding 

older patients does seem to be falling, from 31.9% in 1996-200135 to 22.7% in 2014. 

 

In addition, older participants in clinical trials may not be representative of the elderly 

population presenting with ACS. Kandzari et al analysed data from a multicentre 

registry of 55,172 patients with ACS, comparing those who were simultaneously 

enrolled in a clinical trial to those who were not, and showed that 24.1% of patients 

enrolled in trials were ≥75 years compared to 35.7% of those who were not 

(p<0.0001)40. Comparison of the patients in this community registry with those in the 

Virtual Coordinating Center for Global Collaborative Cardiovascular Research clinical 

trials group revealed that those patients in clinical trials are younger, more likely to be 

male, are less likely to have cardiac risk factors (including hypertension, 

hyperlipidaemia, diabetes and smoking), and less likely to have co-morbidities such as 
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heart failure, stroke and previous MI41. These differences are more pronounced with 

increasing age41. These factors make it more difficult to extrapolate evidence from 

clinical trials to the treatment of older patients in daily clinical practice. 

 

Recently, the PREDICT (Increasing the PaRticipation of the ElDerly In Clinical Trials) 

Consortium, a group funded by the European Union to study and help boost the 

number of elderly people taking part in research, has compiled a charter for the rights 

of older patients in clinical trials (Table 1.3)42. The Consortium aims to narrow the gap 

between populations recruited to clinical trials and real clinical practice. Guidelines 

published by the European Forum for Good Clinical Practice Geriatric Working Party 

suggest that research in older people should actively recruit patients over 75 years 

with no upper age limit, should recruit a majority of women, and should justify exclusion 

of co-morbidities in order to accurately reflect the population studied43. 

 

Older people have the right to access evidence-based treatments 

Promote the inclusion of older people in clinical trials and prevent discrimination 

Clinical trials should be made as practicable as possible for older people 

Clinical trials in older people should be safe 

Outcome measures should be relevant for older people 

The values of older people participating in clinical trials should be respected 

Table 1.3 The PREDICT charter 

 

1.1.7 Conclusion 

As our population ages, the burden of ACS in complex older patients (and especially 

NSTEACS) is on the rise. Currently, older patients with ACS are at higher risk of 

adverse outcomes but are far less likely to receive contemporary invasive 

management. There is a dearth of good quality RCTs comparing contemporary 

treatments in older patients, and the benefits of incomplete versus complete 

revascularisation, use of pharmacotherapy, and CABG are unclear. Accurate risk 

stratification in the older age groups, taking into account frailty status, may aid 

individualised decision making with respect to identifying which patients will benefit 

most from invasive revascularisation, but more research is needed in this field.  
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1.2 The Role Of Virtual Histology Intravascular Ultrasound In ACS 

 

In recent years, novel intravascular imaging modalities have been developed to aid 

identification of high risk atherosclerotic plaques that are prone to causing adverse 

cardiovascular events. Radiofrequency data analysis of IVUS images is one such 

technique that has been validated both in vivo and ex vivo; the most widely used 

version is the virtual histology (VH) IVUS (Volcano Corporation, San Diego, CA)44. VH 

IVUS utilizes spectral pattern analysis techniques to differentiate plaque components 

and potentially identify high-risk vulnerable lesions. 

 

1.2.1 Plaque Characterisation on Grayscale and VH IVUS 

Grayscale IVUS uses high frequency (20-45MHz) ultrasound to visualize the 

components of the vessel wall by measuring the amplitude of the reflected ultrasound 

wave. This allows both quantitative measurements of lumen and vessel dimensions, 

as well as qualitative characterization of intra-arterial pathology. However, the 

sensitivity of echolucent plaque on IVUS to identify lipid pools present on histology was 

only 67% in one study45. Atherosclerotic plaques are also seldom made up of just one 

tissue type. They are a heterogenous mix of calcium, necrotic tissue, and fibrous 

tissue, and grayscale IVUS is unable to accurately distinguish between small areas of 

adjacent tissue components46. 

 

Whereas only the amplitude of the reflected ultrasound wave is used to construct the 

grayscale IVUS picture, VH IVUS utilizes spectral pattern analysis of the frequency 

and amplitude of the reflected wave to generate a more accurate representation of the 

tissue subtypes present (Figure 1.4)47. The VH IVUS algorithm was generated in vitro 

by analysing multiple spectral parameters to discriminate between fibrous tissue 

(green), fibro-fatty tissue (FF, light green), dense calcium (DC, white) and necrotic core 

(NC, red) (Figure 1.5)47. While the original VH IVUS development and validation 

utilised a 30MHz rotating transducer, VH IVUS is now performed with either a 20MHz 

synthetic aperture array transducer or a 45MHz rotating transducer44, 48. 

 

 

 

 

 



15 
 

 

 

 

 

 

 

Figure 1.4 Schematic diagram of VH IVUS radiofrequency spectral pattern 

analysis 
VH IVUS uses both the amplitude (A) and the frequency (f) of the reflected ultrasound wave to generate 

a tissue map (1). The data derived from the analysis of the power spectrum (2) is then fed into a statistical 

classifier (3) to generate plaque component classifications for the regions being analysed and, 

ultimately, the full IVUS image (4) (fibrous tissue: dark green, fibro-fatty: light green, necrotic core: red, 

dense calcium: white). 

 

 

A 

 

 

 

 

 

 

Panel A: grayscale IVUS 

Panel B: VH IVUS 

Figure 1.5 The appearance of plaque components on VH IVUS 

Panel A: grayscale IVUS image of an eccentric and mildly calcified plaque 

Panel B: the same plaque with VH IVUS plaque components overlaid 

 

1.2.1.1 Accuracy Of VH IVUS In Identifying Plaque Components 

An ex vivo validation study conducted by the patent holder, Volcano Corp., reported 

excellent accuracy between VH IVUS and histology in 184 plaques from 51 coronary 

arteries (fibrous: accuracy 93.5%, sensitivity 95.7%, specificity 90.9%; FF: accuracy 

94.1%, sensitivity 72.3%, specificity 97.9%; NC: accuracy 95.8%, sensitivity 91.7%, 

specificity 96.6%; DC: accuracy 96.7%, sensitivity 86.5%, specificity 98.9%)44. In 

contrast, in vivo validation of VH IVUS against directional coronary atherectomy in 307 

image pairs from 30 patients yielded slightly lower predictive accuracies (fibrous: 

87.1%, FF: 87.1%, DC: 96.5%, NC: 88.3%), as directional coronary atherectomy can 

only sample the superficial part of the plaque and extracted tissue may reverse in the 

nosecone49. In a porcine model of atherosclerosis, there was no correlation between 

A B 

Necrotic 
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Dense 
Calcium 

Fibrous 
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VH IVUS and histology in the measurement of absolute or relative NC area, and the 

authors questioned the ability of VH IVUS to accurately identify this important plaque 

component50. However, this study was limited by the iatrogenic nature of the induced 

atherosclerosis, the small sample size, and the use of an animal model rather than 

human. More recently a study in human coronary arteries showed that VH IVUS had a 

high sensitivity (94%) for detecting NC when compared to histology, but low specificity 

(53%) and low positive predictive value (PPV, 48%)51. However, this study was limited 

by the small sample size (9 vessels from explanted hearts, with an average segment 

length of 35mm) and the very low plaque burden in those vessels51. The significant 

limitations of these validation studies mean that care must be taken when directly 

comparing plaque components seen on VH IVUS to histology or other intravascular 

imaging modalities. 

 

1.2.1.2 Validation Of Lesion Classification 

Virmani et al9 have suggested a modification to the American Heart Association 

classification of atherosclerotic plaques10, taking into account stable and vulnerable 

lesion sub-types. Histological studies have shown that the plaque type most commonly 

associated with ACS and sudden death is the inflamed thin-cap fibroatheroma (TCFA, 

Figure 1.6), which consists of a large lipid core with a thin, inflamed fibrous cap 

infiltrated with macrophages52.  

 

 

Figure 1.6 A representative image of VH-TCFA 

A non-obstructive coronary plaque with >10% NC and NC in contact with the lumen for >36o  
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Garcia-Garcia et al proposed standards for VH IVUS lesion classification based on 

histological classification (Figure 1.7)53. The definition of VH IVUS-derived TCFA (VH-

TCFA) was first validated in a rabbit model of atherosclerosis and was shown to have 

a high sensitivity, specificity and positive predictive value (88%, 96%, and 87% 

respectively for non-calcified TCFA)54. Although this was an animal model, a previous 

study of 15 patients undergoing carotid endarterectomy showed that the accuracy of 

VH IVUS in identifying lesion type compared favourably to histology, with 99.4% 

accuracy for TCFA, 96.1% for calcified TCFA, 85.9% for fibroatheroma (FA), 72.4% for 

calcified FA, 85.5% for fibrocalcific plaque, and 83.4% in pathological intimal thickening 

(PIT)55. These findings were corroborated in a study of 8 ex vivo human coronary 

arteries which demonstrated VH IVUS to have a diagnostic accuracy of 82% in 

identifying TCFA56. However, these validation studies of the identification of TCFA by 

VH IVUS remain limited by their small size and use of animal models. 
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Figure 1.7 Decision tree for lesion classification on VH IVUS 

A plaque becomes a lesion when the plaque burden is >40% for 3 consecutive images, and lesions separated longitudinally by >5mm of artery with a plaque 

burden <40% should be considered separate lesions. Where different plaque subtypes co-exist within a lesion, the lesion should be classified according to the 

highest risk subtype i.e. thin capped fibroatheroma> fibroatheroma> pathological intimal thickening> fibrotic plaque> intimal medial thickening.
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1.2.2 VH IVUS Characterisation Of Patients With ACS 

A study of 40 patients (32.5% with stable angina, 67.5% with ACS) demonstrated that 

patients with plaque rupture had a higher average cross sectional area of NC (0.30 vs. 

0.22mm2, p=0.02), DC (0.09 vs. 0.04mm2, p=0.01) and FF tissue (0.58 vs. 0.34mm2, 

p=0.03), and a lower cross sectional area of fibrous tissue (1.94 vs. 1.00mm2, 

p<0.01)57. The site of plaque rupture was also shown to have a higher proportion of 

NC than the site of minimum lumen area (MLA, 16.7 vs. 11.8%, p=0.03)57. Hong et al 

demonstrated that patients with ACS had a higher proportion of NC (21.3 vs. 15.5%) 

and a lower proportion of fibrous tissue (55.5 vs. 62.3%) compared to those with stable 

angina58. The pattern of calcification may also be implicated in plaque vulnerability, 

with spotty calcification potentially increasing the likelihood of plaque rupture due to 

biomechanical stress. In a series of 225 patients with ACS, an NC/DC ratio ≥2 had a 

sensitivity of 50%, specificity of 76%, and a PPV of 91% for high-risk NSTEACS 

(p=0.010).  

 

The CULPLAC trial enrolled 189 patients (70% with ACS, mean age 62.5 years) and 

demonstrated that VH-TCFA were more frequent in the culprit lesions of patients who 

presented with ACS (55.1% vs. 36.6% in non-culprit lesions in ACS patients vs. 14.4% 

in stable lesions, p=0.007)59. However, there were no differences in proportions of the 

four tissue components between culprit and non-culprit plaques, suggesting that it may 

be the lesion phenotype rather than the proportion of “adverse” tissue present that is 

responsible for plaque instability.  

 

In a study of 172 patients with STEMI, VH-TCFA were identified in 37.8% of culprit 

lesions after thrombus aspiration, and plaque rupture was more commonly seen in VH-

TCFA than non VH-TCFA (53.8% vs. 34.5%, p=0.009)60. However, this study was 

limited because residual thrombus is mis-classified as fibrous or FF tissue in the VH 

IVUS algorithm61, and this may have led to an underestimation of the incidence of VH-

TCFA. VH-TCFA were more commonly located proximal to the MLA and the site of 

maximum NC59, 62, raising the prospect that they may not be covered by culprit lesion 

stenting. In one study of patients with STEMI, 50% of culprit VH-TCFA were not fully 

covered by the stent despite optimal angiographic placement, and this was more 

common at the proximal than the distal stent edge63. 
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In a study of 105 patients (70 ACS and 35 stable angina), four IVUS and VH IVUS 

factors were found to be associated with an ACS culprit lesion phenotype: NC/DC ratio, 

MLA <4mm2, remodelling index >1.05, and the presence of VH-TCFA64. These factors 

were subsequently utilised to construct the Liverpool Active Plaque Score (LAPS), 

where a score of >6 predicted an active plaque phenotype with a sensitivity of 75% 

and specificity of 91% in an independent validation cohort64.  

 

1.2.2.1 Serial VH IVUS Studies 

It is recognized that atherosclerotic lesions are dynamic and can evolve from one sub-

type to another. In a study of stable angina patients, Kubo et al utilised VH IVUS to 

assess the progression of plaques over 12 months in 99 patients65. Fifteen out of 20 

VH-TCFA found at baseline had healed into different plaque types at 12 months (13 

FA and 2 fibrotic plaques) and 12 new VH-TCFA had formed (6 from PIT and 6 from 

FA). VH-TCFA that had not healed were more likely to be located in the proximal 

segment of the vessel (distance from ostium to lesion was 16mm vs. 31mm for healed 

VH-TCFA, p=0.013). Calcified FA were the only lesion type to remain unchanged over 

12 months. In a study combining VH IVUS with optical coherence tomography (OCT), 

evaluating plaque at bifurcation lesions at baseline and 6 months in 24 patients (80% 

with stable coronary disease), most high-risk plaques (81%) remained unchanged66. 

 

In a study of 63 patients with STEMI, 99 non-culprit lesions were evaluated by VH IVUS 

at baseline and 13 months. An increase in the proportion of NC (14% to 18%, 

p<0.0001) and DC (6% to 10%, p<0.0001) at follow-up was demonstrated67. 

Furthermore, 9/41 VH-TCFA had healed into either FA or fibrotic plaques at 13 month 

follow-up, but 18/41 FA and 3/16 PIT had transformed into VH-TCFA67. In a 

comparison of 26 patients with STEMI and 11 patients with chronic total occlusions 

(CTO, imaged proximal to the obstruction), the non-culprit lesions were more likely to 

be dynamic in the STEMI patients, with plaque composition changing significantly at 6 

month follow-up compared to no significant change in the patients with CTO68. In 

addition, there was a trend in STEMI patients for lesions to progress to a more 

advanced plaque type (67% vs. 11%, p=0.089)68.  

 

Although these studies are limited by the small sample sizes, the results suggest that 

the development of vulnerable non-culprit plaques is, in part, determined by the 

underlying environment and presence of ACS-causing plaque elsewhere in the 
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coronary vasculature. Further research is required into the factors leading to this 

increase in plaque vulnerability after ACS. 

 

1.2.2.2 The Role Of VH IVUS In Predicting Adverse Outcomes After ACS 

To date, three studies have prospectively evaluated the association between VH IVUS-

defined plaque classification and adverse outcomes in patients with ACS: the Providing 

Regional Observations to Study Predictors of Events in the Coronary Tree study 

(PROSPECT)69, the VH IVUS in Vulnerable Atherosclerosis study (VIVA)70, and the 

European Collaborative Project on Inflammation and Vascular Wall Remodeling in 

Atherosclerosis – Intravascular Ultrasound study (ATHEROREMO-IVUS)71. 

 

PROSPECT Study 

In this multi-centre study, 697 patients (median age 58.1 years) with ACS (30.3% 

STEMI, 65.6% non-STEMI, 4.2% unstable angina [UA]) underwent three vessel VH 

IVUS (623 patients had successful VH IVUS image acquisition) and were followed up 

for a median of 3.4 years69. Of 2811 lesions identified, 596 were VH-TCFA in 313 

patients. On multivariate analysis, predictors of non-culprit lesion-related MACE (death 

from cardiac causes, cardiac arrest, MI, or rehospitalisation due to unstable or 

progressive angina) were plaque burden ≥70% (HR 5.03, 95% CI 2.51-10.11, 

p<0.001), MLA ≤4.0 mm2 (HR 3.21, 95% CI 1.61-6.42, p=0.001) or presence of VH-

TCFA (HR 3.35, 95% CI 1.77-6.36, p<0.001). In addition, other predictors of MACE 

included median DC area ≥0.2mm2 (HR 2.01, p=0.02) and median NC area ≥0.4mm2 

(HR 2.06, p=0.02)69. 

 

VIVA Study 

In the VIVA single centre study, patients with stable angina (n=100) and ACS (n=70) 

underwent three-vessel VH IVUS pre-intervention, and post-intervention in the culprit 

artery70. Baseline demographics were not reported. After a 3-year follow-up, 18 MACE 

(death, MI, and unplanned revascularisation) occurred in 16 patients. On univariate 

analysis, non-culprit lesion factors associated with non-restenotic MACE (MACE 

excluding events related to in-stent restenosis) were VH-TCFA (HR 7.53, 95% CI 1.12-

50.55, p=0.038), plaque burden >70% (HR 8.13, 95% CI 1.63-40.56, p=0.011) and RI 

(HR 2686, 95% CI 1.94-3.72x106, p=0.032).  
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Limitations of PROSPECT and VIVA 

These studies confirmed that non-culprit lesions responsible for future MACE are 

characterized by the presence of VH-TCFA.  However, the application of VH IVUS to 

interrogate non-culprit lesions for potential intervention is subject to a number of major 

limitations. First, while TCFA were commonly identified in non-culprit lesions (22.0% in 

PROSPECT, 60.2% in VIVA), the absolute event rates per individual VH-TCFA were 

low (4.9% in PROSPECT, 2.9% in VIVA). The differences in MACE were strongly 

driven by rehospitalisation and revascularisation, which may have been driven by 

physician bias rather than death or MI. In addition, in PROSPECT, a significant number 

of non-culprit lesions associated with recurrent events were not imaged on VH IVUS 

(51.9%). This was likely due to the fact that only the proximal 6-8 cm of the major three 

epicardial arteries were evaluated as the type of VH IVUS catheters used precluded 

navigation to the distal parts of the coronary arteries. Finally, non-culprit lesion-related 

adverse events were also associated with non-TCFA lesions at baseline (49.0% in 

PROSPECT, 38.5% in VIVA) and these were not imaged with VH IVUS when the 

patient re-presented with an adverse cardiovascular event. It is possible that many 

initially ‘benign’ plaques had progressed to TCFA, resulting in subsequent events. 

 

ATHEROREMO-IVUS Study 

ATHEROREMO-IVUS was a single centre cohort study that enrolled 581 patients 

(mean age 61.6 ± 11.3 years, 75.6% male) with either stable angina (43.7%) or ACS 

(54.7%)71. It aimed to answer some of the limitations of VH IVUS raised after 

publication of PROSPECT and VIVA. Following diagnostic coronary angiography, VH 

IVUS imaging was performed in one non-culprit vessel only (as 3 vessel VH IVUS is 

time consuming and impractical in the clinical setting) and the primary endpoints were 

death, ACS, or unplanned coronary revascularisation at 1-year follow-up72. The 

secondary endpoint was defined as a composite of death or ACS at one year, as the 

events in VIVA and PROSPECT were primarily driven by revascularisation and 

rehospitalisation respectively.  

 

Of the 724 lesions identified, 271 (37.4%) were classified as VH-TCFA and these were 

independently associated with MACE (HR 1.96, 95% CI 1.08-3.53, p=0.026). There 

was no association between the presence of VH-TCFA and either C-reactive protein 

or circulating cytokines in patients with ACS73, 74. As in PROSPECT, a combination of 

the presence of TCFA, plaque burden ≥70% and MLA ≤4mm2 increased the risk of 



23 
 

MACE significantly (HR 3.70, 95% CI 1.72-7.95, p<0.001)71. In addition, 

ATHEROREMO-IVUS was the first study to show that VH-TCFA in non-culprit vessels 

are associated with the secondary endpoint of death or ACS at 1 year (HR 2.56, 95% 

CI 1.18-5.54, p=0.017)71. VH-TCFA with a plaque burden ≥70% were also associated 

with a higher MACE rate both at early (<6 months) and late (>6 months) follow-up, 

whereas smaller VH-TCFA were only associated with late adverse events71. 

 

1.2.3 Comparison of VH IVUS With Other Imaging Modalities 

Several other intracoronary imaging modalities are currently available and their 

physical properties are compared in Table 1.4. 

  

 IVUS OCT Near infrared spectroscopy 

Energy source Ultrasound Infrared Near infrared 

Wavelength (µm) 35-80 1.3 0.8-2.5 

Penetration (mm) 10 1-2.5 1-2 

Resolution (µm) 100-200 20-40 NA 

Pullback speed (mm/s) 0.5-1 10-40 0.5 

Table 1.4 Comparison of the different modalities of intravascular imaging 

IVUS has a greater penetration than OCT or near-infrared spectroscopy (NIRS) and can therefore 

evaluate deep plaque structures, but has a poorer resolution than OCT and cannot image the thin fibrous 

cap of a TCFA. OCT has a faster imaging speed than either IVUS or NIRS. 

 

1.2.3.1 Other Radiofrequency Analysis IVUS Algorithms 

Two other technologies utilize radiofrequency ultrasound data to generate colour IVUS 

images: integrated backscatter-IVUS (IB-IVUS, Terumo, Tokyo, Japan) and iMap 

(Boston Scientific, MA, USA). IB-IVUS uses just one radiofrequency parameter to 

define tissue types, making it easier to provide feedback for misclassifications, but 

rendering it essentially a colour representation of the grayscale intensities within the 

IVUS image75. IB-IVUS was marginally more accurate than an older version of the VH 

IVUS algorithm in an ex vivo study against histology in identifying all 4 plaque 

components (IB-IVUS: κ=0.83, 95% CI 0.75-0.91, VH IVUS: κ=0.73, 95% CI 0.63-

0.83)76. However, formalin-fixed tissue was imaged in the study, which is known to 

alter spectral properties of IVUS backscatter77, 78. 

 

iMap is the most complex of the three radiofrequency analysis technologies. It 

measures 40 different spectral parameters and compares how close the 

radiofrequency signal is to a database previously obtained from histological analysis, 
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giving a “confidence level” for identifying each tissue type79. iMap had only a moderate 

agreement with IB-IVUS in identifying fibrous (R2=0.522, p<0.001) and calcific 

(R2=0.560, p<0.001) plaque, with no agreement for the areas of lipid pool (R2=0.071, 

p=0.149)80. 

 

1.2.3.2 Optical Coherence Tomography 

OCT provides complementary information to VH IVUS. It has a superior resolution (10-

40µm) but poorer penetration (2.5mm) (Table 1.4), and is therefore unable to quantify 

plaque burden (one of the main predictors of adverse events after ACS), deep lipid 

pools, necrotic regions or large calcium deposits81.  

 

Table 1.5 shows the studies that have evaluated VH IVUS as a diagnostic test for 

individual plaque subtypes against the “gold-standard” of OCT. However, using OCT 

as the gold-standard for identification of both FA and TCFA is flawed due to the 

limitations in penetration, and both studies used a wider definition of a VH IVUS-

defined TCFA82 than subsequently proposed by Garcia-Garcia53. Fujii et al assessed 

the combined accuracy of OCT and grayscale IVUS against histology in identifying 

TCFA in an ex vivo study of 165 arteries from 60 patients who had died from non-

cardiac causes83. Of 685 imaged plaques, 8% met the IVUS criteria for TCFA, 4% met 

the OCT criteria, and only 2% met both. Respectively, the sensitivity, specificity, PPV, 

negative predictive value (NPV) and accuracy of the combined OCT and IVUS criteria 

were 92%, 99%, 69%, 99%, and 99%83. 

 

Study 
Plaque 

Subtype 
Sensitivity Specificity 

Positive 

Predictive 

Value 

Negative 

Predictive 

Value 

Accuracy 

Sawada et al, 

200884 

TCFA 78% 63% 46% 88% 67% 

Kubo et al, 

201185 

TCFA 89% 86% 59% 97% 86% 

Kashiwagi et al, 

201486 

FA 71% 45% 56% 63% 58% 

Table 1.5 Summary of studies comparing OCT and VH IVUS identification of 

TCFA/FA 

Studies comparing the accuracy of VH IVUS against OCT for the identification of TCFA have been 

mixed. VH IVUS tends to “over-diagnose” TCFA when compared to OCT. 

 

Combining the criteria for VH-defined FA and fibrous cap <85µm for three frames on 

OCT improved diagnostic accuracy to 89% for histologically-proven TCFA87. False 
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positive TCFA on VH IVUS were most commonly caused by heavy calcification, and 

false negatives on OCT were caused by under-estimation of the lipid pool and over-

estimation of the fibrous cap thickness87. High negative predictive values84, 85, 88 for VH 

IVUS may mean that it is used as a “rule-out” test for TCFA in the future, with OCT 

providing confirmation of the presence of a TCFA. A combination catheter that 

automatically co-registers OCT and IVUS data has been proposed89 and could 

potentially be the key to accurately identifying TCFA. 

 

1.2.3.3 Near-Infrared Spectroscopy 

Near-infrared spectroscopy (NIRS) provides information about the lipid composition of 

a plaque, but cannot measure the thickness of the overlying fibrous tissue. A 

comparison of NIRS and VH IVUS in 31 stable and unstable patients demonstrated 

that the agreement between NC on VH IVUS and a high probability of lipid pool on 

NIRS was only 14.2%90. This was confirmed in a subsequent study, demonstrating that 

the relationship between VH IVUS-derived NC and NIRS-derived lipid core burden 

index was not significant (rs=0.16, p=0.11)91. A key reason for this observation could 

be that the NC classification by VH IVUS is specific to late NC with micro-

calcifications44, 47, whereas NIRS detects the chemical signature of lipids, which can 

be present at both early and late stages of plaque progression. However, NIRS is not 

affected by the presence of calcium and may provide more accurate information 

regarding the lipid content in highly calcified plaques than VH IVUS, as there is an 

overlap in the VH IVUS classification of NC and DC44, 79. 

 

1.2.3.4 Computed Tomography 

Non-invasive imaging appears promising for identifying vulnerable coronary plaques 

without the risk of minimally-invasive imaging. Obaid et al imaged 108 plaques from 

57 patients with ACS and stable angina with both computed tomography (CT) and VH 

IVUS to determine attenuation ranges for individual plaque components56. These 

plaque maps were then validated in a separate cohort of 47 patients, and showed good 

correlation between CT and VH IVUS (NC: r=0.41, p=0.002; fibrous plaque: r=0.54, 

p<0.001; DC: r=0.59, p<0.001)72. However, the spatial resolution precluded direct 

identification of TCFA. Joshi et al performed VH IVUS and positron-emission 

tomography-CT on 40 patients with stable angina92. High 18F-sodium fluoride uptake 

on positron-emission tomography-CT (postulated to be a marker of plaque activity) 

correlated with VH IVUS features such as microcalcification (73 vs. 21%, p=0.002) and 
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higher mean NC burden (24.6 vs. 18.0, p=0.001), which may be markers of plaque 

vulnerability92. There was also a non-significant trend towards a higher incidence of 

VH-TCFA in 18F-sodium fluoride positive plaques (47 vs. 16%, p=0.068)92. However, 

no VH IVUS data were reported from the MI sub-group of this study, and there was no 

correlation with adverse outcomes.  Further studies are necessary before this non-

invasive technique supplants minimally-invasive coronary imaging for the identification 

of vulnerable plaques.  

 

1.2.4 Limitations of VH IVUS 

The main technical limitation of VH IVUS is that it lacks the resolution to accurately 

identify a TCFA cap thickness of <65µm. Furthermore, VH IVUS lacks an algorithm for 

identifying thrombus, which may be misidentified as fibrous plaque unless care is taken 

to exclude it from the analysis61. The presence of thrombus at the site of TCFA might 

therefore appear as a thick-cap FA. It can also be difficult to analyse radiofrequency 

data in the acoustic shadow behind superficial calcium. More than 80% of regions of 

interest in this acoustic shadow had a radiofrequency signal greater than the 

background noise, but the accuracy of the VH plaque component classification within 

these regions requires further research93. It is unclear whether these signals are 

reflections from the ultrasound wave passing through “cracks” in the calcium (or around 

the edges) or just secondary echoes against the calcium itself. Use of a novel masking 

algorithm to prevent misclassification of the shadow behind the calcium improved the 

correlation between VH IVUS and quantitative computed tomography angiography in 

one study94. 

 

VH IVUS also has significant limitations that currently prevent it from being utilised 

routinely in clinical practice. Three-vessel VH IVUS imaging is time consuming and 

does carry a small but measurable risk of adverse events for the patient (1.6% of 

patients in PROSPECT had complications attributable to IVUS imaging), although the 

results from ATHEROREMO-IVUS suggest that imaging of one non-culprit vessel may 

be enough to predict adverse outcomes. Analysis of VH IVUS images currently 

requires manual verification of the lumen and vessel contours for each frame, which 

limits the application of VH IVUS in determining the individual patient’s treatment at the 

time of angioplasty. Finally, there are no studies to show that utilising VH IVUS to alter 

patient management can improve clinical outcomes, and such studies may require 

such large patient numbers and extended follow up as to be prohibitive. In the absence 
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of such studies, invasive imaging studies utilising technology such as VH IVUS may 

be better targeted at evaluating the effect of novel therapies on “soft” end points such 

as plaque composition or phenotype49. 

 

1.2.5 Conclusion 

Despite its limitations, VH IVUS is a useful tool in identifying high risk plaque features 

and vulnerable lesions in patients with ACS in a research setting. The advent of 

combination imaging catheters and higher resolution IVUS may improve its predictive 

capabilities, especially in identifying the thin fibrous cap characteristic of TCFA95. 

Measurement of plaque components is relatively simple, objective and accurate, but 

does not perform as well in identifying patients at risk of adverse outcomes as 

conventional grayscale IVUS measurements. In contrast, lesion-level based analysis 

correlates better with adverse cardiovascular outcomes, but lesion classification is 

more subjective, requires time and experienced operators. In addition, focusing on 

local detection of vulnerable plaque does not address the systemic nature of 

atherosclerosis. The evidence is mounting that VH-TCFA adversely affect patient 

outcomes and this may lead to more aggressive therapy for these vulnerable plaques. 

However, despite the technology being available for over a decade, evidence for the 

use of VH IVUS in modifying patient outcomes is lacking, and this requires further 

evaluation in future studies.  
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1.3 Optical Coherence Tomography In ACS 

 

OCT is an intravascular imaging modality that uses the reflection of near-infrared light 

to generate an image. OCT was first described over two decades ago when it was 

used to image the peri-papillary area of the human retina in vitro96. Eleven years later, 

OCT was used to image atherosclerotic plaques in human coronary arteries97. The 

image resolution achievable with OCT (axial: 10µm, lateral: 20-40µm) far surpasses 

that of IVUS (100-200µm). Histological studies have demonstrated that certain adverse 

plaque phenotypes are associated with the onset of an ACS95. With its excellent spatial 

resolution, OCT is ideally placed to identify vulnerable plaque that could result in ACS. 

 

1.3.1 OCT Technology 

To generate an image, a low coherence, near infrared (wavelength of 1.3µm) light 

source is directed at the tissue (Figure 1.8). The light beam is split into two arms, a 

sample arm and a reference arm, by an interferometer. The reference arm is directed 

to a mirror, which reflects the light directly back to the interferometer. The light of the 

sample arm is absorbed, refracted, or reflected from the sample tissue, scattering the 

light at large angles from its surface and sub-surface. Reflected light travels back to 

the interferometer and interacts with the reference arm light. The interaction between 

these two light waves determines the OCT image, depending on whether there is 

constructive or destructive interference between the waves96. Because red blood cells 

strongly scatter the light waves and hence attenuate the image, OCT requires a 

bloodless field. The OCT catheter is connected to a rotary junction, which utilises a 

motor to rotate the optical fibre in the catheter and couples light from this rotating fibre 

to light from the reference arm. The rotary junction is mounted to an automated 

pullback device, thus scanning the artery in a helical fashion. 
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Figure 1.8 Diagrammatic representation of OCT technologies 

Panel A: Time domain OCT 

Panel B: Frequency domain OCT 

 

There are two types of OCT systems: time domain (TD, Figure 1.8A) and frequency 

domain (FD, Figure 1.8B). The first generation TD-OCT system required sequential 

measurement of optical echoes from different depths by moving the reference mirror98. 

This initially required the use of a balloon to occlude coronary blood flow, and the slow 

pullback speed of 1-5mm/s led to image acquisition times of 3-45 seconds98. 

Subsequently, a blood-free imaging field was obtained by controlled intracoronary 

infusion of iso-osmolar contrast, negating the need for an occlusive balloon99. This 

reduced the procedure time, although the length of the analysed segments of artery 

were shorter99. Second generation FD-OCT systems employ a light source that is 

rapidly swept in time across wavelengths from 1.25-1.35µm, allowing simultaneous 

recording of reflections from different depths without movement of the reference 

mirror100. Depth profiles are then reconstructed by Fourier transformation. This speeds 

up image acquisition 10-fold, with achievable pullback speeds of up to 40mm/s and 
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imaging runs of up to 150mm in length with a 3-5 second flush of saline or contrast, 

without the need for prolonged vessel occlusion100. 

 

1.3.1.1 OCT Image Features 

The normal coronary artery is seen as a three layered structure on OCT (Figure 

1.9A)101. The internal elastic lamina appears as a signal-rich 20µm thick band that lies 

inside the dark band of the media and the further signal-rich band of the external elastic 

lamina101. An atherosclerotic lesion is seen on OCT as a mass lesion within the arterial 

wall, with focal intimal thickening or loss of the normal vessel architecture102. Fibrous 

plaque produces a relatively homogenous and highly backscattering signal102 (Figure 

1.9B). Calcified plaques appear as a signal-poor area with sharply delineated borders 

(Figure 1.9C). However, this only applies to larger regions of calcification; smaller 

areas and microcalcifications have yet to be validated against histology102. Necrotic 

core (and the broader histopathological category of a lipid pool) is seen as a signal-

poor region with poorly defined borders and fast OCT signal drop-off (Figure 1.9D)102. 

Because light does not penetrate through these areas, OCT cannot be used to 

measure the depth or volume of lipid pools.  
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Figure 1.9 OCT image examples of plaque composition 

A) Composition of the normal coronary artery, with white arrows depicting the internal elastic lamina, 

media and external elastic lamina 

B) Concentric fibrous plaque 

C) Calcified plaque 

D) Necrotic core 

* Guidewire artefact 

 

Macrophage accumulations can sometimes be seen at the border of the fibrous cap 

and necrotic core and can appear as punctate signal-rich spots that exceed the 

background noise of the image102. Cholesterol crystals (ChC) are linear regions of high 

intensity, often associated with a lipid pool (Figure 1.10C)102. OCT can differentiate 

between white and red thrombus (Figure 1.11) due to the high proportion of red blood 

cells in red thrombi, which causes greater attenuation of the OCT signal and a lower 

half-width (the distance from peak signal intensity to its half-intensity). Kume et al 

demonstrated that a cut off of 250µm in the half-width could accurately discriminate 

between white and red thrombus with a sensitivity of 90% and a specificity of 88%103. 
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Figure 1.10 Cholesterol crystals on OCT 

Images from an 80 year old female patient, with hypertension and hypercholesterolaemia, who 

presented with a NSTEMI.  

A) Angiogram demonstrating a tight stenosis with thrombus in the mid-LAD artery (white arrow) 

B) OCT image of red (red arrow) and white (white arrow) thrombus in the culprit lesion  

C) OCT image of cholesterol crystals (white arrows) and macrophage accumulation (red arrow) 

* Guidewire artefact 

 

 

Figure 1.11 Red and white thrombus on OCT 

A) Red thrombus (red arrow) with high attenuation, associated with a calcified plaque (yellow arrow) 

B) Stent thrombosis with homogenous, low attenuation white thrombus (white arrow) 

* Guidewire artefact 

 

1.3.1.2 Histological Validation Of OCT 

OCT was first validated for plaque characterisation in vitro in 2002104. Agreement 

between the histopathological and OCT findings were high (κ=0.83-0.84), and inter-

observer and intra-observer reliability were good (κ=0.88 and κ=0.91, respectively)104. 

Intimal thickness measured by OCT also correlated well with histology (r=0.98, 

p<0.001)105. However, there were a number of false negative diagnoses of lipid pools, 

which could be attributed to the limited penetration of OCT, leading to deep lipid pools 

being misinterpreted as fibrous plaques104.  
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In addition, OCT images are prone to artefacts; 30.9% of images contained artefact in 

one study, although this improved with operator experience106. Seam line artefacts 

cause apparent breaks in the lumen contour on the cross-sectional image (6.0% of 

images), decentration artefacts are caused by eccentric positioning of the imaging 

catheter within the artery and lead to image attenuation in remote structures (30.9%), 

calibre artefacts are caused by an arterial diameter greater than the penetration limit 

of the OCT and are a particular problem in vein grafts and in the LMS107 (15.0%), and 

flow artefacts are caused by failure to clear blood from either the vessel or imaging 

catheter by flushing (19.6%)106.  

 

1.3.2 OCT And Vulnerable Plaque 

1.3.2.1 Definition Of Thin-Cap Fibroatheroma 

Given the high image resolution with OCT, it is well placed to identify these high-risk 

plaques in vivo (Figure 1.12). However, there is still debate over the exact definition 

of a TCFA on OCT (OCT-TCFA), as histological specimens of TCFA differ from OCT 

images (likely due to shrinkage of pathological specimens). Using a cut-off of 70µm 

(as the axial resolution of OCT is >10µm), only 67% of ruptured plaques in one study 

of 72 patients with ACS were defined as having a thin fibrous cap108. Therefore, the 

fibrous cap of a TCFA may be thicker in vivo than on histology. There is a higher 

proportion of lipid-rich plaque on OCT in patients with ACS compared to stable 

angina109, and some studies have used an additional parameter to define a TCFA: that 

the arc of the lipid pool should subtend an angle >90o102. However, there is no 

consensus on the exact cut-off value for the fibrous cap or arc of lipid pool for the 

identification of an OCT-TCFA, only that the definition of an OCT-TCFA should reflect 

the histological definition of a TCFA102. 
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Figure 1.12 Thin-cap fibroatheroma on multi-modality imaging 

Images from an 83 year old male ex-smoker, who presented with a NSTEMI. He underwent PCI to a 

culprit lesion in the LAD artery, but intravascular imaging of the RCA revealed a non-obstructive VH-

TCFA in the non-culprit artery. 

A) Angiogram with a non-obstructive lesion in the RCA (red bar)  

B) OCT image of the thin-cap fibroatheroma (white arrow) 

C) VH-IVUS image of the thin-cap fibroatheroma (white arrow) 

* Guidewire artefact 

 

1.3.2.2 Thin-Cap Fibroatheroma in ACS 

OCT-TCFA are more common in patients with an acute or unstable clinical 

presentation than in stable angina. A comparison of 26 STEMI patients with 16 stable 

angina patients demonstrated that STEMI patients had a higher proportion of OCT-

TCFA in the culprit lesion (85% vs. 13%, p<0.001) and a thinner fibrous cap (57±12 

vs. 180±65µm, p<0.001)110. Patients with STEMI also had a higher prevalence of OCT-

TCFA compared to patients with NSTEACS (78% vs. 49%, p=0.008)111. Similar results 

have been demonstrated in patients with UA compared to patients with stable angina 

(incidence of OCT-TCFA 81% vs. 47%, p=0.002; fibrous cap thickness of 56±20 µm 

vs. 75±30 µm, p<0.001)112.  Patients with ACS also have a higher proportion of OCT-

TCFA, and thinner fibrous caps, in non-culprit lesions110, 113. In a single-centre study of 

150 lesions on OCT (73 ACS culprit lesions, 32 ACS non-culprit lesions and 45 stable 

angina culprit lesions), there was a higher incidence of OCT-TCFA (67% vs. 41% vs. 

20%, p<0.01) and a thinner fibrous cap (60 vs. 82 vs. 114µm, p<0.001) in the ACS 

culprit lesions compared to the other two groups114. 

 

In patients with ACS, OCT-TCFA are more commonly found in the proximal segments 

of the culprit vessel115, 116. OCT has been utilised to confirm findings from histological 

studies that plaque rupture of TCFA occurs more often away from the site of MLA in 
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patients with STEMI and NSTEMI (mean distance of site of rupture from MLA = 

2.34±2.31mm)117.  

 

1.3.2.3 Effects Of Therapy On TCFA 

Methods to stabilise these vulnerable TCFA have been assessed using serial OCT 

studies. Patients taking statin therapy had an increased cap thickness of OCT-TCFA 

compared to patients not taking statins (an increase of 192±41µm vs. 25±8µm, 

p<0.001) at 9 months post-ACS118. In a prospective study of 42 patients with stable 

angina, statin therapy resulted in an increase in fibrous cap thickness when compared 

to dietary modification alone (+52±32µm vs. 2±22µm, p<0.001)119. Another study 

enrolled 30 patients (56.6% with ACS) with untreated dyslipidaemia and OCT-TCFA 

on baseline imaging and randomised them to either statin therapy alone or statin + 

eicosapentaenoic acid120. Despite similar levels of low density lipoprotein at follow up, 

those who received eicosapentaenoic acid had a greater increase in fibrous cap 

thickness (54.8±27.9µm vs. 23.5±11.6µm, p<0.0001)120. However, it remains to be 

seen whether stabilising these plaques actually improves clinical outcomes. 

 

1.3.2.4 Plaque Rupture 

Plaque rupture on OCT is associated with adverse outcomes in ACS121, 122. Ruptured 

plaques with thrombus have thinner fibrous caps than those without thrombus 

(57±17µm vs. 96±48µm, p=0.0076)123. Intracoronary thrombus is well visualised by 

OCT and is almost universally seen in STEMI110.  However, care must be taken with 

interpretation of these results, as overlying thrombus may interfere with OCT 

characterisation of the lesion, and performing thrombus aspiration prior to OCT 

imaging may alter the underlying plaque anatomy.  

 

Patients with ACS caused by ruptured culprit plaques are more likely to have non-

culprit plaques with a higher lipid index (mean lipid arc multiplied by lipid length 

measured in the longitudinal view: 1196.9±700.5 vs. 747.7±377.3, p=0.001), higher 

incidence of OCT-TCFA (52.9% vs. 19.0%, p=0.029), and thinner fibrous caps 

(107.0±56.5mm vs. 137.3±69.8mm, p=0.035) on OCT than those with non-ruptured 

culprit plaques124. In addition, plaque ruptures in patients with ACS differ from those 

seen in patients with asymptomatic coronary artery disease with a greater lipid arc 

(171±71o vs. 133±71o, p=0.037), higher incidence of thrombus (78% vs. 9%, p<0.001) 

and a smaller minimum lumen area of the culprit lesion (1.79±0.92mm vs. 
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2.75±0.99mm, p<0.001), suggesting that the morphology of the plaque rupture may 

influence whether it heals asymptomatically or causes an adverse cardiovascular 

event125. 

 

Patients with ruptured culprit plaques were also more likely to have secondary, non-

culprit plaques ruptures (35.3% vs. 4.8%, p=0.016)124. This suggests that these 

patients have increased pan-coronary vulnerability and may be at higher risk of future 

adverse events. In a study of 261 patients (41% with ACS), 20% had multiple plaque 

ruptures in non-culprit lesions126. The presence of OCT-TCFA, microchannels, and 

macrophage accumulations were independent predictors of multiple plaque 

ruptures126. 

 

1.3.2.5 Plaque Erosion 

Contrary to plaque rupture, plaque erosion is characterised by luminal thrombus and 

absence of the endothelium, without evidence of fibrous cap disruption95. In one 

histological study, erosions were responsible for over 40% of thrombotic sudden 

cardiac deaths and were more prevalent in women127. Although OCT does not have 

the resolution necessary to identify the absence of the endothelium, OCT-identified 

plaque erosion has been defined as the presence of thrombus and an irregular luminal 

surface in the absence of cap rupture102. In a cohort of patients with STEMI (n=30), 

plaque erosions were more often seen by OCT than by IVUS or angioscopy (23% vs. 

3% vs. 0%, p=0.003)88. In a previous study, OCT was performed in 126 patients with 

ACS and demonstrated plaque rupture in 43.7%, erosions in 31% and calcified nodules 

in 7.9%128. Plaque erosions were more commonly observed in younger patients 

(53.8±13.1 years vs. 60.6±11.5 years, p=0.005), and were more commonly associated 

with NSTEMI than STEMI (61.5% of patients with NSTEMI had a plaque erosion vs. 

29.1% of STEMI patients, p=0.008). Patients with plaque erosion had a less severe 

diameter culprit stenosis than those with plaque rupture (55.4±14.7% vs. 68.8±12.9%, 

p<0.001)128. Plaque erosion on OCT was associated with a higher level of serum 

myeloperoxidase, a haemoprotein released on neutrophil activation, than plaque 

rupture (2500ng/ml vs. 707ng/ml, p=0.001)129.  

 

Prati et al performed OCT after thrombus aspiration in patients with STEMI and 

followed up 31 patients with plaque erosion for one year130. Twelve patients were 

managed with thombus aspiration only, and 19 had thrombus aspiration plus 
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angioplasty. There were no significant differences in outcomes (death, MI, and target 

vessel revascularisation) between the groups130. Although this study raised the 

possibility of using OCT to influence the management of patients with ACS, this study 

is limited in that it consisted of too small a sample size to draw definitive conclusions, 

and treatment was not randomised (patients managed conservatively were younger 

and had fewer cardiac risk factors). 

 

1.3.2.6 Calcified Nodules 

Plaques with superficial calcified nodules are also considered prone to rupture131, 132. 

The pattern of plaque calcification on OCT was evaluated in 187 patients with acute 

MI, unstable and stable angina. Patients with acute MI and UA had less overall calcium 

(measured by arc, area, and length, p<0.001 for all measurements) than those with 

stable angina, but were more likely to have spotty calcium deposits closer to the 

surface of the plaque133. The incidence of calcified nodules in ACS in one study was 

8%, but was more common with increasing age128. However, the accuracy of OCT in 

identifying smaller areas of calcification has also yet to be validated against 

histology102. 

 

1.3.2.7 Macrophage Infiltration  

The resolution of OCT may allow identification of macrophages within an 

atherosclerotic plaque. In ACS patients, a higher prevalence of macrophage infiltration 

in non-culprit plaques was seen compared with non-ACS patients (82.4% vs. 37.9%, 

p=0.001)113. A study of diabetic patients also found those with poorly controlled 

diabetes (glycated haemoglobin ≥8%) had greater macrophage infiltration than non-

diabetics or well-controlled diabetics (37.9% vs. 11.0%, p=0.037)134. Plaques that 

exhibited an increase in luminal stenosis over time were more likely to have higher 

numbers of macrophages (OR 9.6, p=0.001), TCFA (OR 20, p<0.001), intimal 

laceration (OR 10.2, p<0.001), and/or microchannels (OR 20, p<0.001)135.  

 

1.3.2.8 Microchannel Formation 

Plaque neovascularisation and microchannel formation (Figure 1.13) are known to be 

markers of plaque vulnerability and rupture, as well as intraplaque haemorrhage, which 

can contribute to plaque progression136. Patients with microchannels in the culprit 

lesion were more likely to have presented with unstable than stable angina (83% vs. 
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17%), have a thinner fibrous cap (60µm vs. 100µm, p=0.001), and had a trend towards 

a higher incidence of plaque rupture (50% vs. 28%, p=0.11)137. In addition, in patients 

with early coronary artery disease (diameter stenosis <30%) patients with 

microchannels were more likely to have underlying coronary endothelial dysfunction 

as measured by the coronary artery diameter change in response to acetylcholine 

(−15.9±15.9% vs. −6.4±13.5%, p<0.01)138. 

 

 

Figure 1.13 Microchannel 

OCT image showing a microchannel (yellow arrow) associated with a non-obstructive lesion with a large 

necrotic core (white arrow) 

* Guidewire artefact 

† Seam line artefact 

 

1.3.2.9 Cholesterol Crystals 

In a study of 101 patients with stable coronary artery disease, 38.6% had ChC in the 

culprit lesion139. Patients with ChC were older (69.5 ± 8.0 vs. 65.3 ± 10.7 years, 

p=0.04) and had a higher glycated haemoglobin (7.0 ± 1.4 vs. 6.4 ± 1.2%, p=0.04) than 

those without. In addition, those with ChC had a higher frequency of spotty calcification 

(58.9 vs. 25.8%, p<0.001), microchannels (69.2 vs. 38.7%, p=0.003), and lipid-rich 

plaques (53.8 vs. 29.0%, p=0.01). Dai et al performed balloon-occlusion OCT in culprit 

lesions of 206 patients with STEMI (28.6%) or NSTEACS (71.4%) and demonstrated 

a ChC prevalence of 39.3%140. Patients with ChC were more likely to have presented 

with a STEMI (37.0% vs. 23.2%, p=0.032) and have a greater % diameter stenosis in 

the culprit lesion (68.1 ± 18.3% vs. 61.0 ± 19.1%, p=0.015)140. Lipid index 
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(3826.1 ± 2111.4 vs. 2855.0 ± 1753.0, p=0.001), macrophage accumulation (77.8% 

vs. 40.0%, p<0.001), microchannels (67.9% vs. 24.8%, p<0.001), plaque rupture 

(58.0% vs. 36.0%, p=0.001), and spotty calcification (35.8% vs. 10.4%, p<0.001) were 

all more common in those with ChC, but the prevalence of OCT-TCFA did not differ 

between groups (56.8% vs. 47.2%, p=0.179)140. However, it is unclear by what 

mechanism ChC potentially increase plaque vulnerability. 

 

1.3.3 Comparison With Other Intravascular Imaging Modalities 

1.3.3.1 Fractional Flow Reserve 

Although OCT is a structural imaging technique, there have been attempts to correlate 

it with functional measures of stenosis severity, such as fractional flow reserve (FFR). 

Table 1.6 summarises the studies that have correlated MLA (measured by OCT) and 

FFR and demonstrates a wide range of cut-offs for OCT-MLA in diagnosing functionally 

significant lesions. In a study of 106 patients with stable angina, an FFR <0.8 was 

associated with a smaller MLA (1.3 ± 0.5 vs. 2.9 ± 1.1mm2, p<0.001), greater area 

stenosis (80.0 ± 11.4 vs. 63.6 ± 9.2%, p<0.001), greater lipid arc (145.1 ± 63.0 vs. 

120.7 ± 48.9, p=0.047), and the presence of macrophage accumulations (45.0 vs 

22.9%, p=0.016) and ChC (17.5 vs. 2.9%, p=0.011)141. However, it was not associated 

with the presence of OCT-TCFA (10.0 vs. 11.4%, p=1.000) or microchannels (27.5 vs. 

22.9%, p=0.586)141. The ILUMIEN 1 study was designed to ascertain whether a 

combined OCT and FFR device aided peri-procedural decision making, and 

demonstrated over two thirds of physician decisions were influenced by either pre or 

post PCI OCT/FFR evaluation and there were low rates of post procedure MACE142. 

The COMBINE study aims to determine whether the addition of OCT evaluation to FFR 

measurement of intermediate lesions in patients with diabetes better predicts 

MACE143. 
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Study 
Size of 

Study 

Type of 

OCT 
FFR 

MLA Cut-

Off 

Positive 

Predictive 

Value 

Negative 

Predictive 

Value 

Sensitivity Specificity 

Burzotta et 

al (2018)144 

N=40 

 
FD-OCT <0.80 <2.5mm2 

Not 

reported 

Not 

reported 
64% 93% 

Usui et al 

(2018)145 

N=186 

 
FD-OCT <0.75 <1.39mm2 54.4% 80.5% 69.0% 68.9% 

Zafar et al 

(2013)146 

N=41 

 
FD-OCT <0.80 <1.62mm2 89% 91% 97% 70% 

Reith et al 

(2013)147 

N=62 

 
FD-OCT <0.80 <1.59mm2 80.6% 74.2% 75.8% 79.3% 

Pyxaras et 

al (2013)148 

N=55 

 
FD-OCT <0.80 <2.88mm2 

Not 

reported 

Not 

reported 
73% 71% 

Pawlowski 

et al 

(2013)149 

N=48 

 

Non-

occlusive 

TD-OCT 

<0.80 <2.05mm2 
Not 

reported 

Not 

reported 
75% 90% 

Gonzalo et 

al (2012)150 

N=61 

 

FD-OCT <0.80 <1.95mm2 66% 80% 83% 63% 

Shiono et 

al (2012)151 

N=62 

 

Occlusive 

TD-OCT 

<0.75 <1.91mm2 80.6% 92.3% 93.5% 77.4% 

Table 1.6 Summary of studies comparing OCT and FFR in intermediate 

coronary lesions 

There is a wide variation in values of MLA on OCT in functionally significant intermediate stenoses. 

Unlike on IVUS, there is no consensus on a value of MLA on OCT that would be considered flow-limiting.  

 

1.3.3.2 Near-Infrared Spectroscopy 

NIRS can only quantify the lipid content of the plaque, but the signal can pass through 

calcium and accurately quantify lipid behind this90. NIRS provides only compositional 

information regarding the plaque, but does not require a bloodless field152 and can help 

discriminate between calcium and necrotic core, which can often be misinterpreted on 

OCT153. A comparison of a hybrid NIRS-IVUS catheter with OCT demonstrated that 

plaque burden, positive remodelling and lipid index measured by the hybrid catheter 

were associated with OCT-TCFA154. A hybrid NIRS-OCT catheter is in development 

and a proof-of-concept demonstration has been published, successfully imaging a 3cm 

section of one human coronary artery ex vivo to provide simultaneous structural and 

compositional information155. 

 

1.3.3.3 3-Dimensional Reconstruction 

As the technology of OCT becomes more refined, and image acquisition faster, it has 

become possible to perform 3D reconstructions of the coronary anatomy by fusing X-

ray and OCT data156, 157. This allows assessment of local haemodynamic flow patterns 

and hence the effects of endothelial shear stress on the risk of plaque progression and 

rupture158. Three-dimensional IVUS studies have demonstrated that localised 
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elevation of shear stress is correlated with the plaque rupture site in patients with ACS 

(ĸ=0.79)159. However, this has not yet been studied using OCT. 

 

1.3.3.4 Computed Tomography 

Several studies have attempted to correlate vulnerable lesions seen on invasive 

imaging such as OCT with markers on non-invasive imaging such as CT. Nakazato et 

al demonstrated, in a study of 68 coronary plaques in 45 patients, that OCT-TCFA with 

macrophage infiltration were associated with a higher prevalence of positive 

remodelling (71% vs. 11%, p<0.001) and low attenuation plaque (59% vs. 11%, 

p<0.001) on CT versus those without160. A study of 102 patients (24 with UA, 78 with 

stable angina) demonstrated that plaques exhibiting both positive remodelling and low 

attenuation on CT had significantly thinner fibrous caps (76 ± 24 vs. 192 ± 49μm, 

p<0.001) and had a higher prevalence of OCT-TCFA (38% vs. 0%, p<0.001)161. The 

diagnostic accuracy of these two CT characteristics in identifying OCT-TCFA was 

78%161. Low attenuation plaque and napkin ring sign on CT were associated with OCT-

TCFA on multi-variate analysis in a more recent study of 28 symptomatic patients162. 

Thus, CT may prove a viable adjunct in the identification of vulnerable lesions in 

patients for whom invasive intra-coronary imaging may hold higher risk. 

 

1.3.4 Limitations Of OCT 

A major limitation of OCT is its requirement for a blood-free field, necessitating flushing 

with either saline or contrast during image acquisition. Any contamination with blood 

during pullback results in loss of image data due to backscattering. Differentiation of 

calcium and lipid pool is more challenging than with IVUS, as both give low attenuation 

signals163. Moreover, the limited ranging depth of OCT (5-6mm) means that imaging of 

the LMS and vein grafts is limited107, and calculation of plaque volume may be 

inaccurate101. Poor penetration of light through lipid-rich tissue also limits its use in 

quantifying certain plaque components. Imaging artefacts plague up to a third of OCT 

images and thrombus obscures the morphology of the underlying lesion. Plaque 

analysis of OCT images for features of vulnerability is currently done on a frame-by-

frame basis and is therefore time consuming and not feasible in real time in the catheter 

laboratory, although automated processes for luminal border detection and plaque 

composition appear promising164. 
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1.3.5 Conclusion 

The detailed spatial resolution provided by OCT has allowed detailed in vivo correlation 

of those histopathological features thought to underlie plaque vulnerability. This has 

led to greater insight into the prevalence of vulnerable plaques in patients presenting 

with acute coronary syndrome, particularly in non-culprit vessels. Although there is lack 

of clinical data to guide the management of vulnerable lesions, a greater understanding 

of their natural history and temporal response to pharmacological or invasive 

interventions may help to deepen the understanding of ACS pathophysiology. 
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CHAPTER 2: HYPOTHESES AND AIMS 
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2.1 Hypotheses 

I propose that the composition of coronary atherosclerotic plaque in older patients with 

NSTEACS differs to that found in previous studies in younger patients. I hypothesise 

that previously identified patient-level risk factors (age, sex, and frailty) are associated 

with different patterns of vulnerable plaque, and that certain plaque phenotypes 

observed on intravascular imaging are associated with a higher rate of adverse 

outcomes in this cohort. This will not only further our understanding of the 

pathophysiology of advanced and unstable coronary disease, but could lead to more 

individualised management of these high risk patients. 

 

2.2 Aims 

1. To evaluate the vulnerable plaque burden among high-risk older patients 

presenting with NSTEACS and determine its association with previously 

identified patient-level risk factors: age, sex and frailty. 

 

2. To determine the association of previously identified vulnerable plaque 

phenotypes both with each other and with patient characteristics: 

a) Angiographic lesion calcification 

b) Culprit vs. non culprit lesions 

c) Dense calcium 

d) VH-TCFA 

e) Liverpool Active Plaque Score 

f) Plaque rupture 

g) Macrophage accumulation 

h) Microchannels 

i) Cholesterol crystals 

j) OCT-TCFA 

 

3.  To identify the lesion-related factors that put this cohort at higher risk of adverse 

outcomes at one year following an invasive treatment strategy for NSTEACS. 
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CHAPTER 3: METHODS 
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3.1 Author Statement 

 

The subject of this thesis is data obtained from patients recruited to the invasive 

imaging sub-study of the Study to Improve Cardiovascular Outcomes in High Risk 

PatieNts (the ICON1 Study), a multi-centre prospective observational study of older 

patients with ACS165. A number of members of the research team were involved in the 

running of this study, but the author was personally responsible for the following: 

 

 Ethics and Trust Research and Development study protocol amendments 

 Provision of recruitment updates to the NIHR portfolio database 

 Patient screening at Freeman Hospital, Newcastle Upon Tyne 

 Patient consent and recruitment to the main study at both sites 

 Collection of demographic data for the screening log 

 Collection of blood samples at time of angiography 

 Extraction of peripheral blood mononuclear cells for telomere analysis 

 Support for the treating interventional cardiologist during invasive coronary 

imaging acquisition 

 Obtaining anonymised imaging data on CD/DVD for offline analysis 

 Collecting the clinical information from patients at baseline on standardised 

case report forms, including demographics, frailty scoring, quality of life indices, 

functional status, and cognitive function 

 Performing non-invasive measures of vascular function such as 

echocardiography, ankle-brachial index, vascular stiffness, carotid intima media 

thickness, and endothelial function 

 Writing standard operating protocols for the analysis of angiographic and VH 

IVUS data  

 Offline analysis of angiographic data, and training members of the core lab in 

performing these analyses 

 Offline analysis of all VH IVUS data 

 Offline analysis of all OCT data 

 Collecting the clinical information from patients, GPs and electronic health 

records at 1 year follow up on standardised case report forms 

 Entering data into study databases 

 All statistical analysis 
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3.2 Ethical Approval 

 

The ICON1 study is registered on the UK Clinical Research Network portfolio (ID 

number 12742) and with clinicaltrials.gov (ID number NCT01933581). It was granted 

ethical approval by the North East Research Ethics Committee, Sunderland (ID 

number 12/NE/0160) on 25 May 2012 and was monitored by this Committee. Approval 

for the research to be carried out at the Newcastle Upon Tyne NHS Foundation Trust 

was granted by the Research and Development department at the Royal Victoria 

Infirmary. The study was performed in accordance with guidelines on Good Clinical 

Practice. 

 

3.3 Patient Screening And Recruitment 

 

The prospective observational ICON1 study recruited patients referred to the two 

tertiary cardiac centres in the North East of England: The Freeman Hospital in 

Newcastle upon Tyne, UK and The James Cook University Hospital in Middlesbrough, 

UK. In Freeman Hospital, approximately 3,000 PCI procedures are carried out every 

year and, in the James Cook University Hospital, approximately 1,750 PCI procedures 

are performed every year. All patients aged ≥75 years on the urgent/ACS PCI cardiac 

catheter laboratory list were screened by the study team. 

 

3.3.1 Inclusion And Exclusion Criteria 

The inclusion and exclusion criteria are detailed in Table 3.1. Patients with cardiac 

arrest and cardiogenic shock were excluded because it would not have been possible 

to obtain valid consent in these urgent cases. Ventricular arrhythmias and significant 

valvular disease were excluded as they may have been the primary cause for 

admission rather than NSTEACS. Patients with a life expectancy of <1 year were not 

included as it would preclude measurement of adverse outcomes, and patients with 

active infection were excluded as measurement of inflammatory markers would be 

confounded. Previous CABG was an exclusion criterion until a protocol amendment 

was approved by the ethics committee to include these patients on 18 October 2013. 

However, these patients were not included in the invasive imaging sub-study as OCT 

imaging would not have been possible in vein grafts due to the limitations in penetration 

of the technology, and it was felt that atheroma in CABG grafts may have a different 

pattern to native vessels.  
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Inclusion Criteria Exclusion Criteria 

1. ≥ 75 years of age 

2. Initial presentation with NSTEACS 

(UA, NSTEMI) 

3. Planned for angiography ± PCI 

1. Cardiac arrest at presentation or during admission 

2. Cardiogenic shock at presentation or during admission 

3. Ventricular arrhythmia at presentation or during admission 

4. Moderate or severe valvular disease 

5. Malignancy with <1 year expected survival 

6. Active infection during admission 

7. Previous CABG  

Table 3.1 Inclusion and exclusion criteria for the ICON1 study 

 

3.3.2 Consent And Information 

Potential participants were approached on their arrival to the ward and the study 

explained in detail. They were given an opportunity to ask questions, and were given 

a written information sheet before the researcher returned to answer any further 

questions and to obtain informed consent. In patients with visual impairment, the 

researchers read the information sheet and consent form to the patient. Patients who 

were unable to consent, e.g. due to lack of capacity, were not recruited. The date of 

birth and gender of every patient who was screened for potential participation in the 

study was entered into a password protected screening log. Baseline demographic 

data for patients entered in the screening log was collected retrospectively from the 

local British Cardiovascular Intervention Society database, to which all patients 

undergoing angiography with a view to PCI consent to have data stored for audit 

purposes. 

 

3.3.3 Study Protocol 

The study flow chart is displayed in Figure 3.1. Participation in the study did not alter 

the contemporary treatment of NSTEACS (PCI, CABG or medical therapy) offered by 

the treating interventional cardiologist166. Each patient was assigned an anonymised 

study ID number and data was collected on standardised case report forms by 

members of the research team (Appendix A). 

 

In total, the ICON1 study aimed to recruit 300 patients, with 100 patients undergoing 

invasive coronary imaging with VH-IVUS alone, and 30 patients undergoing both VH 

IVUS and OCT imaging. 
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Figure 3.1 Flow diagram of the invasive imaging sub-study protocol 

 

3.4 Quantitative Coronary Angiography 

 

Angiography was performed according to local practice at 15 frames/second. Each 

angiogram was anonymised and transferred to optical disc for offline analysis by the 

ICON1 angiographic core lab. Readers were blinded to patient demographics. All 

readers were trained in QCA analysis by an experienced interventional cardiologist 

and followed the ICON1 QCA Standard Operating Protocol (Appendix B). Each 

angiogram was analysed by 2 readers and, in the case of any major discrepancies, a 

third reader adjudicated. 

 

To gain an overview of the burden of coronary artery disease, the SYNTAX score167 

and BCIS Jeopardy Score (a semi-quantative assessment of the amount of 

myocardium at risk from coronary stenoses)168 were calculated. All culprit lesions and 

all lesions that were subsequently intervened on were analysed (irrespective of % 

stenosis). Other lesions were analysed if the diameter stenosis was >40% in a 

vessel >1.5mm in diameter. Lesions were considered separately if they were >3 vessel 

reference diameters apart.  

 

Specific lesion location, calcification score and lesion complexity were recorded. In 

addition, measurements of lesion length, minimum lumen diameter (MLD), MLA, 

maximum diameter and area % stenosis, and vessel reference diameter (RD) were 

Consenting patients aged ≥75 years admitted with UA/NSTEMI 

On clinical grounds – coronary angiography ± PCI 

Blood samples for FBC, U&Es, glucose, cholesterol, vitamin D, hsCRP 

If decision for PCI: VH IVUS ± OCT in all 3 coronary arteries where possible 
If decision not for PCI: no VH IVUS or OCT 

& 

Frailty scoring, co-morbidity assessment 

Cath lab 

Day after PCI 

12 months Primary endpoints: Death, ACS, stroke, repeat revascularisation, bleeding 
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made using the Medis software, QAngioXA version 7.3. Finally, post-PCI lesion 

characteristics and any post-intervention complications were recorded. Residual 

SYNTAX Score (RSS) and SYNTAX Revascularisation Index 

(SRI:
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑆𝑌𝑁𝑇𝐴𝑋 𝑠𝑐𝑜𝑟𝑒−𝑅𝑆𝑆

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑆𝑌𝑁𝑇𝐴𝑋 𝑠𝑐𝑜𝑟𝑒
 𝑥 100) were calculated169, 170. 

 

A PCI procedure was considered a complete success if the post-procedure residual 

diameter stenosis was <30% with TIMI grade 3 flow. A procedure was classified as a 

partial success if there was either a ≥30% residual stenosis by QCA or if TIMI grade 2 

flow was attained. A procedure was classified a failure if there was a persistent total 

occlusion, if the lesion could not be crossed, or if there was persistent abrupt closure.  

 

3.5 Invasive Coronary Imaging 

 

This PhD project utilised patient data from the invasive imaging sub-study of ICON1, 

recruited between 31 October 2012 and 26 August 2015. It was expected that not all 

patients enrolled in ICON1 would be eligible for invasive imaging thus it was anticipated 

that, for every patient undergoing invasive imaging, 2 patients would be entered into 

the non-invasive sub-study. We aimed to image 100 patients with VH IVUS, of which 

30 patients would be imaged with both VH IVUS and OCT. 

 

3.5.1 Virtual Histology Intravascular Ultrasound 

 

3.5.1.1 Acquisition 

Following diagnostic angiography and decision to proceed to PCI, a 20MHz, phased-

array Volcano Eagle Eye Platinum™ (EEP) catheter (Figure 3.2A) was mounted on 

an R-100 pullback device (Figure 3.2B) and connected to either an integrated S5i 

system or mobile S5 tower. Image acquisition was performed at a pullback speed of 

0.5mm/s and was ECG gated to ensure only one frame was acquired per cardiac cycle. 

The maximum length of all three coronary arteries was imaged, where feasible53. The 

data was anonymised, then transferred to a DVD for offline data analysis. The treating 

interventional cardiologist was blinded to this data. 
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Figure 3.2 Eagle Eye Platinum catheter (A) and R-100 pullback device (B) 

 

3.5.1.2 Analysis 

VH IVUS intracoronary imaging analysis was performed using the Medis QIvus 

software, versions 2.2 and 3.0, which calculates the MLD and MLD, %stenosis, and 

absolute volume and percentage of each plaque component (fibrous, FF, NC and DC) 

after the reader had manually drawn the contours of the lumen and external elastic 

membrane in each frame (Appendix C). Percent atheroma volume was calculated as 

the proportion of the vessel wall occupied by plaque, as previously described171. RI 

was calculated by dividing the external elastic membrane (EEM) area at the site of 

maximal plaque burden by the EEM area at the reference site (the site of smallest 

plaque burden 10mm proximal to the target site but distal to any side branches)172. 

 

A manual frame-by-frame analysis was then performed to classify the lesion sub-type 

present according to definitions from a previously published consensus document 

(Figure 1.7)53. The percentage of frames containing each lesion sub-type, rather than 

number of separate lesions, was calculated, as the high plaque burden in this cohort 

led to relatively low prevalence of separate lesions when classified as per the 

consensus document (lesions separated longitudinally by >5mm of artery with a plaque 

burden of <40% should be considered separate lesions53, but few of the ICON1 cohort 

of patients had long enough segments of “normal” coronary artery without 

atherosclerosis). The LAPS (= –2.149 + (0.68×
𝑁𝐶

𝐷𝐶
) + (3.39 if MLA <4) + (5.1 if 

RI@MLA >1.05) + (3.7 if TCFA present))64 was also calculated. 

 

A B 
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3.5.2 Optical Coherence Tomography 

 

3.5.2.1 Acquisition 

OCT images were obtained using a Dragonfly catheter (St Jude Medical, Minnesota, 

USA) connected to the Ilumien™ PCI Optimization System. Immediately prior to image 

acquisition, a short flush of iso-osmolar contrast was administered to ensure the guide 

catheter was well engaged with the coronary artery and the catheter was clear of blood. 

The system was calibrated and the OCT pullback initiated with a flush of iso-osmolar 

contrast (10ml in the right coronary artery, 15ml in the left coronary artery). OCT 

images were obtained in 54mm segments at a pullback rate of 20mm/s in all three 

coronary arteries where feasible. Data was transferred anonymously to a DVD for 

offline analysis and the operator was blinded to this data during the procedure. 

 

3.5.2.2 Analysis 

OCT data was analysed using the Medis QIvus software, version 2.2. Contours were 

drawn around the lumen to generate data on the MLA and MLD. The whole vessel was 

then analysed frame-by-frame to identify lesion sub-types. An atherosclerotic lesion 

was defined on OCT as a mass lesion within the arterial wall, with focal intimal 

thickening or loss of the normal vessel architecture102. The number of frames 

containing significant lipid or calcium accumulations were recorded for each vessel, as 

were the presence or absence of other pathologies such as plaque rupture, thrombus, 

OCT-TCFA, microchannels, macrophage accumulations and ChC.  

 

3.6 Frailty Assessment 

 

The day following PCI, frailty was assessed by the Fried Frailty Criteria (Table 1.2, 

Appendix B)17. Nutritional status, endurance and physical activity were assessed by 

asking the patient pre-specified questions. Strength was assessed by grip 

dynamometer in the dominant hand (average of 3 readings), and mobility was 

assessed by timing the patient walking over 4.5m (15 feet). The patient was 

categorised as frail if 3 or more criteria were present, pre-frail if 1 or 2 criteria were 

present, and robust if no criteria were present. 
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3.7 Biomarker Analysis 

 

Full blood count, renal function, blood glucose, cholesterol and troponin levels were 

measured in all patients as part of routine normal care and were recorded in the case 

report form. At the time of coronary angiography, before administration of any heparin, 

30ml of blood was collected from the arterial sheath. Highly sensitive C-reactive protein 

(hsCRP) and vitamin D were analysed in real time. Vitamin D was stratified into 

deficient (<25nmol/L), insufficient (25-49nmol/L) and sufficient (≥50nmol/L) categories 

according to the local laboratory reference values. 

 

3.8 Outcomes 

 

Patients were followed up in the research clinic at 1 year from the recruitment date and 

data was collected on standardised case report forms (Appendix D). If this was not 

possible, the patient was contacted by telephone and primary outcome measures 

recorded from this. If the patient was unwilling or unable to be contacted directly, the 

patient’s General Practitioner was contacted and a list of all medical consultations from 

the date of recruitment was obtained. 

 

Primary outcome measures were defined as death, ACS, stroke, repeat unplanned 

revascularisation, and Bleeding Academic Research Consortium (BARC) defined 

bleeding (grade 2 and above)173. Time to first primary endpoint was recorded.  

 

3.9 Statistical Analysis 

 

The sample size was calculated to provide adequate power to detect whether the 

presence of TCFA are associated with a composite of the 1-year primary outcomes in 

this population. This required several assumptions taken from previous studies: a 

27.9% rate of adverse outcomes in patients ≥75 years following interventional 

treatment for ACS22, a 20% incidence of TCFA in patients ≥65 years174, and a HR of 

3.35 for a TCFA to cause an adverse event in patients of all ages69. Using the method 

described by Kelsey et al, a sample size of 97 patients is required to provide 80% 

power with a 95% two-sided confidence level175. 
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Normality of the distribution of continuous variables was checked with the Shapiro-Wilk 

test. Continuous variables are expressed as mean ± standard deviation (SD) if 

normally distributed or median and IQR if not normally distributed. Discrete variables 

are expressed as numbers and percentages  

 

Results of patient-level, vessel-level and lesion-level data are presented. Where both 

independent and dependent variables were measured at the same level, they were 

analysed using unpaired Student’s t-test or ANOVA test if continuous and normally 

distributed, Mann-Whitney U test or Kruskal-Wallis test if continuous but not normally 

distributed, Pearson’s Chi Square test or Fisher’s Exact Test (if any cell count was <5) 

if categorical. 

 

Where the independent variable was measured at a patient-level but the dependent 

variable was measured at a vessel or lesion-level, a linear mixed-effects model was 

used, nesting lesions or vessels within patient identifiers. This model handles 

correlated data and unequal variances, and also allows an unequal number of 

measurement repetitions between subjects (as patients had differing numbers of 

vessels imaged by VH IVUS and OCT). It also estimates fixed (i.e. affects the 

population mean) and random (i.e. associated with the sampling procedure) effects 

and thus adjusts for the covariance structure of the data. 

 

Predictors of plaque phenotypes were investigated by performing multiple regression 

analyses (for continuous dependent variables e.g. %NC) or multivariate logistic 

regression (for categorical dependent variables e.g. presence of VH-TCFA). 

Covariates for the multivariate analyses were chosen by purposeful selection, with any 

independent variable having a significant univariate test (with a p value cut-off point of 

0.25) entered into an automated stepwise regression analysis with the non-candidate 

inclusion level set to 0.15. This is a method which has been shown to result in a more 

accurate model when risk factor modelling rather than just predicting events, as it 

identifies and retains confounders at a greater rate than other automated selection 

algorithms176. 

 

The Statistical Package for Social Sciences version 21.0 (SPSS Inc, Chicago, IL) and 

Stata version 14.0 (StataCorp LLC, College Station, Tx) were used for analyses.  
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CHAPTER 4: RESULTS – Demographics, 

Feasibility and Reproducibility 
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The data presented here is a sub-study of a larger prospective observational study of 

older patients with ACS. I evaluate the recruitment of older patients to this invasive 

imaging sub-study and quantify the challenges of three-vessel intravascular imaging 

in this complex cohort. 

 

4.1 Recruitment  

 

Recruitment is summarised in Figure 4.1. Of the 629 patients initially screened for 

participation in ICON1, 457 (72.7%) were eligible and approached to take part in the 

study. The average age of those screened was 81.2 ± 4.8 years and 43.6% were 

female. Of those approached, 319 (69.8%) consented to participation. Following 

coronary angiography, 20 (6.3%) of these patients were excluded from the study due 

to a non-NSTEACS final diagnosis, and one patient withdrew their consent.  

 

In total, 99/298 (33.2%) underwent invasive imaging. Five of these patients were 

recruited after August 2015 and two patients were <75 years, so are therefore not 

included in this work. In addition, there were 8 patients that underwent VH IVUS 

evaluation with the Volcano Revolution® catheter as the EEP catheters were not 

available; these patients are also not included in the VH IVUS analysis (although 7 did 

have OCT imaging alone), as previous validation studies have shown that the EEP 

phased-array catheter demonstrates systematically higher volumetric measurements 

and therefore cannot be directly compared with the 45MHz rotational imaging 

catheter177.  

 

This leaves a final total of 91 patients recruited over 34 months from November 2012 

to August 2015, 84 with VH IVUS imaging, 26 with OCT imaging, and 19 with both.  
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Figure 4.1 CONSORT flow diagram of study recruitment 

 

Not recruited:   n = 21/319, 6.6% 

 Non-ACS diagnosis  n = 20 

 Other (withdrawal of consent) n = 1 
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Not recruited:   n = 207/298, 69.5% 

 Unfavourable coronary anatomy n = 53 

 No PCI performed  n = 38 

 Recruited after August 2015 n = 27 

 Under 75 years  n = 18 

 Previous CABG  n = 16 

 Operator decision  n = 13 

 Time pressure on list  n = 10 

 Previous PCI   n = 9 

 Unknown   n = 9 

 Awaiting unstable patient  n = 5 

 No trained operator  n = 4 

 Equipment unavailable  n = 3 

 Declined invasive imaging n = 2 
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Patients excluded:   n = 172/629, 27.3% 

 Severe valvular disease  n = 50 

 Ventricular arrhythmia  n = 21 

 Active infection   n = 23 

 Patient unwell   n = 18 

 Malignancy   n = 12 

 Cardiac arrest   n = 9 

 Recruitment to another study n = 9 

 Cardiogenic shock  n = 3 

 Declined PCI   n = 1 

 Other   n = 26 
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Unable to provide informed consent: n = 59/457, 12.9% 

 Lack of capacity  n = 45 

 Severe visual impairment  n = 7 

 Language issues  n = 4 

 Severe hearing impairment n = 2 

 Illiteracy   n = 1 

Declined to participate:  n = 79/457, 17.3% 

Total number of patients screened 

(n = 629) 

VH IVUS and OCT n = 19 

VH IVUS only n = 65 

OCT only n = 7 
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Table 4.1 details the baseline characteristics of patients in the eligible and recruited 

populations to August 2015 (both to the main ICON1 study and to the invasive imaging 

sub-study). The ICON1 study cohort was slightly younger than the eligible population 

and had fewer females. This is because female patients were more likely to decline to 

participate than male (25.6% vs. 10.0% of eligible patients approached, p<0.001), and 

those who were unable to consent were older than those able to consent (83.0 ± 4.7 

vs. 81.0 ± 4.7 years, p=0.002). The cardiovascular risk factor profile was similar other 

than family history of IHD. The invasive imaging sub-study cohort did not differ 

significantly from the ICON1 population other than lower incidences of hypertension, 

hyperlipidaemia and renal disease. This may reflect a higher incidence of unfavourable 

coronary anatomy for imaging in these conditions. 

 

 

Eligible patients 

(A) 

N=411 

ICON1 study 

(B) 

N=258 

Invasive sub-study 

(C) 

N=91 

P value 

 

A vs B B vs C 

Age (years ± SD) 81.5 ± 4.4 81.1 ± 4.1 80.9 ± 3.8 *0.020 0.693 

Male, n (%) 213 (51.8) 152 (58.9) 58 (63.7) *<0.001 0.245 

Presentation: 

 NSTEMI, n (%) 

 Unstable angina, n (%) 

 Other, n (%) 

 

314 (76.4) 

60 (14.6) 

37 (9) 

 

213 (82.6) 

45 (17.4) 

0 

 

74 (81.3) 

17 (18.7) 

0 

*<0.001 0.699 

Hypertension, n (%) 307 (74.7) 196 (76.0) 60 (65.9) 0.441 *0.005 

Diabetes, n (%) 103 (25.1) 63 (24.4) 18 (19.8) 0.696 0.200 

Smoking status: 

 Current smoker, n (%) 

 Ex-smoker, n (%) 

 Never smoked, n (%) 

 

31 (7.5) 

215 (52.3) 

165 (40.1) 

 

18 (7.0) 

134 (51.9) 

106 (41.1) 

 

8 (8.8) 

42 (46.2) 

41 (45.1) 

0.793 0.348 

Hyperlipidaemia, n (%) 234 (56.9) 155 (60.1) 45 (49.5) 0.095 *0.010 

Family history of IHD, n (%) 110 (26.9) 81 (31.6) 28 (31.5) *0.005 0.964 

Renal disease, n (%) 92 (22.4) 56 (21.7) 13 (14.3) 0.668 *0.033 

Peripheral vascular disease, n (%) 39 (9.5) 25 (9.7) 6 (6.6) 0.857 0.215 

Cerebrovascular disease, n (%) 55 (13.4) 42 (16.3) 12 (13.2) *0.025 0.321 

Table 4.1 Baseline characteristics by eligibility and recruitment status 
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4.2 Baseline Demographics 

 

Tables 4.2 and 4.3 demonstrate that there were few differences between the age 

groups in terms of patient demographics and baseline blood results. GRACE score 

and creatinine clearance both include age as one of their variables and therefore it was 

expected that there would be significant differences between the age groups. There 

was a non-significant trend towards higher frailty with increasing age, and older 

patients were more likely to have had a previous MI or PCI, and therefore a higher 

incidence of congestive cardiac failure (CCF). Body mass index (BMI) was lowest in 

the middle age group. Older patients were more likely to have a lower haemoglobin, in 

keeping with the known age-related decline in erythropoiesis178. 

 

Table 4.4 demonstrates that baseline demographics did not differ significantly between 

the sexes other than a higher number of male ex-smokers, and a higher incidence of 

previous stroke or transient ischaemic attack in males. In keeping with previous large 

studies of age related changes in peripheral blood counts, female patients had lower 

haemoglobin levels but higher platelet counts (Table 4.5)178. Female patients had a 

higher total cholesterol level, again in keeping with the known increase in cholesterol 

in post-menopausal women179, and this may also reflect the higher rate of statin 

prescription pre-PCI in male patients (96.6% vs. 87.9% in this cohort). Vitamin D was 

lower in women than men, in line with a large meta-analysis of studies on vitamin D 

and cardiovascular disease in Europe and the USA180. 

 

Unsurprisingly, frailty was associated with increasing age (Table 4.6). Frailty was also 

significantly associated with GRACE risk score, in keeping with previous results from 

the Trilogy ACS trial21. Frail patients had a higher rate of diabetes, atrial fibrillation, 

angina and cerebrovascular disease, these conditions are likely the cause of the higher 

frailty rather than an effect. Other conditions that could be expected to cause increased 

frailty include chronic obstructive pulmonary disease (COPD), CCF, peripheral 

vascular disease (PVD) and anaemia, but these were present in very low numbers in 

this cohort, likely due to selection bias prior to referral for PCI. There were no significant 

differences in baseline blood tests when stratified by frailty (Table 4.7).  
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Total 

N=91 

<79 years 

N=30 

79-82 years 

N=33 

>82 years 

N=28 

P value 

Male, n (%) 58 (63.7) 19 (63.3) 22 (66.7) 17 (60.7) 0.889 

Frailty: 

 Robust 

 Pre-frail 

 Frail 

 

25 (27.5) 

51 (56.0) 

15 (16.5) 

 

13 (43.3) 

14 (46.7) 

3 (10.0) 

 

9 (27.3) 

19 (57.6) 

5 (15.2) 

 

3 (10.7) 

18 (64.3) 

7 (25.0) 

0.076 

NSTEMI, n (%) 

Unstable angina, n (%) 

74 (81.3) 

17 (18.7) 

22 (73.3) 

8 (26.7) 

26 (78.8) 

7 (21.2) 

26 (92.9) 

2 (7.1) 
0.146 

GRACE score, ± SD 129.4 ± 17.2 118.0 ± 14.2 129.9 ± 15.2 141.5 ± 13.8 *<0.001 

BMI (IQR) 26.6 (24.0, 28.8) 27.9 (25.2, 32.3) 24.9 (23.5, 27.3) 26.1 (22.0, 28.1) *0.005 

Hypertension, n (%) 60 (65.9) 20 (66.7) 19 (57.6) 21 (75.0) 0.357 

Diabetes, n (%) 18 (19.8) 5 (16.7) 7 (21.2) 6 (21.4) 0.872 

Smoking status: 

 Current smoker, n (%) 

 Ex-smoker, n (%) 

 Never smoked, n (%) 

 

8 (8.8) 

42 (46.2) 

41 (45.1) 

 

4 (13.3) 

14 (46.7) 

12 (40.0) 

 

3 (9.1) 

16 (48.5) 

14 (42.4) 

 

1 (3.6) 

42 (42.9) 

15 (53.6) 

0.671 

Hyperlipidaemia, n (%) 45 (49.5) 12 (40.0) 18 (54.5) 15 (53.6) 0.448 

Family history of IHD, n (%) 28 (31.5) 12 (42.9) 9 (27.3) 7 (25.0) 0.287 

Renal disease, n (%) 13 (14.3) 2 (6.7) 5 (15.2) 6 (21.4) 0.271 

Previous MI, n (%) 18 (19.8) 7 (23.3) 2 (6.1) 9 (32.1) *0.033 

Previous angina, n (%) 26 (28.6) 9 (30.0) 5 (15.2) 12 (42.9) 0.057 

Previous PCI, n (%) 11 (12.1) 3 (10.0) 1 (3.0) 7 (25.0) *0.029 

Atrial fibrillation, n (%) 13 (14.3) 3 (10.0) 6 (18.2) 4 (14.3) 0.651 

PVD, n (%) 6 (6.6) 2 (6.7) 2 (6.1) 2 (7.1) 0.986 

Cerebrovascular disease, n (%) 12 (13.2) 3 (10.0) 3 (9.1) 6 (21.4) 0.300 

COPD, n (%) 13 (14.3) 3 (10.0) 6 (18.2) 4 (14.3) 0.651 

CCF, n (%) 5 (5.5) 0 0 5 (17.9) *0.003 

Anaemia, n (%) 3 (3.3) 0 1 (3.0) 2 (7.1) 0.312 

Table 4.2 Baseline demographics and past medical history by age 

 

 
Total 

N=91 

<79 years 

N=30 

79-82 years 

N=33 

>82 years 

N=28 

P value 

Haemoglobin (g/dL ± SD) 13.4 ± 1.8 14.1 ± 1.3 13.5 ± 1.3 12.6 ± 2.4 *0.004 

White cell count (x109 ± SD) 8.4 ± 2.1 8.1 ± 1.8 8.4 ± 2.1 8.9 ± 2.3 0.338 

Platelets (x109 ± SD) 242 ± 83 233 ± 53 260 ± 95 230 ± 91 0.283 

Creatinine clearance (ml/min ± SD) 58.5 ± 20.5 70.3 ± 22.7 56.4 ± 19.0 48.3 ± 12.6 *<0.001 

Glucose, mmol/L (IQR) 6.2 (5.3, 7.1) 5.9 (5.75, 7.0) 6.2 (5.1, 7.5) 6.3 (5.3, 7.5) 0.956 

Cholesterol (mmol/L ± SD) 4.22 ± 0.99 4.43 ± 1.10 4.28 ± 0.96 3.91 ± 0.84 0.210 

Peak troponin, ng/L (IQR) 150 (44, 504) 335 (32, 894) 88 (15, 246) 194 (29, 428) 0.707 

Vitamin D, nmol/L (IQR) 39 (24, 53) 40 (23, 65) 28 (21, 46) 40 (30, 63) 0.570 

hsCRP, mg/L (IQR) 4.8 (1.7, 15.1) 3.5 (1.2, 8.5) 9.2 (3.5, 21.9) 4.2 (1.3, 14.9) 0.098 

Table 4.3 Routine baseline blood tests by age 
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Total 

N=91 

Male 

N=58 

Female 

N=33 

P value 

Age (years ± SD) 80.8 ± 3.9 80.7 ± 3.8 81.1 ± 4.0 0.578 

Frailty: 

 Robust 

 Pre-frail 

 Frail 

 

25 (27.5) 

51 (56.0) 

15 (16.5) 

 

14 (24.1) 

36 (62.1) 

8 (13.8) 

 

11 (33.3) 

15 (45.5) 

7 (21.2) 

0.303 

NSTEMI, n (%) 

Unstable angina, n (%) 

74 (81.3) 

17 (18.7) 

48 (82.8) 

10 (17.2) 

26 (78.8) 

7 (21.2) 
0.640 

GRACE score, ± SD 129.4 ± 17.2 128.5 ± 15.6 131.0 ± 19.8 0.531 

BMI (IQR) 26.6 (24.0, 28.8) 26.7 (24.0, 28.7) 26.6 (23.6, 30.2) 0.650 

Hypertension, n (%) 60 (65.9) 37 (63.8) 23 (69.7) 0.568 

Diabetes, n (%) 18 (19.8) 12 (20.7) 6 (18.2) 0.773 

Smoking status: 

 Current smoker, n (%) 

 Ex-smoker, n (%) 

 Never smoked, n (%) 

 

8 (8.8) 

42 (46.2) 

41 (45.1) 

 

3 (5.2) 

32 (55.2) 

23 (39.7) 

 

5 (15.2) 

10 (30.3) 

18 (54.5) 

*0.044 

Hyperlipidaemia, n (%) 45 (49.5) 27 (46.6) 18 (54.5) 0.463 

Family history of IHD, n (%) 28 (31.5) 14 (24.6) 14 (43.8) 0.061 

Renal disease, n (%) 13 (14.3) 7 (12.1) 6 (18.2) 0.535 

Previous MI, n (%) 18 (19.8) 12 (20.7) 6 (18.2) 0.773 

Previous angina, n (%) 26 (28.6) 17 (29.3) 9 (27.3) 0.836 

Previous PCI, n (%) 11 (12.1) 7 (12.1) 4 (12.1) 1.000 

Atrial fibrillation, n (%) 13 (14.3) 11 (19.0) 2 (6.1) 0.123 

PVD, n (%) 6 (6.6) 6 (10.3) 0 0.083 

Cerebrovascular disease, n (%) 12 (13.2) 11 (19.0) 1 (3.0) *0.050 

COPD, n (%) 13 (14.3) 7 (12.1) 6 (18.2) 0.535 

CCF, n (%) 5 (5.5) 3 (5.2) 2 (6.1) 1.000 

Anaemia, n (%) 3 (3.3) 2 (3.4) 1 (3.0) 1.000 

Table 4.4 Baseline demographics and past medical history by sex 

 

 
Total 

N=91 

Male 

N=58 

Female 

N=33 

P value 

Haemoglobin (g/dL ± SD) 13.4 ± 1.8 14.0 ± 1.4 12.5 ± 2.1 *<0.001 

White cell count (x109 ± SD) 8.4 ± 2.1 8.3 ± 1.8 8.6 ± 2.5 0.586 

Platelets (x109 ± SD) 242 ± 83 218 ± 59 287 ± 100 *<0.001 

Creatinine clearance (ml/min ± SD) 58.5 ± 20.5 60.9 ± 19.5 54.2 ± 21.9 0.137 

Glucose, mmol/L (IQR) 6.2 (5.3, 7.1) 6.2 (5.1, 7.0) 6.4 (5.8, 7.5) 0.435 

Cholesterol (mmol/L ± SD) 4.2 ± 1.0 4.0 ± 0.8 4.6 ± 1.1 *0.015 

Peak troponin, ng/L (IQR) 150 (44, 504) 189 (44, 708) 116 (40, 364) 0.583 

Vitamin D, nmol/L (IQR) 39 (24, 53) 41 (28, 64) 29 (13, 40) *0.002 

hsCRP, mg/L (IQR) 4.8 (1.7, 15.1) 5.2 (2.2, 15.3) 4.5 (1.5, 14.9) 0.492 

Table 4.5 Routine baseline blood tests by sex 
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Total 

N=91 

Robust 

N=25 

Pre-frail 

N=51 

Frail 

N=15 

P value 

Age (years ± SD) 80.8 ± 3.9 79.1 ± 2.9 81.2 ± 4.0 82.6 ± 3.8 *0.011 

Male, n (%) 58 (63.7) 14 (56.0) 36 (70.6) 8 (53.3) 0.303 

NSTEMI, n (%) 

Unstable angina, n (%) 

74 (81.3) 

17 (18.7) 

23 (92.0) 

2 (8.0) 

39 (76.5) 

12 (23.5) 

12 (80.0) 

3 (20.0) 
0.261 

GRACE score, ± SD 129.4 ± 17.2 124.2 ± 14.4 128.8 ± 16.9 140.6 ± 18.5 *0.014 

BMI (IQR) 26.6 (24.0, 28.8) 27.3 (24.2, 27.3) 25.7 (23.8, 29.4) 26.6 (23.1, 28.2) 0.327 

Hypertension, n (%) 60 (65.9) 16 (64.0) 32 (62.7) 12 (80.0) 0.451 

Diabetes, n (%) 18 (19.8) 2 (8.0) 10 (19.6) 6 (40.0) *0.049 

Smoking Status: 

 Current smoker, n (%) 

 Ex-smoker, n (%) 

 Never smoked, n (%) 

 

41 (45.1) 

42 (46.2) 

8 (8.8) 

 

2 (8.0) 

10 (40.0) 

13 (52.0) 

 

3 (5.9) 

25 (49.0) 

23 (45.1) 

 

3 (20.0) 

7 (46.7) 

5 (33.3) 

0.452 

Hyperlipidaemia, n (%) 45 (49.5) 11 (44.0) 27 (52.9) 7 (46.7) 0.744 

Family history of IHD, n (%) 28 (31.5) 10 (43.5) 11 (21.6) 7 (46.7) 0.065 

Renal disease, n (%) 13 (14.3) 3 (12.0) 7 (13.7) 3 (20.0) 0.771 

Previous MI, n (%) 18 (19.8) 6 (24.0) 8 (15.7) 4 (26.7) 0.531 

Previous angina, n (%) 26 (28.6) 3 (12.0) 17 (33.3) 6 (40.0) 0.087 

Previous PCI, n (%) 11 (12.1) 3 (12.0) 5 (9.8) 3 (20.0) 0.567 

Atrial fibrillation, n (%) 13 (14.3) 2 (8.0) 6 (11.8) 5 (33.3) 0.063 

PVD, n (%) 6 (6.6) 0 4 (7.8) 2 (13.3) 0.223 

Cerebrovascular disease, n (%) 12 (13.2) 0 8 (15.7) 4 (26.7) *0.040 

COPD, n (%) 13 (14.3) 2 (8.0) 8 (15.7) 3 (20.0) 0.525 

CCF, n (%) 5 (5.5) 1 (4.0) 3 (5.9) 1 (6.7) 0.922 

Anaemia, n (%) 3 (3.3) 0 2 (3.9) 1 (6.7) 0.485 

Table 4.6 Baseline demographics and past medical history by frailty 

 

 
Total 

N=91 

Robust 

N=25 

Pre-frail 

N=51 

Frail 

N=15 

P value 

Haemoglobin (g/dL ± SD) 13.4 ± 1.8 13.7 ± 1.2 13.5 ± 2.1 12.7 ± 1.5 0.190 

White cell count (x109 ± SD) 8.4 ± 2.1 7.9 ± 2.1 8.7 ± 2.1 8.2 ± 2.0 0.271 

Platelets (x109 ± SD) 242 ± 83 251 ± 94 245 ± 83 217 ± 59 0.411 

Creatinine clearance (ml/min ± SD) 58.5 ± 20.5 60.2 ± 17.4 59.6 ± 22.9 51.9 ± 16.3 0.397 

Glucose, mmol/L (IQR) 6.2 (5.3, 7.1) 6.9 (5.8, 7.5) 5.9 (5.3, 6.9) 6.4 (4.9, 11.2) 0.284 

Cholesterol (mmol/L ± SD) 4.2 ± 1.0 4.6 ± 1.1 4.1 ± 0.9 4.3 ± 1.1 0.274 

Peak troponin, ng/L (IQR) 150 (44, 504) 152 (36, 426) 197 (49, 696) 85 (32, 172) 0.251 

Vitamin D, nmol/L (IQR) 39 (24, 53) 35 (24, 58) 35 (23, 52) 40 (22, 50) 0.868 

hsCRP, mg/L (IQR) 4.8 (1.7, 15.1) 4.0 (1.7, 17.6) 5.4 (2.4, 15.8) 6.7 (1.1, 11.6) 0.666 

Table 4.7 Routine baseline blood tests by frailty 
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4.3 Safety and Feasibility of Three Vessel Intravascular Imaging 

 

VH IVUS and OCT intravascular imaging in this cohort was safe, with no complications 

attributable to VH IVUS imaging. There was only one complication of imaging during 

the study, and this occurred during OCT imaging. Ventricular fibrillation was induced 

by contrast flushing of the LAD artery in a patient with a CTO of the RCA and was 

successfully treated with defibrillation with no sequelae for the patient.  

 

The feasibility of VH IVUS and OCT imaging in an older cohort is shown in Table 4.8. 

Overall, there was a high success rate, with successful imaging performed in 80.6% of 

anatomically suitable vessels with VH IVUS and 74.7% with OCT. The success rate 

was similar between the LAD and RCA but the success rate in the Cx artery was slightly 

lower, due to the higher number of non-dominant or tortuous vessels in this group. 

 

The definition of unsuitable coronary anatomy included CTO, tortuous vessels or heavy 

calcification, which would preclude the imaging catheter being delivered into the artery 

(as determined by the operator). It also included previous stenting, which would 

prevent VH IVUS or OCT analysis behind the stent struts. Failure to cross the lesion 

with the imaging catheter and unsuitable anatomy for intravascular imaging defined by 

the operator was more common with the VH IVUS EEP catheter, as the transducer 

has a 3.5F external diameter, compared to 2.7F for the Dragonfly OCT catheter.  

 

Only one set of OCT acquisitions was affected by a technical problem; the optical lens 

of the imaging catheter was damaged when introducing it into the guide catheter. 

“Sufficient quality for analysis” was defined as acquisition of >70% of the region of 

interest and satisfactory blood clearing with visibility of >3 quadrants in >70% of the 

pullback length. Three VH IVUS pullbacks were unable to be analysed, as the imaging 

catheter “stuck” in tortuous and calcified vessels, leading to non-continuous automated 

pullback, and 6 arteries imaged by OCT had insufficient blood clearing. 

 

Prolonged catheterisation time was defined  as  premature  termination  of  the  3-

vessel imaging  procedure  due  to  patient  discomfort . This was a particular concern 

prior to the commencement of the study, due to the nature of the patient cohort, but 

occurred in a very small number of patients. It was marginally more common in the 

OCT imaging sub-study (6.7 vs. 5.5%), as this imaging modality tended to be 



64 
 

performed second. Cath lab time constraints included premature termination of the 3-

vessel imaging procedure due to arrival of an unscheduled emergency or if the imaging 

had a detrimental effect of the timely running of the list and was unavoidable, as all 

cases were scheduled on “urgent” lists rather than in a dedicated research lab. 

 

 LAD Cx RCA 

 VH IVUS OCT VH IVUS OCT VH IVUS OCT 

Number of vessels 84 27 84 27 84 27 

Unsuitable coronary artery anatomy (%) 4 (4.8) 0 14 (16.7) 2 (7.4) 18 (21.4) 4  (14.8) 

Number of vessels available for imaging 80 27 70 25 66 23 

Successful imaging (%) 67 (83.8) 20 (74.1) 53 (75.7) 18 (72.0) 54 (81.8) 18 (78.3) 

Unsuccessful imaging: 

 Failure to cross lesion (%) 

 Technical problem (%) 

 Insufficient quality for analysis (%) 

 Prolonged catheterisation time (%) 

 Cath lab time constraints (%) 

 Complication (%) 

 

4 (5.0) 

0 

1 (1.3) 

5 (6.4) 

3 (3.8) 

0 

 

0 

1 (3.7) 

2 (7.4) 

3 (11.1) 

0 

1 (3.7) 

 

5 (7.1) 

0 

0 

5 (7.1) 

7 (10.0) 

0 

 

2 (8.0) 

1 (4.0) 

2 (8.0) 

2 (8.0) 

0 

0 

 

0 

0 

2 (3.0) 

2 (3.0) 

8 (12.1) 

0 

 

0 

1 (4.3) 

2 (8.7) 

0 

2 (8.7) 

0 

Table 4.8 Feasibility of VH IVUS and OCT imaging 

 

Because of the reasons for unsuccessful imaging of an artery outlined in Table 4.8, 

<30% of patients underwent 3 vessel imaging using either VH IVUS or OCT (Table 

4.9). However, >75% of patients had at least 2 epicardial vessels imaged by either 

technology. OCT image runs were shorter than VH IVUS acquisitions as the automatic 

pullback device had a 56mm limit; two imaging runs were done in some patients but 

this required more time and contrast injection.  

 

 
VH IVUS 

N=84 

OCT 

N=26 

Number of epicardial arteries imaged: 

 Three (%) 

 Two (%) 

 One (%) 

 

25 (29.8) 

40 (47.6) 

19 (22.6) 

 

7 (26.9) 

14 (53.8) 

5 (19.2) 

Culprit vessel length imaged (mm ± SD) 47.5 ± 27.4 33.9 ± 18.0 

Non-culprit vessel length imaged (mm ± SD) 71.9 ± 37.2 53.9 ± 24.5 

Total length imaged per patient (mm ± SD) 105.2 ± 54.5 75.3 ± 31.1 

 LMS (mm ± SD) 

 LAD (mm ± SD) 

 Cx  (mm ± SD) 

 RCA (mm ± SD) 

9.4 ± 7.1 

46.1 ± 24.0 

41.7 ± 17.9 

58.4 ± 25.8 

7.2 ± 4.8 

34.0 ± 14.6 

32.6 ± 14.0 

39.1 ± 17.9 

Table 4.9 Imaged coronary arteries available for analysis 
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There was a small increase in contrast volume (Figure 4.2A) and procedure duration 

(Figure 4.2B) for patients undergoing PCI with invasive imaging compared to those 

undergoing PCI alone, but no difference in radiation dose (Figure 4.2C). Median 

contrast volume increased by 40ml with the addition of invasive imaging, and median 

procedure duration increased by 15 mins. The increase in contrast use persisted even 

when patients undergoing only VH IVUS were analysed (i.e. disregarding patients who 

underwent OCT imaging, during which contrast is administered). This increase in 

contrast use can be explained by the need for additional angiography of non-target 

vessels when positioning guide catheters for invasive imaging, or at the end of imaging 

when demonstrating that there were no adverse sequelae following removal of the 

imaging catheter. Although the increase in time and contrast used are small, this has 

implications for valid patient consent in future studies utilising multi-vessel invasive 

imaging. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Procedure characteristics for patients undergoing PCI + invasive 

imaging vs. PCI alone 
Patients in the invasive imaging sub-study had a longer procedure duration and increase in the volume 

of radio-opaque contrast, but no difference in the radiation dose, in comparison to patients in the ICON1 

study undergoing PCI but no invasive imaging. Data presented as median (central line), interquartile 

range (upper and lower box limits) and range (error bars). PCI alone n = 133; PCI + imaging n = 91. 
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4.4 Reproducibility of Measurements 

 

Following training in the use of the analytical software (QAngio and QIvus) by Medis 

Product Support Specialists, I analysed 15 patients’ data (angiographic, VH IVUS and 

OCT) which was then checked by the study’s Chief Investigator for accuracy. After this 

learning phase was approved, the official analysis was then commenced. A random 

sample of 8 lesions/arteries was re-analysed for each imaging modality several months 

later to provide data on intra-observer variability. 

 

4.4.1 Quantitative Coronary Angiography 

Figure 4.3 details the intra-observer variability on selected measurements on QCA. All 

show a very strong correlation between measurements, as denoted by the intraclass 

correlation coefficients (r). 
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Figure 4.3 Intra-observer variability in measurements on QCA 
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4.4.2 VH IVUS 

In total, 636 frames from 8 patients were analysed twice to provide data on area and 

volumetric measurements (Figure 4.4), plaque composition (Figure 4.5) and lesion 

classification (Figure 4.6). Again, there was excellent reproducibility. 

Figure 4.4 Intra-observer variability in grayscale IVUS measurements 

Figure 4.5 Intra-observer variability in VH IVUS plaque composition 
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Figure 4.6 Intra-observer variability in VH IVUS lesion classification 

 

The outlier in Figure 4.6B represents an artery with very little plaque (measurements 

of 2/54 and 0/54 frames with VH-TCFA), therefore the absolute agreement between 

measurements remains good. 

 

4.4.3 OCT 

There was very little intra-observer variability in OCT measurements (Figure 4.7). 

Figure 4.7 Intra-observer variability in OCT measurements 
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4.5 Discussion 

 

4.5.1 Feasibility of Recruiting Older Patients with ACS to Research Studies 

 

Historically, the recruitment of older patients to clinical research has represented a 

significant challenge. In this study, we have demonstrated that the majority of patients 

meeting the inclusion criteria (69.8%) were recruited to participate in the ICON1 study, 

with a low rate of patients declining to participate (17.3%). Those who declined were 

more likely to be female, and those unable to consent were older than those who could.  

 

Despite a recent focus on the importance of recruiting older people to cardiovascular 

research, the majority of RCTs and observational studies fail to recruit older patients 

with ACS, and a significant minority actively exclude them. This leads to the continuing 

paucity of data in this age group. A systematic review of RCTs in ACS showed that, 

although enrolment of older patients has increased through the decades, only 10.3% 

of patients fell into this age category in the RCTs published between 1996 and 200035. 

In one meta-analysis of trials in heart failure, the use of arbitrary age cut-offs was more 

common in European studies than those conducted in the USA181. Of the 44 published 

RCTs in ACS in 2014, 10 studies (22.7%) had upper age limits (4 RCTs excluded 

patients >75 years, 4 excluded >80 years, 1 excluded >85 years and 1 excluded >90 

years) and the average age of participants across all RCTs was 62.0 ± 6.8 years. Only 

two RCTs (4.5%) specifically recruited older patients32, 37. Of the 70 published 

prospective observational studies, 11 (15.7%) had upper age limits (1 study 

excluded >55 years, 3 excluded >75 years, 5 excluded >80 years and 2 excluded >85 

years) and the average age of participants was 61.3 ± 5.9 years. Six prospective 

observational studies did not define whether there were any exclusion criteria related 

to age. Two observational studies (2.9%) specifically recruited older patients38, 39. 

However, at least in RCTs, the percentage of trials actively excluding older patients 

does seem to be falling, from 31.9% in 1996-200135 to 22.7% in 2014.  

 

Recruiting older patients to this cardiovascular research study has been a very positive 

experience. The recruitment rate of 69.8% compares favourably to that of the 

Newcastle 85+ study (71.7%)36, which recruited from a similar geographic population, 

but recruited in the community and did not involve patients undergoing invasive 

investigations. Patients who were approached to participate in this study were 
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generally enthusiastic about taking part in research, citing their wish to “give something 

back” and to improve the treatment of patients presenting in the future.  

 

Several cardiovascular studies have exclusively recruited older patients, with mixed 

success. The Italian Elderly ACS study recruited a population comparable to ICON1, 

patients with NSTEACS, aged ≥75 years22. Initially planning to recruit 504 patients, the 

trial design was amended due to a slower-than-expected recruitment rate and recruited 

313 patients in total. The investigators attributed slow recruitment to a number of 

factors, including difficulty in obtaining informed consent and significant co-morbidity 

burden, making many patients ineligible for recruitment due to exclusion criteria. More 

recently, the After Eighty study patients recruited aged ≥75 years, and also evaluated 

conservative versus invasive management of NSTEACS23. Out of 4,187 patients in this 

age group with NSTEACS, 1,973 patients met the inclusion criteria but only 457 

(23.2%) were recruited. The authors credit the low recruitment rate to logistical reasons 

(1011 patients, mainly due to lack of funding in community hospitals for 24/7 

recruitment) and refusal to participate (402 patients, 20.4%).  

 

A previous cardiovascular RCT in patients aged 70-82 years found that the most 

common reason for taking part in research was self-interest (52.9%) such as for “health 

checks” or “peace of mind”, followed by a sense of altruism (39.6%) to “help research” 

or “help others”182. Several patients mentioned the importance of as few clinic visits as 

possible after the initial recruitment in hospital, citing a lack of transport and 

unwillingness to “bother” family members. Five patients cited distance from the 

research venue as a reason for declining, and previous research has demonstrated an 

inverse correlation between distance from the older patient’s residence to the research 

venue and their likelihood of participation in a clinical trial183. 

 

Several patients expressed anxiety regarding the PCI procedure and felt unable to 

consider any additional procedures at that time. Care was taken by the researchers 

not to overwhelm the patient and to provide them with adequate time to assimilate the 

information given, often with multiple conversations with them and their family. Older 

patients who agree to participate in research often take more time to make the 

decision184 and patients who feel they have sufficient time to consider the information 

are more likely to consent185. This is time-consuming for the research team and 
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requires dedicated researchers who are able to develop a rapport with the patient and 

their family. 

 

Guidance on ethical research for and with older people has stipulated that studies 

recruiting older people should aim to recruit a majority of women in order to reflect the 

general population43. However, women approached for participation were much more 

likely to decline than men. There was an anxiety among older patients, not just about 

research, but about the wider experience of having PCI that prevented them from 

agreeing to take part in the study. The research team therefore had to be 

knowledgeable not just about the study, but about the whole in-patient journey. In 

addition, 3 female patients declined to participate in ICON1 because of concerns that 

taking part in research would affect their ability to care for their spouse. Although a 

greater proportion of men than women over the age of 75 years are unpaid carers, this 

figure may be skewed as more women in this age group are likely to be widowed186. 

Indeed, two female patients screened for inclusion declined because of a recent 

bereavement. Therefore it is important for researchers to be sensitive to these issues 

when approaching older patients for participation in studies. 

 

Patients approached for participation in ICON1 who were unable to provide informed 

consent were, on average, older than those who could. The most common reason for 

being unable to consent was a lack of capacity due to cognitive impairment (70%). 

Around 10% of the population over 85 have dementia187; all research involving older 

patients should take due consideration of mental capacity and the process of informed 

consent. However, it is still possible to recruit patients without mental capacity whilst 

still protecting them from coercion, allowing them to take part and benefit from the 

advances brought about by such research. In the UK, specific Research Ethics 

Committees consider the involvement of patients without capacity on an individual 

study basis188. Other reasons for being unable to consent included hearing or visual 

impairment. The patient information sheet was written in plain English in a large font 

size to facilitate reading, and researchers often took time to read it aloud to patients 

with visual impairment. 

 

Therefore, if older patients are willing to participate, is the poor recruitment rate the 

fault of the study investigators? In a study of patients with breast cancer eligible to 

participate in research, 51% of patients <65 years of age were offered the chance to 
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participate, compared with 35% of those ≥65 years (p=0.006)189. Age was not a 

predictor of consenting to participate in a study once it was offered (56% of younger 

patients vs. 50% of older, p=0.67)189. The most common reasons given by physicians 

for not offering a trial to older patients were that they believed treatment was too toxic 

for the patient (33%), the best treatment was not available in the trials (27%), the 

physician was unaware that the patient was eligible (21%), and the physician thought 

that the patient was not eligible (18%)189. A further study of patients with breast cancer 

demonstrated that physicians cited age as a factor in deciding not to discuss a trial in 

17% of patients ≥65 years vs. 3% of younger patients (p=0.04) and, if a trial was 

discussed, cited age as a factor in not enrolling the patient in 11% of older vs. 3% of 

younger patients (p=0.04)190. A change in attitudes towards older patients in research 

is required if we are to see substantial improvements in their recruitment rates. 

 

Recently, the PREDICT Consortium, a group funded by the European Union to study 

and help boost the number of elderly people taking part in research, has compiled a 

charter for the rights of older patients in clinical trials, aiming to narrow the gap between 

populations recruited to clinical trials and real clinical practice42. Guidelines published 

by the Geriatric Working Party of the European Forum for Good Clinical Practice 

suggest that research in older people should: 1)  actively recruit patients over 75 years 

with no upper age limit, 2) recruit a majority of women, and 3) justify exclusion co-

morbidities in order to accurately reflect the population studied43. 

 

The recruitment rate of older patients to studies in ACS remains low even in the 

contemporary era, resulting in a paucity of data in this high-risk cohort. However, the 

contribution of older patients must not be ignored, particularly in the setting of an ever-

ageing population, in whom cardiovascular disease burden is high. The recruitment of 

older patients to the present study was robust, comparing favourably to previous 

longitudinal studies within this age group. Although enrolling older people to research 

remains challenging and requires significant adaptation from the inception of study 

design, this cohort is generally enthusiastic to participate. By taking the time to build a 

rapport with the potential participant, identifying any consent issues, involving relatives 

in the decision making process, and minimising the burden of the study on the 

participant, researchers can ensure this valuable cohort of patients can contribute to 

our understanding and management of cardiovascular disease in our ageing 

population. 
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4.5.2 Three Vessel Invasive Coronary Imaging In Older Patients with ACS 

 

This is the first study of multi-modality invasive coronary imaging in a “real world” older 

population with few exclusion criteria, and demonstrated an excellent rate of successful 

imaging. In this study, >75% of patients underwent invasive imaging in at least 2 

coronary vessels. This is a slightly lower success rate than a similarly-sized 

prospective cohort study utilising 3 vessel EEP VH IVUS and OCT imaging in young 

patients (n=103, mean age 58.2 ± 10.5 years) with STEMI, who were successful in 

imaging >90% of arteries, with no IVUS complications and <2% OCT complications191. 

However, as well as recruiting younger and less complex patients than ICON1, that 

study recruited at 5 separate hospitals in Switzerland, The Netherlands and Denmark 

so each site did not have the same pressures to recruit large numbers as in ICON1. 

Interestingly, this European study also demonstrated that 3 vessel multi-modality intra-

coronary imaging was associated with an increased use of contrast agent (268.3 ± 

109.8 vs. 197.9 ± 88.8ml in the PCI alone cohort)191. 

 

The number and length of arteries imaged by VH IVUS was also lower than in the 

PROSPECT (total length imaged per patient ≥65 years = 165.9mm)69, 174 or VIVA 

(181.7mm)70 studies, but these studies again recruited a much less complex patient 

cohort. In addition, the PROSPECT investigators explicitly excluded patients requiring 

3 vessel PCI, patients with LMS lesions, patients receiving unsuccessful PCI, and 

patients with marked calcification or tortuosity of their coronary vessels. Previous 

studies have demonstrated that vulnerable coronary lesions are more likely to be found 

in proximal vessels192, 193, therefore it may not be necessary to focus on longer 

pullbacks when performing intracoronary imaging in more complex patient groups such 

as this, but instead concentrate on good quality acquisitions. 

 

There was one complication due to invasive imaging during this study: ventricular 

fibrillation following contrast flush prior to OCT image acquisition. This is a recognised 

complication of OCT imaging, occurring in 1.1% of patients in a large registry194. In 

general, these additional imaging procedures are safe; in a prospective, single-centre 

study, 1142 OCT and 2476 IVUS imaging procedures were carried out with no 

difference in the complication rate between imaging modalities (IVUS: 0.48% vs. OCT: 

0.61%, p=0.6)195. 
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The reproducibility of measurements for all three modalities presented here was 

excellent. Variability in the measurement of VH IVUS parameters has been of particular 

concern previously, due to the derived nature of many of the plaque composition values 

(Figure 1.4). Differences in the definition of the lumen or vessel contour, difficulty in 

distinguishing between the plaque margins and artefact or thrombus, and differences 

in segment length analysed (e.g. due to incorrect identification of proximal or distal 

landmarks, or repeated frames due to a “stuck” catheter in heavy calcification), can all 

contribute to a wide variation in the final calculation of plaque composition. A validation 

study of VH IVUS measurements in patients with ACS demonstrated that there was 

differences in the repeatability coefficient of up to 14% in vessel area and 31% for 

lumen area196. The intra-class correlation co-efficients reported here for VH IVUS 

plaque components are in keeping with those reported by previous validation studies, 

with all co-efficients >0.95 with the exception of fibro-fatty tissue, probably due to the 

difficulties in tracing the lumen border around soft plaque or thrombus196, 197.  

 

Although intracoronary invasive imaging in older patients with ACS has its challenges 

due mainly to their complex coronary anatomy, it is feasible, safe and yields 

reproducible results in this “real world” population.  
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CHAPTER 5: RESULTS – The Pattern of Coronary 

Plaque Burden on Multi-Modality Invasive Imaging in 

Older Patients with Acute Coronary Syndrome 
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This high-risk, older patient cohort underwent rigorous examination of their coronary 

vasculature on three intravascular imaging modalities: invasive angiography, VH IVUS 

and OCT. Results from these modalities are stratified by both patient-level factors (age, 

sex and frailty) and vessel or lesion-related factors to attempt to gain a better 

understanding of the pattern of coronary artery disease in older patients with ACS. 

 

5.1  Quantitative Coronary Angiography 

 

5.1.1 Age  

In total, 217 lesions in 91 patients were identified on QCA (<79 years n=60, 79-82 

years n=85, >82 years n=72). 

 

Table 5.1 demonstrates that, overall, the complexity of coronary disease was higher 

than in previous studies of patients with NSTEACS. The overall median SYNTAX score 

was higher than in the sub-analysis of patients with NSTEACS in the ACUITY study 

(13 vs. 9)198, but did not increase with age in our cohort. Older patients did not have a 

higher rate of multi-vessel disease but were more likely to undergo multi-vessel PCI, 

suggesting that they were more likely to have their complex coronary disease treated 

with a single procedure. This is in keeping with a previous study, which demonstrated 

that octogenarians were more likely to undergo multi-vessel PCI than younger patients 

(35 vs. 27%, p=0.004)14. However, this did not increase the procedure duration, 

contrast volume used or radiation dose. 

 

There were high rates (>90%) of radial artery access for all age groups, higher than 

the national average of 80.5%199, in contrast to previous UK data demonstrating lower 

rates of radial access with increasing age26. Many older patients were still waiting 

longer than the 72 hour target for PCI, with a median time from presentation to 

procedure of 5 days199.   
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Total 

N=91 

<79 years 

N=30 

79-82 years 

N=33 

>82 years 

N=28 

P value 

Time from presentation to angiography, 

days (IQR) 
5 (3, 6) 3 (3, 5) 5 (4, 7) 5 (3, 6) 0.381 

Radial arterial access, n (%) 85 (93.4) 27 (90.0) 32 (97.0) 26 (92.9) 0.533 

Culprit artery: 

 LMS, n (%) 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

3 (3.3) 

46 (51.1) 

16 (17.8) 

25 (27.8) 

 

0 

13 (43.3) 

7 (23.3) 

10 (33.3) 

 

0 

17 (53.1) 

5 (15.6) 

10 (31.3) 

 

3 (10.7) 

16 (57.1) 

4 (14.3) 

5 (17.9) 

0.148 

Number of diseased vessels, (IQR) 2 (1, 3) 2 (1, 2) 2 (1, 3) 2 (2, 3) 0.507 

Number of lesions, (IQR) 3 (1, 3) 2 (1, 3) 3 (1, 4) 3 (2, 3) 0.222 

SYNTAX score, (IQR) 13 (7, 19) 9 (6, 16) 13 (7, 22) 16 (11, 24) 0.193 

BCIS Jeopardy Score, (IQR) 6 (4, 7) 6 (3, 6) 6 (4, 6) 6 (4, 10) 0.391 

Multi-vessel PCI (%) 27 (29.7) 3 (10.0) 13 (39.4) 11 (39.3) *0.016 

Number of stents (IQR) 1 (1, 3) 1 (1, 3) 2 (1, 2) 2 (1, 3) 0.304 

Contrast volume (ml ± SD) 196.1 ± 68.9 212.7 ± 63.2 181.7 ± 77.0 195.4 ± 62.7 0.205 

Radiation dose, cGycm2 (IQR) 
6098 (4033, 

10957) 

6223 (4650, 

11105) 

5393 (3303, 

11264) 

5932 (4970, 

10253) 
0.419 

Procedure duration (mins ± SD) 75.5 ± 23.4 75.1 ± 23.1 71.8 ± 22.1 80.5 ± 25.3 0.381 

SYNTAX Revascularisation Index, (IQR) 
75.0 (33.3, 

100) 

62.5 (33.3, 

100) 

69.3 (28.6, 

100) 

82.4 (55.0, 

100) 
0.350 

Table 5.1 Angiographic characteristics by age 

 

Figure 5.1 demonstrates no difference in QCA measurements between age groups 

either before or after PCI. Although the post-PCI % diameter stenosis is greater than 

that seen in studies of ACS such as the study of PLATelet inhibition and patient 

Outcomes (PLATO: which had a 6% residual diameter stenosis in almost 2000 patients 

with an average age of 61 years200), the post-PCI MLD and MLA are very similar. 
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Figure 5.1 Median pre and post-PCI QCA measurements by age 

 

There was a trend towards older patients having fewer CTO lesions (p=0.077) but 

otherwise there were no differences in calcification score or complexity of lesion 

between age groups (Table 5.2). There was a higher complexity of lesions overall 

compared to the younger patients in the PLATO study (type A: 9.3%, type B1: 54.0%, 

type B2: 32.1%, type C: 4.6%)200 which, in part, is reflective of the higher overall level 

of calcification. There were no procedure failures in the whole cohort, and a high rate 

of complete angiographic success across all groups, which is comparable to previous 

studies of PCI in ACS200. 

 

 
Total 

N=91 

<79 years 

N=30 

79-82 years 

N=33 

>82 years 

N=28 

P value 

CTO, n (%) 17 (8.1) 7 (12.1) 8 (9.5) 2 (2.9) 0.077 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

64 (31.1) 

60 (29.1) 

32 (15.5) 

50 (24.3) 

 

18 (32.1) 

19 (33.9) 

7 (12.5) 

12 (21.4) 

 

27 (32.5) 

21 (25.3) 

14 (16.9) 

21 (25.3) 

 

19 (28.4) 

20 (29.9) 

11 (16.4) 

17 (25.4) 

0.577 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

13 (6.3) 

51 (24.5) 

93 (44.7) 

51 (24.5) 

 

5 (8.6) 

17 (29.3) 

21 (36.2) 

15 (25.9) 

 

2 (2.4) 

19 (23.2) 

41 (50.0) 

20 (24.4) 

 

6 (8.8) 

15 (22.1) 

31 (45.6) 

16 (23.5) 

0.683 

Procedure performed, n (%) 136 (62.7) 37 (61.7) 52 (61.2) 47 (65.3) 0.659 

Procedure success, n (%) 123 (90.4) 35 (94.6) 44 (84.6) 44 (93.6) 0.987 

Table 5.2 Lesion characteristics by age 
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5.1.2 Sex  

Of the 217 lesions, 148 were identified in men and 69 in women. 

 

Women were less likely than men to have multi-vessel disease, had fewer lesions, and 

less extensive disease on the SYNTAX and BCIS jeopardy scores (Table 5.3). 

Consequently, fewer stents were implanted in women and they had a lower procedural 

radiation dose (although the lower contrast volume and procedure duration in women 

did not reach statistical significance). Similar results were demonstrated in a sub-

analysis of the PROSPECT data (lower incidence of non-culprit lesions in women 

compared to men: 2.38 ± 1.84 vs. 2.72 ± 2.03, p=0.05201), and in a large registry 

(>100,000 patients) of Swedish ACS patients (lower incidence of 3 vessel/LMS disease 

in women: 20.9 vs. 30.4%, p<0.001202). Thus the sex differences in the extent of 

coronary disease persist despite increasing age. 

 

 
Total 

N=91 

Male 

N=58 

Female 

N=33 

P value 

Time from presentation to angiography, 

days (IQR) 
5 (3, 6) 5 (3, 6) 5 (4,7) 0.248 

Radial arterial access, n (%) 85 (93.4) 56 (96.6) 29 (87.9) 0.185 

Culprit artery: 

 LMS, n (%) 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

3 (3.3) 

46 (51.1) 

16 (17.8) 

25 (27.8) 

 

2 (3.4) 

25 (43.1) 

11 (19.0) 

20 (34.5) 

 

1 (3.1) 

21 (65.6) 

5 (15.6) 

5 (15.6) 

0.159 

Number of diseased vessels, (IQR) 2 (1, 3) 2 (2, 3) 1 (1, 2) *0.003 

Number of lesions, (IQR) 3 (1, 3) 3 (2, 3) 2 (1, 3) *0.045 

SYNTAX score, (IQR) 13 (7, 19) 13 (9, 23) 9 (5, 17) *0.037 

BCIS Jeopardy Score, (IQR) 6 (4, 7) 6 (4, 8) 6 (2, 6) *0.041 

Multi-vessel PCI (%) 27 (29.7) 21 (36.2) 6 (18.2) 0.070 

Number of stents (IQR) 1 (1, 3) 2 (2, 3) 2 (1, 3) *0.047 

Contrast volume (ml ± SD) 196.1 ± 68.9 201.9 ± 73.7 185.6 ± 59.1 0.285 

Radiation dose, cGycm2 (IQR) 6098 (4033, 10957) 7275 (4927, 10997) 4917 (3155, 6370) *<0.001 

Procedure duration (mins ± SD) 75.5 ± 23.4 77.8 ± 26.2 71.6 ± 17.0 0.188 

SYNTAX Revascularisation Index, (IQR) 75.0 (33.3, 100) 69.3 (33.3, 100) 77.1 (38.1, 100) 0.614 

Table 5.3 Angiographic characteristics by sex 

 

When analysed at a lesion level, male and female patients had similar measurements 

on QCA both pre and post-PCI (Figure 5.2). This differs from the PROSPECT sub-

analysis, which demonstrated that women have a smaller RD pre-PCI (2.2 vs. 2.3mm, 

p=0.01) but a similar diameter stenosis in non-culprit lesions201. However, there were 

no differences in pre-PCI measurements in culprit arteries in the PROSPECT study so, 
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overall, there may be no sex differences in lesion measurements. In contrast to 

PROSPECT, we demonstrated no difference in post-PCI measurements. This 

suggests that there may be a tendency to undersize stents in women, leading to the 

increase in culprit lesion-related worsening angina seen at follow up in PROSPECT201. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Median pre and post PCI QCA measurements by sex 

 

The lesion complexity was similar between the sexes, and the procedure success 

remained high in both groups (Table 5.4). There was a non-significant trend towards 

less calcification in male patients. However, in the Assessment of Dual Anti-Platelet 

Therapy with Drug Eluting Stents (ADAPT-DES) study, angiographic calcification was 

more common in women vs. men in the younger cohort, but this relationship was not 

present in the ≥65 years cohort, suggesting that age may attenuate this relationship203.  
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Total 

N=91 

Male 

N=58 

Female 

N=33 

P value 

CTO, n (%) 17 (8.1) 10 (7.0) 7 (10.4) 0.505 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

64 (31.1) 

60 (29.1) 

32 (15.5) 

50 (24.3) 

 

53 (37.9) 

35 (25.0) 

24 (17.1) 

28 (20.0) 

 

11 (16.7) 

25 (37.9) 

8 (12.1) 

22 (33.3) 

0.080 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

13 (6.3) 

51 (24.5) 

93 (44.7) 

51 (24.5) 

 

6 (4.2) 

39 (27.3) 

60 (42.0) 

38 (26.6) 

 

7 (10.8) 

12 (18.5) 

33 (50.8) 

13 (20.0) 

0.440 

Procedure performed, n (%) 136 (62.7) 96 (64.9) 40 (58.0) 0.394 

Procedure success, n (%) 123 (90.4) 86 (89.6) 37 (92.5) 0.600 

Table 5.4 Lesion characteristics on QCA by sex 

 

5.1.3 Frailty  

Of the 217 lesions, 67 were found in robust patients, 114 in pre-frail patients and 36 in 

the frail group. 

 

Femoral access was more common in frail patients (Table 5.5). All bar one (frail) 

patient had an attempt at radial access before conversion to femoral; the right radial 

artery was impalpable in the remaining patient and left radial access was not attempted 

before femoral puncture. Radial access failures were all due to failed radial artery 

punctures except in one frail patient, where the operator was unable to access the 

aortic root due a subclavian loop.  

 

In the ICON1 invasive imaging cohort, there were no differences in the extent of 

coronary disease or rate of multi-vessel PCI with frailty, in keeping with a previous 

study that demonstrated a higher rate of PCI to the LMS but no difference in number 

of coronary arteries treated18. 
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Total 

N=91 

Robust 

N=25 

Pre-frail 

N=51 

Frail 

N=15 

P value 

Time from presentation to angiography, 

days (IQR) 
5 (3, 6) 5 (4, 7) 5 (3, 6) 4 (3, 8) 0.989 

Radial arterial access, n (%) 85 (93.4) 24 (96.0) 50 (98.0) 11 (73.3) *0.006 

Culprit artery: 

 LMS, n (%) 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

3 (3.3) 

46 (51.1) 

16 (17.8) 

25 (27.8) 

 

1 (4.0) 

11 (44.0) 

4 (16.0) 

9 (36.0) 

 

2 (4.0) 

26 (52.0) 

11 (22.0) 

11 (22.0) 

 

0 

9 (60.0) 

1 (6.7) 

5 (33.3) 

0.686 

Number of diseased vessels, (IQR) 2 (1, 3) 2 (1, 2) 2 (1, 3) 2 (1, 3) 0.691 

Number of lesions, (IQR) 3 (1, 3) 3 (2, 4) 2 (1, 3) 3 (1, 3) 0.419 

SYNTAX score, (IQR) 13 (7, 19) 14 (7, 24) 12 (7, 21) 13 (10, 15) 0.737 

BCIS Jeopardy Score, (IQR) 6 (4, 7) 6 (4, 6) 6 (4, 8) 6 (4, 9) 0.825 

Multi-vessel PCI (%) 27 (29.7) 8 (32.0) 16 (31.4) 3 (20.0) 0.702 

Number of stents (IQR) 1 (1, 3) 2 (1, 3) 1 (1, 2) 1 (1, 3) 0.372 

Contrast volume (ml ± SD) 196.1 ± 68.9 194.4 ± 75.7 196.8 ± 66.0 196.7 ± 71.9 0.989 

Radiation dose, cGycm2 (IQR) 
6098 (4033, 

10957) 

6919 (3359, 

9982) 

5931 (4314, 

9777) 

6867 (3973, 

10685) 
0.962 

Procedure duration (mins ± SD) 75.5 ± 23.4 77.4 ± 25.3 73.0 ± 21.4 80.6 ± 27.1 0.513 

SYNTAX Revascularisation Index, (IQR) 
75.0 (33.3, 

100) 

79.2 (26.6, 

100) 

69.3 (33.3, 

100) 

75.5 (53.8, 

100) 
0.662 

Table 5.5 Angiographic characteristics by frailty 

 

Figure 5.3 demonstrates that pre-frail patients had a smaller pre-PCI reference 

diameter than robust or pre-frail patients, with no differences post-PCI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Median pre and post PCI QCA measurements by frailty 
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There were no differences in angiographic calcification between frailty groups (Table 

5.6), in contrast to the results seen when calcification was measured by VH IVUS 

(Figure 5.8). However, angiographic calcification is a subjective observation rather 

than an objective measurement and may also reflect adventitial rather than just intimal 

calcification.  

 

 
Total 

N=91 

Robust 

N=25 

Pre-frail 

N=51 

Frail 

N=15 

P value 

CTO, n (%) 17 (8.1) 7 (10.8) 8 (7.3) 2 (5.6) 0.364 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

64 (31.1) 

60 (29.1) 

32 (15.5) 

50 (24.3) 

 

12 (18.8) 

27 (42.2) 

11 (17.2) 

14 (21.9) 

 

45 (41.7) 

23 (21.3) 

14 (13.0) 

26 (24.1) 

 

7 (20.6) 

10 (29.4) 

7 (20.6) 

10 (29.4) 

0.707 

Lesion Complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

13 (6.3) 

51 (24.5) 

93 (44.7) 

51 (24.5) 

 

4 (6.3) 

12 (18.8) 

27 (42.2) 

21 (32.8) 

 

4 (3.7) 

31 (28.4) 

51 (46.8) 

23 (21.1) 

 

5 (14.3) 

8 (22.9) 

15 (42.9) 

7 (20.0) 

0.073 

Procedure performed, n (%) 136 (62.7) 42 (62.7) 72 (63.2) 22 (61.1) 0.920 

Procedure success, n (%) 123 (90.4) 37 (88.1) 68 (94.4) 18 (81.8) 0.692 

Table 5.6 Lesion characteristics on QCA by frailty 

 

5.1.4 Key Findings From Angiographic Sub-Study 

 Angiographic success of PCI is high in this older age group 

 Older patients are not more likely to have multi-vessel disease, but are more 

likely to undergo multi-vessel PCI 

 Women are likely to have less extensive coronary disease than men, in keeping 

with studies in younger patients 

 Frail patients had a higher rate of femoral vs. radial artery access 
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5.2 Virtual Histology Intravascular Ultrasound 

In total, 221 vessels were imaged in 84 patients with VH IVUS (20,078 frames). 

 

5.2.1 Age 

Overall, 74 vessels were imaged in patients aged <79 years (6161 frames), 76 in 

patients 79-82 years (7266 frames), and 71 in patients >82 years (6651 frames). 

 

With increasing age, there was a significant increase in coronary plaque burden, as 

measured by the maximum vessel stenosis and the percent atheroma volume (PAV) 

(Table 5.7). This is consistent with previous studies demonstrating an increase of 

plaque burden with age58, 204, 205. The sub-analysis of the PROSPECT data by age also 

demonstrated similar results, whereby plaque volume in non-culprit segments was 

greater in the older age cohort (<65 years: 49.0% [46.5, 51.9], ≥65 years: 49.7% [47.2, 

52.9], p=0.01)174. The results also demonstrate increasing LAPS with age, suggesting 

that older patients may have a higher burden of more active plaque.  

 

 
Total 

N=84 

<79 years 

N=26 

79-82 years 

N=31 

>82 years 

N=27 
P value 

MLA (mm2 ± SD) 5.2 ± 2.4 5.7 ± 2.5 5.2 ± 2.5 4.8 ± 2.1 0.174 

MLD (mm ± SD) 2.5 ± 0.6 2.6 ± 0.6 2.5 ± 0.6 2.4 ± 0.5 0.167 

Maximum stenosis (% ± SD) 67.2 ± 12.2 63.7 ± 13.0 66.6 ± 12.1 71.5 ± 10.4 *0.003 

Remodeling index (± SD) 1.04 ± 0.13 1.04 ± 0.12 1.02 ± 0.13 1.07 ± 0.15 0.137 

Percent atheroma volume (± SD) 45.3 ± 10.9 42.7 ± 11.4 43.4 ± 10.9 50.0 ± 8.9 *<0.001 

Liverpool Active Plaque Score (± SD) 4.19 ± 3.57 3.32 ± 3.63 4.01 ± 3.24 5.24 ± 3.66 *0.015 

Table 5.7 Grayscale and VH IVUS parameters by age 

 

Figure 5.4 illustrates the proportion of plaque components in each age group and 

demonstrates that there was no difference between the groups, in contrast to the 

PROSPECT sub-analysis, which demonstrated more DC and less fibrous tissue in the 

older age group174. However, this cohort had a much higher proportion of DC overall 

(over twice as much) due to selection bias in the PROSPECT study, and a much older 

and narrower age range such that differences in plaque composition due to age may 

not be as apparent. A further retrospective, single-centre study of 553 patients 

undergoing VH IVUS imaging demonstrated that elderly patients (>70 years) had 

greater %NC and %DC than non-elderly patients. However, when results were broken 

down by clinical presentation, this only held true for patients with stable angina; those 

with ACS had no difference in relative plaque components when stratified by age58. 
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Figure 5.4 Proportion of plaque components by age 

 

Figure 5.5 demonstrates that there was a greater burden of advanced and vulnerable 

lesions (FA and VH-TCFA) with age. Interestingly, the PROSPECT investigators 

demonstrated greater FA in the older cohort (42.5 vs. 35.8%, p=0.0007) but a trend 

towards fewer VH-TCFA (23.2 vs. 20.3%, p=0.08)174. This may reflect the fact that they 

only reported non-culprit lesions and there was a trend in our cohort for a greater 

burden of VH-TCFA in culprit arteries that may have biased our results.  
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Figure 5.5 Lesion classification by age 

 

5.2.2 Sex 

Overall, 138 vessels were imaged in men (11841 frames) and 83 in women (8237 

frames).  

 

Male patients had a higher burden of atheroma, as measured by the PAV and 

maximum vessel stenosis, than female patients (Table 5.8). This concurs with a Swiss 

VH IVUS study of patients with ACS and stable angina, which demonstrated that men 

had a higher plaque burden than women in every age tertile (p<0.001)205, and in a sub-

analysis of the ADAPT-DES study203. The PROSPECT investigators also showed a 

non-significant trend towards greater plaque volume in older men (48.5 vs. 48.0, 

p=0.17)174. 

 

 
Total 

N=84 

Male 

N=55 

Female 

N=29 
P value 

MLA (mm2 ± SD) 5.2 ± 2.4 5.2 ± 2.5 5.3 ± 2.2 0.203 

MLD (mm ± SD) 2.5 ± 0.6 2.5 ± 0.6 2.5 ± 0.5 0.298 

Maximum stenosis (% ± SD) 67.2 ± 12.2 69.1 ± 11.5 64.3 ± 12.9 *0.011 

Remodeling index (± SD) 1.04 ± 0.13 1.05 ± 0.13 1.02 ± 0.14 0.147 

Percent atheroma volume (± SD) 45.3 ± 10.9 47.6 ± 10.4 41.7 ± 10.8 *<0.001 

Liverpool Active Plaque Score (± SD) 4.19 ± 3.57 4.51 ± 3.73 3.66 ± 3.24 0.128 

Table 5.8 Grayscale and VH IVUS parameters by sex 
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The proportion of plaque components between the sexes was similar (Figure 5.6). 

Previous studies have shown a blunting of sex differences in plaque composition with 

age. Although Shoenenberger et al demonstrated sex differences in plaque 

composition in younger patients, there were no differences between the sexes in the 

oldest age tertile205. An analysis of a registry of almost 1000 patients undergoing VH 

IVUS imaging also demonstrated attenuation of the sex differences in plaque 

components with increasing age204, and this phenomenon was also seen in a registry 

of patients with STEMI206. In contrast, the PROSPECT investigators demonstrated that 

older female patients had a higher proportion of NC and DC (and concomitantly less 

FF tissue) than male patients, but their “older” female group was actually significantly 

older than the male group (73.7 [68.8, 77.3] vs. 70.4 [67.3, 74.5] years, p=0.001)174 

and this may be a confounding factor in their results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Proportion of plaque components by sex 

 
There were no differences between the sexes in the vulnerability of the lesions (as 

measured by LAPS and %TCFA), although male patients had more FA present (Figure 

5.7). This is probably a reflection of the higher plaque burden seen in men, whereby 

the increase in plaque is predominantly with thick capped FA. This was not seen in the 

PROSPECT sub-analysis, with no differences in the lesion phenotypes between the 

sexes174. 
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Figure 5.7 Lesion classification by sex 

 

5.2.3 Frailty 

Of the 221 vessels imaged, 65 were in robust patients (4865 frames), 112 in pre-frail 

(11413 frames) and 44 in the frail group (3800 frames). 

 

Table 5.9 demonstrates a non-linear relationship between frailty and severity of 

stenosis, as measured by the MLA, MLD and maximum vessel stenosis. This is in 

keeping with the results seen in the QCA analysis, whereby pre-frail patients had a 

smaller reference diameter than robust or frail patients, although this was not seen 

when measured by the RI on IVUS, possibly because the site of tightest stenosis and 

highest remodeling was not always imaged due to failure to deliver the EEP catheter 

through the lesion.  

 

 
Total 

N=84 

Robust 

N=24 

Pre-frail 

N=45 

Frail 

N=15 
P value 

MLA (mm2 ± SD) 5.2 ± 2.4 5.7 ± 2.5 4.8 ± 2.2 5.7 ± 2.6 0.053 

MLD (mm ± SD) 2.5 ± 0.6 2.6 ± 0.6 2.4 ± 0.5 2.6 ± 0.6 *0.039 

Maximum stenosis (% ± SD) 67.2 ± 12.2 63.8 ± 13.6 69.5 ± 10.9 66.1 ± 12.5 *0.025 

Remodeling index (± SD) 1.04 ± 0.13 1.05 ± 0.15 1.03 ± 0.13 1.07 ± 0.13 0.432 

Percent atheroma volume (± SD) 45.3 ± 10.9 42.8 ± 11.5 46.7 ± 10.6 45.4 ± 10.6 0.139 

Liverpool Active Plaque Score (± SD) 4.19 ± 3.57 3.41 ± 3.60 4.70 ± 3.60 3.94 ± 3.29 0.115 

Table 5.9 Grayscale and VH IVUS parameters by frailty 
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This non-linear relationship may be related to the pattern of calcification (as discussed 

in Section 6.3), as frail patients had a higher proportion of dense calcium overall and 

proportionally less fibrous tissue (Figure 5.8), which may have affected how the vessel 

remodels with increasing calcification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Proportion of plaque components by frailty 

 

With the increasing proportion of calcium, frail patients had a higher proportion of fibro-

calcific plaque present (Figure 5.9) but no evidence of more vulnerable lesions on VH 

IVUS. 
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Figure 5.9 Lesion classification by frailty 

 

5.2.4 Culprit vs. Non-Culprit Artery  

As expected, culprit arteries had a greater degree of stenosis, higher plaque burden 

and a higher LAPS (Table 5.10). There were no differences in the proportions of plaque 

components between culprit and non-culprit arteries (FT: 51.4 ± 11.6% vs. 53.7 ± 

11.9%, p=0.289; FF: 14.6 ± 10.3% vs. 13.4 ± 8.5%, p=0.336; NC: 19.3 ± 5.9% vs. 19.2 

± 6.8%, p=0.995; DC: 14.7 ± 8.7% vs. 13.7 ± 8.0%, p=0.494). Culprit arteries had a 

higher proportion of plaque categorised as FA (42.8 ± 23.1% vs. 35.3 ± 24.6%, 

p=0.034) but the proportions of TCFA were not statistically different (10.5 ± 11.5% vs. 

9.0 ± 11.8%, p=0.145). These results are similar to those demonstrated by 

Schoenenberger et al, with a higher plaque burden in culprit arteries but no differences 

in plaque composition on VH IVUS205.  
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Total 

N=174 

Culprit 

N=72 

Non-culprit 

N=102 
P value 

MLA (mm2 ± SD) 5.22 ± 2.37 4.82 ± 2.29 5.51 ± 2.40 *0.033 

MLD (mm ± SD) 2.52 ± 0.55 2.42 ± 0.53 2.59 ± 0.56 *0.032 

Maximum stenosis (% ± SD) 67.2 ± 12.2 71.2 ± 10.8 64.4 ± 12.5 *<0.001 

Remodeling index (± SD) 1.04 ± 0.13 1.07 ± 0.16 1.03 ± 0.11 0.137 

Percent atheroma volume (± SD) 45.3 ± 10.9 48.5 ± 10.0 43.0 ± 11.0 *0.001 

Liverpool Active Plaque Score (± SD) 4.19 ± 3.57 4.92 ± 4.06 3.67 ± 3.09 *0.034 

Table 5.10 Grayscale and VH IVUS parameters by culprit vs. non-culprit vessel 

 

5.2.5 VH-TCFA 

Using the standard definition of VH-TCFA53, there were 79 vessels with VH-TCFA 

present and 95 without. In the univariate analysis of baseline patient characteristics, 

presence of VH-TCFA was correlated (p<0.25) with age, frailty, NSTEMI, GRACE 

score, BMI, hyperlipidaemia, family history of IHD, cerebrovascular disease, platelets, 

cholesterol, troponin and vitamin D level. These variables were entered into a 

multivariate logistic regression analysis and increasing age, presentation with 

NSTEMI, and increasing vitamin D level were demonstrated to be independent 

predictors of the presence of VH-TCFA. Table 5.11 shows the output from the 

regression analysis. 

 

 
Regression 

co-efficient 

Standard 

error 
P value 

Odds ratio 

(95% CI) 

Age 0.207 0.096 0.031 1.229 (1.019, 1.483) 

NSTEMI 2.158 0.772 0.005 8.650 (1.903, 39.315) 

Vitamin D 0.038 0.012 0.002 1.038 (1.014, 1.063) 

Intercept -22.961 7.822 0.003  

Table 5.11 Multiple regression analysis for VH-TCFA 

 

Table 5.12 demonstrates the association of VH-TCFA with other vessel 

characteristics. VH-TCFA were more common in the RCA and were associated with 

maximum stenosis and PAV on IVUS, but were not co-located with OCT-TCFA.  
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No VH-TCFA 

N=95 

VH-TCFA 

N=79 
P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

39 (41.1) 

35 (36.8) 

21 (22.1) 

 

28 (35.4) 

18 (22.8) 

33 (41.8) 

*0.014 

Culprit, n (%) 37 (38.9) 35 (44.3) 0.475 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

16 (31.4) 

12 (23.5) 

11 (21.6) 

12 (23.5) 

 

16 (28.6) 

15 (26.8) 

7 (12.5) 

18 (32.1) 

0.542 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

6 (11.5) 

10 (19.2) 

23 (44.2) 

13 (25.0) 

 

2 (3.6) 

14 (25.5) 

33 (60.0) 

6 (10.9) 

0.076 

Procedure success, n (%) 36 (87.8) 43 (87.8) 0.626 

VH IVUS 

MLA, mm2 (IQR) 4.8 (3.4, 6.5) 4.6 (3.5, 6.5) 0.987 

Maximum stenosis, % (IQR) 64.2 (53.3, 71.4) 72.5 (65.7, 80.2) *<0.001 

Remodeling index (IQR) 1.03 (0.95, 1.10) 1.02 (0.97, 1.13) 0.914 

Percent atheroma volume (IQR) 41.3 (32.9, 49.9) 51.7 (45.5, 57.0) *<0.001 

OCT 

MLA, mm2 (IQR) 3.2 (1.5, 5.6) 2.8 (1.9, 4.6) 0.988 

Minimum fibrous cap, µm (IQR) 87 (58, 118) 79 (61, 115) 0.960 

% fibroatheroma frames (IQR) 41.5 (16.6, 100) 29.1 (12.3, 75.2) 0.398 

% fibrocalcific frames (IQR) 60.6 (32.9, 100) 70.2 (45.0, 96.7) 0.816 

Rupture, n (%) 6 (28.6) 3 (18.8) 0.702 

Macrophage, n (%) 12 (54.4) 7 (43.8) 0.511 

Microchannel, n (%) 9 (40.9) 7 (43.8) 0.861 

ChC, n (%) 6 (27.3) 5 (31.3) 1.000 

OCT-TCFA, n (%) 6 (28.6) 4 (25.0) 0.809 

Table 5.12 Association of VH-TCFA with other vessel characteristics 

 

5.2.6 Liverpool Active Plaque Score 

In the univariate analysis of baseline patient characteristics, LAPS was correlated 

(p<0.25) with age, sex, presentation with NSTEMI, white cell count, creatinine 

clearance and cholesterol level. These variables were entered into a multiple linear 

regression analysis and only increasing age and male sex were independent predictors 

of higher LAPS. Table 5.13 shows the output from the regression analysis. 
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Regression 

co-efficient 

Standard 

error 

P value 

Age 0.305 0.095 0.002 

Male 1.983 0.698 0.005 

Intercept -19.267 7.642 0.013 

Table 5.13 Multiple regression analysis for LAPS 

 

A LAPS >6 has been previously shown to correlate with an active plaque phenotype64. 

Table 5.14 demonstrates the association between LAPS and other vessel 

characteristics (not including those that make up the score itself, i.e. MLA, RI and VH-

TCFA). It was significantly associated with the culprit artery, maximum stenosis and 

PAV, and a thinner fibrous cap on OCT. There was also a non-significant association 

with the presence of OCT-TCFA (p=0.096). 

 

 
LAPS ≤6 

N=115 

LAPS >6 

N=58 
P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

46 (40.0) 

35 (30.4) 

34 (29.6) 

 

21 (36.2) 

18 (31.0) 

19 (32.8) 

0.871 

Culprit, n (%) 39 (33.9) 33 (56.9) *0.004 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

19 (30.2) 

14 (22.2) 

14 (22.2) 

16 (25.4) 

 

13 (29.5) 

13 (29.5) 

4 (9.1) 

14 (31.8) 

0.309 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

6 (9.4) 

14 (21.9) 

32 (50.0) 

12 (18.8) 

 

2 (4.7) 

10 (23.3) 

24 (55.8) 

7 (16.3) 

0.852 

Procedure success, n (%) 46 (90.2) 33 (84.6) 0.522 

VH IVUS  

Maximum stenosis, % (IQR) 65.4 (56.5, 72.8) 72.7 (66.3, 81.2) *<0.001 

Percent atheroma volume (IQR) 42.3 (33.8, 50.8) 52.6 (46.2, 57.1) *<0.001 

OCT 

MLA, mm2 (IQR) 3.2 (2.1, 5.2) 2.4 (1.4, 3.9) 0.270 

Minimum fibrous cap, µm (IQR) 94 (72, 140) 60 (56, 80) *0.005 

% fibroatheroma frames (IQR) 32.6 (10.7, 100) 33.2 (22.1, 71.2) 0.902 

% fibrocalcific frames (IQR) 58.3 (32.7, 100) 73.9 (44.5, 100) 0.768 

Rupture, n (%) 4 (17.4) 5 (35.7) 0.255 

Macrophage, n (%) 11 (45.8) 8 (57.1) 0.501 

Microchannel, n (%) 8 (33.3) 8 (57.1) 0.152 

ChC, n (%) 7 (29.2) 4 (28.6) 0.969 

OCT-TCFA, n (%) 4 (17.4) 6 (42.9) 0.096 

Table 5.14 Association of LAPS with other vessel characteristics 
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In a validation cohort, LAPS was demonstrated to have good diagnostic ability in 

discriminating between ACS and stable angina culprit lesions64. In this study, many 

had multi-vessel coronary disease, and we hypothesised that LAPS may be a useful 

diagnostic test to confirm the culprit artery if there was diagnostic uncertainty. It had a 

PPV of 56.9% (95% CI 43.2-69.8%), NPV of 66.1% (95% CI 56.7-69.8%), sensitivity 

of 43.8% (95% CI 34.0-58.0%), specificity of 75.3% (95% CI 65.7-83.3%) and an 

accuracy of 63%. The most discriminatory cut-off LAPS was >5.74 for predicting the 

culprit artery (similar to the LAPS of >6 for predicting an active plaque phenotype in 

the original study64). However, Figure 5.10 displays the receiver operating 

characteristic curve for LAPS, demonstrating a poor diagnostic ability (area under the 

curve = 0.594) for culprit vs. non-culprit arteries in NSTEACS in older patients.  

 

 

Figure 5.10 ROC curve for LAPS in predicting culprit artery 

Although LAPS has previously been shown to have good discriminatory ability between plaques from 

patients with stable angina vs. ACS, results here demonstrate that it would be less useful as a tool to 

aid identification of the culprit lesion in patients presenting with NSTEACS and multiple coronary lesions. 

 

5.2.7 Key Findings From VH IVUS Sub-Study 

 Plaque burden, but not plaque composition, increases with age 

 Men have a greater plaque burden than women, but there were no differences 

in plaque composition between the sexes 

 Pre-frail patients have the greatest severity of stenosis on VH IVUS 

 Calcification increases with increasing frailty 

AUC = 0.594 
 

Standard error = 0.046 
p=0.034 
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 VH-TCFA are associated with increasing plaque burden, but not with OCT-

TCFA 

 LAPS is a poor diagnostic test to discriminate between culprit and non-culprit 

arteries in this cohort 
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5.3 Optical Coherence Tomography 

 

The sub-group of patients who underwent OCT imaging was small (n=26 with 

analysable data) and therefore these results should be treated as exploratory and 

hypothesis-generating only. In total, 65 vessels in 26 patients were imaged on OCT 

(9142 frames). 

 

5.3.1 Age  

32 vessels were imaged in patients <80 years (4429 frames) and 33 were imaged in 

patients ≥80 years (4713 frames). 

 

Due to the smaller numbers in the OCT sub-analysis, the cohort was split into just 2 

age categories. As in the VH IVUS cohort, there was no difference in MLA or MLD with 

age on OCT (Table 5.15). There was a non-significant trend towards a greater 

proportion of fibroatheroma and OCT-TCFA present with increasing age but no 

differences in the other potential markers of plaque vulnerability. This correlates with 

the results seen in the larger group who underwent VH IVUS imaging. Data from a 

large registry of patients with ACS showed a similar non-significant trend for younger 

(<50 years) patients to have a greater prevalence of OCT-TCFA (70 vs. 58%, p=0.06) 

but no difference in the rate of plaque rupture (70 vs. 64%, p=0.29)207. 

 

 
Total 

N=26 

<80 years 

N=12 

≥80 years 

N=14 

P value 

MLA, mm2 (IQR) 3.0 (1.7, 5.6) 3.0 (2.1, 5.7) 3.0 (1.5, 5.5) 0.449 

MLD, mm (IQR) 1.9 (1.5, 2.7) 1.9 (1.6, 2.7) 2.0 (1.4, 3.4) 0.317 

Minimum fibrous cap, µm (IQR) 83 (60, 116) 94 (72, 124) 71 (57, 98) 0.283 

% fibroatheroma frames (IQR) 24.3 (14.4, 40.5) 20.3 (9.2, 31.1) 29.0 (19.2, 52.0) 0.066 

% fibrocalcific frames (IQR) 37.3 (15.8, 57.3) 42.8 (18.4, 65.1) 32.3 (15.8, 56.8) 0.864 

Rupture, n (%) 11 (22.0) 4 (16.0) 7 (28.0) 0.333 

Macrophage, n (%) 30 (56.6) 15 (55.6) 15 (57.7) 0.875 

Microchannel, n (%) 21 (39.6) 9 (33.3) 12 (46.1) 0.433 

ChC, n (%) 13 (24.5) 4 (14.8) 9 (34.6) 0.102 

OCT-TCFA, n (%) 14 (26.9) 3 (11.5) 11 (42.3) 0.060 

Table 5.15 OCT parameters by age 

 

5.3.2 Sex 

38 vessels were imaged in men (5342 frames) and 54 in women (3800 frames). 
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There were no significant differences in OCT measurements or plaque characteristics 

when stratified by sex (Table 5.16). This is similar to results previously reported by 

Chia et al, who demonstrated no sex differences in incidence of lipid-rich plaque, OCT-

TCFA, minimum fibrous cap or plaque rupture208. A study of patients with STEMI 

demonstrated no difference in the rate of plaque rupture between men and women209. 

 

 
Total 

N=26 

Male 

N=16 

Female 

N=10 

P value 

MLA, mm2 (IQR) 3.0 (1.7, 5.6) 2.8 (1.7, 5.6) 3.7 (2.2, 5.4) 0.838 

MLD, mm (IQR) 1.9 (1.5, 2.7) 1.9 (1.5, 2.7) 2.2 (1.7, 2.6) 0.955 

Minimum Fibrous Cap, µm (IQR) 83 (60, 116) 85.0 (60.0, 112.0) 81.0 (59.0, 112.0) 0.721 

% fibroatheroma frames (IQR) 24.3 (14.4, 40.5) 27.0 (16.2, 40.3) 21.8 (14.4, 35.9) 0.809 

% fibrocalcific frames (IQR) 37.3 (15.8, 57.3) 48.3 (24.6, 58.3) 30.9 (6.9, 41.7) 0.127 

Rupture, n (%) 11 (22.0) 8 (26.7) 3 (15.0) 0.356 

Macrophage, n (%) 30 (56.6) 18 (56.3)  12 (57.1) 0.949 

Microchannel, n (%) 21 (39.6) 11 (34.4) 10 (47.6) 0.346 

ChC, n (%) 13 (24.5) 8 (25.0) 5 (23.8) 0.922 

OCT-TCFA, n (%) 14 (26.9) 9 (29.0) 5 (23.8) 0.651 

Table 5.16 OCT parameters by sex 

 

5.3.3 Frailty 

Of the 65 vessels imaged, 16 were in robust patients (1693 frames), 35 in pre-frail 

(5515 frames) and 14 in the frail group (1934 frames). 

 

Although not statistically significant, there were trends towards more calcium and a 

thicker fibrous cap in frail patients (Table 5.17). This suggests that frail patients may 

have more stable coronary plaque than robust patients (and, indeed, no OCT-TCFA 

were seen in the frail group). 

 

 
Total 

N=26 

Robust 

N=7 

Pre-frail 

N=14 

Frail 

N=5 
P value 

MLA, mm2 (IQR) 3.0 (1.7, 5.6) 4.1 (1.6, 5.6) 2.7 (1.4, 4.1) 3.7 (2.7, 6.9) 0.505 

MLD, mm (IQR) 1.9 (1.5, 2.7) 2.3 (1.4, 2.7) 1.8 (1.4, 2.3) 2.2 (1.9, 3.0) 0.324 

Minimum Fibrous Cap, µm (IQR) 83 (60, 116) 72 (58, 140) 82 (57, 98) 114 (84, 155) 0.055 

% fibroatheroma frames (IQR) 24.3 (14.4, 40.5) 21.8 (14.8, 48.3) 27.0 (19.9, 41.6) 15.5 (7.6, 34.3) 0.521 

% fibrocalcific frames (IQR) 37.3 (15.8, 57.3) 22.8 (2.2, 44.2) 42.2 (19.4, 58.9) 49.6 (31.3, 85.0) 0.101 

Rupture, n (%) 11 (22.0) 4 (30.8) 6 (24.0) 1 (8.3) 0.187 

Macrophage, n (%) 30 (56.6) 5 (35.7) 19 (70.4) 6 (50.0) 0.400 

Microchannel, n (%) 21 (39.6) 5 (35.7) 13 (48.1) 3 (25.0) 0.814 

ChC, n (%) 13 (24.5) 4 (28.6) 8 (29.6) 1 (8.3) 0.257 

OCT-TCFA, n (%) 14 (26.9) 3 (23.1) 11 (40.7) 0 0.294 

Table 5.17 OCT parameters by frailty 
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5.3.4 Plaque Rupture 

There were 11 plaque ruptures seen in the OCT sub-study. In the univariate analysis 

of baseline patient characteristics, presence of plaque rupture on OCT was correlated 

(p<0.25) with male sex, NSTEMI, GRACE score, hypertension, diabetes, smoking 

status, family history of IHD, cerebrovascular disease, platelets, glucose and 

cholesterol. These variables were entered into a multivariate logistic regression 

analysis. However, no patient baseline characteristics were independently associated 

with plaque rupture. Age, diabetes, hypertension and hyperlipidaemia were 

independent predictors of plaque rupture in a previous meta-analysis of NSTEACS210 

but the ICON1 sample size is likely too small to demonstrate these associations due 

to the small regression coefficients reported. 

 

Plaque rupture was more common in lesions with higher angiographic complexity but 

not necessarily more common in the culprit artery (Table 5.18). This confirms that 

patients with NSTEACS may have multiple asymptomatic plaque ruptures at the time 

of their coronary event. The MLA and MLD were smaller in the plaque rupture group 

(although this did not reach significance when measured on IVUS), suggesting that 

rupture occurs in more tightly stenosed vessels. There was also a greater degree of 

lipid present in vessels with plaque rupture, as well as a higher incidence of 

microchannels and ChC (but not VH-TCFA or OCT-TCFA).  
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No Rupture 

N=39 

Rupture 

N=11 
P value 

Angiography    

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

12 (30.8) 

13 (33.3) 

14 (35.9) 

 

4 (36.4) 

3 (27.3) 

4 (36.4) 

1.000 

Culprit, n (%) 14 (35.9) 7 (63.6) 0.166 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

11 (40.7) 

7 (25.9) 

4 (14.8) 

5 (18.5) 

 

2 (22.2) 

1 (11.1) 

4 (44.4) 

2 (22.2) 

0.337 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

0 

11 (42.3) 

13 (50.0) 

2 (7.7) 

 

0 

1 (11.1) 

4 (44.4) 

4 (44.4) 

*0.036 

Procedure success, n (%) 17 (85.0) 6 (75.0) 0.606 

VH IVUS    

MLA, mm2 (IQR) 4.4 (3.2, 6.0) 3.7 (2.5, 6.5) 0.519 

Maximum stenosis, % ± SD 69.8 ± 9.5 73.6 ± 14.4 0.375 

Remodeling index, ± SD 1.03 ± 0.18 1.03 ± 0.10 0.927 

Percent atheroma volume (IQR) 50.3 (42.8, 57.2) 59.3 (50.3, 61.3) 0.116 

% Fibrous tissue, ± SD 54.1 ± 10.3 52.3 ± 16.6 0.767 

% Fibro-fatty tissue, ± SD 10.6 ± 4.4 11.6 ± 5.4 0.588 

% Necrotic core, ± SD 21.4 ± 6.3 21.6 ± 10.2 0.957 

% Dense calcium, ± SD 13.8 ± 6.7 14.5 ± 10.2 0.861 

% frames VH-TCFA (IQR) 9.9 (0.7, 12.7) 6.0 (0.9, 20.3) 0.614 

LAPS, ± SD 3.75 ± 3.61 5.95 ± 2.92 0.107 

OCT    

MLA, mm2 (IQR) 3.2 (2.2, 6.1) 1.5 (1.0, 3.3) *0.006 

Minimum fibrous cap, µm (IQR) 92 (68, 123) 64 (53, 94) 0.106 

% fibroatheroma frames (IQR) 17.0 (7.5, 28.0) 35.3 (27.7, 53.7) *0.001 

% fibrocalcific frames (IQR) 39.7 (22.8, 68.8) 27.2 (9.6, 54.2) 0.292 

Macrophage, n (%) 21 (53.8) 8 (72.7) 0.319 

Microchannel, n (%) 12 (30.8) 7 (63.6) *0.047 

ChC, n (%) 7 (17.9) 6 (54.5) *0.023 

OCT-TCFA, n (%) 7 (17.9) 5 (45.5) 0.059 

Table 5.18 Association of plaque rupture with other vessel characteristics 

 

5.3.5 Macrophage Accumulation 

There were 30 vessels with macrophage accumulations on OCT. In the univariate 

analysis of baseline characteristics, their presence was correlated (p<0.25) with frailty, 

BMI, hypertension, diabetes, previous MI, atrial fibrillation, and troponin. These 

variables were entered into a multivariate logistic regression analysis but no patient 

characteristics were independently associated with macrophage accumulations. 
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Table 5.19 demonstrates that macrophage accumulations were associated with a 

greater degree of stenosis and with greater %lipid on OCT (but not VH IVUS). There 

were non-significant trends towards the presence of other markers of plaque 

vulnerability but there was no association with culprit vs. non-culprit lesions.  

 

 
No Macrophage 

N=23 

Macrophage 

N=30 
P value 

Angiography    

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

7 (30.4) 

8 (34.8) 

8 (34.8) 

 

11 (36.7) 

9 (30.0) 

10 (33.3) 

0.883 

Culprit, n (%) 9 (39.1) 13 (43.3) 0.758 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

6 (37.5) 

3 (18.8) 

3 (18.8) 

4 (25.0) 

 

8 (36.4) 

5 (22.7) 

5 (22.7) 

4 (18.2) 

1.000 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

0 

4 (26.7) 

8 (53.3) 

3 (20.0) 

 

0 

9 (40.9) 

9 (40.9) 

4 (18.2) 

0.682 

Procedure success, n (%) 11 (84.6) 13 (81.3) 1.000 

VH IVUS 

MLA, mm2 (IQR) 5.3 (3.8, 6.5) 3.6 (2.8, 5.3) *0.030 

Maximum stenosis, % ± SD 67.1 ± 11.0 74.0 ± 9.6 *0.045 

Remodeling index, ± SD 1.04 ± 0.11 1.03 ± 0.14 0.780 

Percent atheroma volume (IQR) 50.5 (45.5, 56.9) 55.8 (42.4, 61.1) 0.246 

% Fibrous tissue, ± SD 54.6 ± 12.0 52.6 ± 11.7 0.614 

% Fibro-fatty tissue, ± SD 10.6 ± 4.3 11.3 ± 4.9 0.668 

% Necrotic core, ± SD 21.1 ± 6.8 21.7 ± 7.7 0.820 

% Dense calcium, ± SD 13.7 ± 7.0 14.5 ± 8.1 0.756 

% frames VH-TCFA (IQR) 4.8 (0, 16.2) 8.3 (1.7, 12.6) 0.506 

LAPS, ± SD 3.50 ± 3.33 5.05 ± 3.58 0.175 

OCT 

MLA, mm2 (IQR) 4.0 (2.6, 6.1) 2.5 (1.4, 3.4) *0.021 

Minimum fibrous cap, µm (IQR) 98 (68, 137) 81 (57, 101) *0.043 

% fibroatheroma frames (IQR) 10.7 (3.9, 44.2) 27.0 (19.9, 36.5) *0.011 

% fibrocalcific frames (IQR) 76.2 (46.2, 86.7) 36.8 (15.1, 55.4) 0.524 

Microchannel, n (%) 6 (26.1) 15 (50.0) 0.078 

ChC, n (%) 3 (13.0) 10 (33.3) 0.089 

OCT-TCFA, n (%) 4 (18.2) 10 (33.3) 0.224 

Table 5.19 Association of macrophage accumulations with other vessel 

characteristics 
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5.3.6 Microchannel Formation 

There were 21 vessels with macrophage accumulations seen in the OCT sub-study. In 

the univariate analysis of baseline patient characteristics, presence of microchannels 

on OCT was correlated (p<0.25) with NSTEMI, hypertension, platelets, and troponin. 

These variables were entered into a multivariate logistic regression analysis. Platelet 

count was the only variable independently associated with presence of microchannels. 

Table 5.20 shows the output from the regression analysis. 

 

 
Regression 

co-efficient 

Standard 

error 
P value 

Odds ratio 

(95% CI) 

Platelet count 0.07 0.003 0.045 1.007 (1.00,1.014) 

Intercept -2.564 1.000 0.010  

Table 5.20 Multiple regression analysis for microchannels 

 

Table 5.21 demonstrates that microchannels were associated with the burden of 

coronary disease on IVUS and OCT (maximum stenosis, PAV, and MLA/MLD on 

OCT), and negatively associated with % fibrous tissue on VH IVUS. They were also 

significantly associated with the burden of VH-TCFA and OCT-TCFA. Microchannels 

were also associated with other markers of plaque vulnerability on OCT such as 

macrophage accumulations and ChC.  
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No Microchannel 

N=43 

Microchannel 

N=21 
P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

9 (28.1) 

11 (34.4) 

12 (37.5) 

 

9 (42.9) 

6 (28.6) 

6 (28.6) 

0.538 

Culprit, n (%) 12 (37.5) 10 (47.6) 0.465 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

8 (38.1) 

7 (33.3) 

3 (14.3) 

3 (14.3) 

 

6 (35.3) 

1 (5.9) 

5 (29.4) 

5 (29.4) 

0.154 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

0 

8 (40.0) 

7 (35.0) 

5 (25.0) 

 

0 

5 (29.4) 

10 (58.8) 

2 (11.8) 

0.393 

Procedure success, n (%) 11 (78.6) 13 (86.7) 0.651 

VH IVUS 

MLA, mm2 (IQR) 4.7 (3.3, 5.6) 3.7 (2.8, 6.4) 0.569 

Maximum stenosis, % ± SD 68.4 ± 11.7 73.5 ± 8.7 0.150 

Remodeling index, ± SD 1.02 ± 0.10 1.06 ± 0.15 0.341 

Percent atheroma volume (IQR) 50.8 (38.4, 56.0) 58.5 (47.7, 60.7) *0.022 

% Fibrous tissue, ± SD 56.8 ± 11.3 49.2 ± 11.1 *0.046 

% Fibro-fatty tissue, ± SD 11.4 ± 3.7 10.3 ± 5.6 0.510 

% Necrotic core, ± SD 19.4 ± 5.6 24.1 ± 8.3 *0.048 

% Dense calcium, ± SD 12.3 ± 6.5 16.4 ± 8.2 0.096 

% frames VH-TCFA (IQR) 3.7 (0, 11.5) 10.0 (6.4, 25.2) 0.069 

LAPS, ± SD 3.18 ± 3.26 5.78 ± 3.35 *0.022 

OCT 

MLA, mm2 (IQR) 3.2 (2.1, 6.0) 2.4 (1.2, 4.0) 0.089 

Minimum Fibrous Cap, µm (IQR) 93 (69, 133) 72 (58, 99) 0.118 

% fibroatheroma frames (IQR) 17.0 (7.6, 30.0) 30.3 (19.5 (51.0) *0.018 

% fibrocalcific frames (IQR) 34.5 (17.0, 56.1) 73.8 (44.6, 73.8) 0.585 

ChC, n (%) 5 (15.6) 8 (38.1) 0.063 

OCT-TCFA, n (%) 6 (18.8) 8 (40.0) 0.093 

Table 5.21 Association of microchannels with other vessel characteristics 

 

5.3.7 Cholesterol Crystals 

There were 13 vessels with ChC in the OCT sub-study. In the univariate analysis of 

baseline patient characteristics, presence of ChC on OCT was correlated (p<0.25) with 

age, NSTEMI, BMI, hypertension, diabetes, family history of IHD, troponin and hsCRP. 

These variables were entered into a multivariate logistic regression analysis. However, 

no patient baseline characteristics were independently associated with presence of 

ChC.  
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Table 5.22 demonstrates that presence of ChC was associated with a greater degree 

of stenosis on both IVUS and OCT (consistent with results from Tian et al, who 

demonstrated the association of ChC with greater angiographic lesion severity211), as 

well as with a thinner fibrous cap and greater prevalence of OCT-TCFA (and a trend 

towards more VH-TCFA).  

 

 
No ChC 

N=40 

ChC 

N=13 
P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

13 (32.5) 

15 (37.5) 

12 (30.0) 

 

5 (38.5) 

2 (15.4) 

6 (46.2) 

0.370 

Culprit, n (%) 14 (35.0) 8 (61.5) 0.092 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

11 (40.7) 

5 (18.5) 

4 (14.8) 

7 (25.9) 

 

3 (27.3) 

3 (27.3) 

4 (36.4) 

1 (9.1) 

0.398 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

0 

10 (38.5) 

12 (46.2) 

4 (15.4) 

 

0 

3 (27.3) 

5 (45.5) 

3 (27.3) 

0.729 

Procedure success, n (%) 16 (84.2) 8 (80.0) 1.000 

VH IVUS 

MLA, mm2 (IQR) 5.1 (3.4, 6.4) 3.3 (2.4, 5.3) *0.045 

Maximum stenosis, % ± SD 67.5 ± 10.5 78.0 ± 7.4 *0.005 

Remodeling index, ± SD 1.05 ± 0.12 0.99 ± 0.13 0.172 

Percent atheroma volume (IQR) 49.3 (41.6, 57.5) 55.8 (51.9, 61.2) *0.049 

% Fibrous tissue, ± SD 54.3 ± 13.2 51.8 ± 7.3 0.562 

% Fibro-fatty tissue, ± SD 10.8 ± 4.6 11.2 ± 4.7 0.826 

% Necrotic core, ± SD 20.8 ± 8.0 22.9 ± 4.4 0.413 

% Dense calcium, ± SD 14.1 ± 8.2 14.1 ± 5.6 0.993 

% frames VH-TCFA (IQR) 4.8 (0, 11.4) 10.9 (8.0, 23.1) 0.088 

LAPS, ± SD 4.15 ± 3.54 4.60 ± 3.56 0.723 

OCT 

MLA, mm2 (IQR) 3.2 (2.2, 6.0) 1.3 (0.9, 3.4) *0.002 

Minimum Fibrous Cap, µm (IQR) 92 (67, 122) 64 (55, 97) *0.037 

% fibroatheroma frames (IQR) 19.6 (7.6, 34.3) 30.3 (15.8, 66.7) 0.069 

% fibrocalcific frames (IQR) 35.5 (15.8, 66.7) 44.6 (12.4, 56.8) 1.000 

OCT-TCFA, n (%) 6 (15.4) 8 (61.5) *0.001 

Table 5.22 Association of cholesterol crystals with other vessel 

characteristics 
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5.3.8 OCT-TCFA 

There were 14 vessels with OCT-TCFA identified in the OCT sub-study. In the 

univariate analysis of baseline patient characteristics, presence of OCT-TCFA on OCT 

was correlated (p<0.25) with age, frailty, NSTEMI, BMI, hypertension, diabetes, family 

history of IHD, previous MI, atrial fibrillation, cerebrovascular disease, platelet count, 

glucose level, cholesterol level, peak troponin and hsCRP. These variables were 

entered into a multivariate logistic regression analysis. However, no patient baseline 

characteristics were independently associated with the presence of OCT-TCFA.  

 

OCT-TCFA were evenly distributed between culprit and non-culprit vessels (Table 

5.23). They were associated with higher degrees of stenosis within the vessel on both 

OCT and VH IVUS, and there was a trend towards less %DC in vessels with OCT-

TCFA. Presence of OCT-TCFA was also significantly associated with plaque rupture 

(p=0.020), presence of thrombus (p=0.005), microchannel formation (p=0.021) and 

ChC (p<0.001).  
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No OCT-TCFA 

N=38 

OCT-TCFA 

N=14 
P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

13 (34.2) 

11 (28.9) 

14 (36.8) 

 

4 (28.6) 

6 (42.9) 

4 (28.6) 

0.732 

Culprit, n (%) 14 (36.8) 7 (50.0) 0.391 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

9 (34.6) 

6 (23.1) 

5 (19.2) 

6 (23.1) 

 

5 (45.5) 

2 (18.2) 

3 (27.3) 

1 (9.1) 

0.824 

Lesion Complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

0 

9 (36.0) 

13 (52.0) 

3 (12.0) 

 

0 

4 (36.4) 

4 (36.4) 

3 (27.3) 

0.498 

Procedure success, n (%) 15 (83.3) 8 (80.0) 1.000 

VH IVUS 

MLA, mm2 (IQR) 4.4 (3.4, 6.4) 2.8 (2.3, 5.5) 0.072 

Maximum Stenosis, % ± SD 68.9 ± 9.3 75.8 ± 13.4 0.085 

Remodeling Index, ± SD 1.01 ± 0.12 1.07 ± 0.10 0.242 

Percent Atheroma Volume (IQR) 50.1 (43.9, 57.5) 55.1 (49.5, 61.6) 0.158 

% Fibrous Tissue, ± SD 52.7 ± 12.2 56.2 ± 11.2 0.435 

% Fibro-Fatty Tissue, ± SD 10.6 ± 4.3 11.6 ± 5.7 0.555 

% Necrotic Core, ± SD 21.4 ± 7.0 21.6 ± 8.5 0.938 

% Dense Calcium, ± SD 15.3 ± 7.9 10.5 ± 3.6 0.090 

% frames VH-TCFA (IQR) 7.8 (0.5, 11.8) 9.7 (1.3, 24.8) 0.468 

LAPS, ± SD 3.67 ± 3.58 5.97 ± 3.02 0.079 

OCT 

MLA, mm2 (IQR) 3.3 (2.1, 5.9) 1.6 (1.1, 3.1) *0.029 

Minimum Fibrous Cap, µm (IQR) 97 (81, 140) 57 (51, 61) *<0.001 

% fibroatheroma frames (IQR) 17.0 (7.5, 27.8) 36.7 (29.0, 54.3) *<0.001 

% fibrocalcific frames (IQR) 38.0 (21.0, 70.0) 30.9 (8.9, 53.6) 0.327 

Table 5.23 Association of OCT-TCFA with other vessel characteristics 

 

5.3.9 Key Findings From OCT Sub-Study 

 There was a trend for more OCT-TCFA with advancing age 

 Markers of plaque vulnerability tend to cluster together, suggesting an element 

of pancoronary vulnerability in older patients with ACS 
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5.4 Discussion 

 

5.4.1 Patient-Level Factors And Pattern Of Plaque Burden 

It was the “English Hippocrates”, Thomas Sydenham, who declared that “a man is as 

old as his arteries”. This is the first prospective study utilising advanced intracoronary 

imaging techniques to explore the pattern of coronary artery disease in older patients 

presenting with NSTEACS. It has provided unique insights into the progression of 

advanced atherosclerosis, and revealed a population with high levels of so-called 

“vulnerable” plaque characteristics who could prove a valuable resource for future 

research studies. Overall, across all 3 imaging modalities, the study cohort had a 

higher plaque burden and greater levels of advanced and vulnerable plaque than other 

contemporary studies in patients with NSTEACS, but comparably excellent levels of 

procedural success, low complication rate and a lower than expected adverse event 

rate.  

 

This ICON1 invasive imaging sub-study confirms multiple previous observational and 

randomised controlled studies that early invasive management is both feasible and 

safe in older patients with NSTEACS. The results presented here should reassure 

clinicians that, even in the presence of frailty, comorbidities and complex coronary 

disease, patients ≥75 years of age should be referred for PCI in the absence of any 

absolute contraindications. Indeed, the current UK guidelines state that all patients with 

≥3% risk of mortality at 6 months after ACS should be referred for PCI within 72 

hours212; all patients aged ≥75 years, regardless of any other clinical measurement, 

fall into this category on the most widely used risk score, GRACE 2.0. The European 

Society of Cardiology guidelines state that “elderly patients should be considered for 

an invasive strategy and, if appropriate, revascularisation after careful evaluation of 

risks and benefits”213. I would argue that this statement does not go far enough and 

that all patients with NSTEACS should be considered for an early invasive strategy, 

regardless of age. The recently commenced SENIOR-RITA trial will hopefully put this 

question of conservative vs. early invasive strategy to bed once and for all214. 

 

The data presented here corroborates the findings of previous studies in younger 

patients in demonstrating that ageing is associated with a higher plaque burden, 

greater severity of stenosis, and increasing incidence of advanced plaque sub-types 



108 
 

such as FA and TCFA. It would therefore appear that at no age does the acquisition of 

more atherosclerotic plaque plateau or cease.  

 

Figure 5.1 demonstrates the commonly held theory of atherosclerotic plaque 

progression based on historical ex vivo histological studies, proposed by Stary et al215. 

The loop between types V and VI illustrates the repeated rupture and healing of 

atherosclerotic plaques, sometimes silently, leading to an increasing burden of 

complex plaque. These in vivo imaging results support this theory of plaque 

progression, as they clearly show increasing proportions of FA and TCFA, alongside 

high numbers of plaque rupture and thrombus in both culprit and non-culprit lesions 

(the OCT sub-study was underpowered to show any differences between age groups). 

Advanced plaque features suggestive of repeated rupture such as macrophage 

accumulations, microchannels and ChC clearly clustered together within lesions, 

suggesting that they may be part of the remodeling process in silently ruptured 

plaques. 
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Nomenclature and histology 

 

Schematic of progression 

 

Growth mechanism 

 

Type I (initial) lesion 

Isolated macrophage foam cells 

 

 

 

Lipid accumulation 

Type II (fatty streak) lesion 

Intracellular lipid accumulation 

 

 

Type III (intermediate) lesion 

Small extracellular lipid pools 

 

 

Type IV (atheroma) lesion 

Necrotic core of extracellular lipid 

 

 

Type V (fibroatheroma) lesion 

Single or multiple lipid cores and fibrotic 

layers or 

Mainly calcific or 

Mainly fibrotic 

 

Accelerated smooth 

muscle and collagen 

increase 

Type VI (complicated) lesion 

Fibrous cap defect, haemorrhage/ 

haematoma, thrombus 

Rupture, thrombosis, 

haematoma 

 

Figure 5.11 Atherosclerotic plaque progression with age 

Flow diagram demonstrating progression of atherosclerosis with age215. From types I-IV, lipid 

accumulation is the main reason for plaque growth, facilitated by inflammatory insults to the 

endothelium, migration of monocytes into the intima, and transformation of those monocytes into 

macrophages. These macrophages then engulf lipid and form foam cells, eventually aggregating into 

fatty streaks and lipid pools. In more advanced lesions (types V and VI), incomplete clearance of 

apoptotic foam cells and migration of vascular smooth muscle cells into the intima forms necrotic cores 

with overlying fibrotic caps. Rupture or erosion of the cap can lead to thrombus and subsequent acute 

coronary syndrome, or healing with deposition of calcium within the plaque216. 

 

When the results were analysed by sex, they supported previous studies that 

suggested that the sex differences in plaque composition in younger age groups 

disappear in later life, but the plaque burden differential (men>women) persists. Men 

and women were evenly matched from the point of view of cardiovascular risk factors 

and GRACE risk score (Table 4.6), in contrast to previous studies that have 

demonstrated a worse cardiovascular risk profile in younger women217. It has been 

proposed that oestrogen has a cardio-protective effect in pre-menopausal women, 

stabilising and thickening the fibrous cap of coronary plaques218 and potentially 
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interrupting the plaque rupture/healing loop. A sub-analysis of the PROSPECT data 

demonstrated that younger women had more fibrous tissue on VH IVUS (61.1 vs. 

60.0%, p<0.05) and less FF (19.1 vs. 21.6%, p<0.05)174. All the women in this study 

had been post-menopausal for many years and none were taking hormone 

replacement therapy, thus lacked this protective effect. Women in the oldest age 

groups therefore “catch up” with men as they age from the point of view of plaque 

composition and fibrous cap thickness, but not plaque burden. 

 

It is becoming increasingly apparent that biological age, i.e. frailty, is a better predictor 

of adverse outcomes after NSTEACS than chronological age219. Recently published 

results from the full ICON1 study cohort (n=279) demonstrate that frailty is associated 

with increased adverse outcomes at 1 year, driven by all-cause mortality, MI and repeat 

hospitalisation220. Although there were no differences in overall in-hospital or 30-day 

outcomes, frailty was associated with higher arterial complications following 

angiography ± PCI (robust: 0, pre-frail: 1.3%, frail: 5.2%, p=0.049)220, concordant with 

the data presented here, demonstrating a higher rate of femoral access in frail patients 

(robust: 4.0%, pre-frail: 2.0%, frail: 26.7%, p=0.006). This may help to explain the 

higher rate of major bleeding post-ACS in frail patients in previous studies18, 221 and 

would certainly increase the time-to-ambulation post-procedure, increasing the risk of 

adverse events. Yet again, this illustrates the treatment paradox for frail patients 

whereby the patients at highest risk of complications are undergoing angiography/PCI 

via the riskiest route. It is a clear indication that, if an invasive strategy is followed in 

frail patients, radial access must be treated as a priority. 

 

Frailty (but not age alone) was also associated with increasing intimal calcification on 

VH IVUS imaging. This is the first study to show this association in patients with 

symptomatic cardiovascular disease and has wide ranging implications for both 

invasive treatment strategies in individual patients, and future research into vascular 

calcification, as previous studies demonstrating an increase in coronary calcium with 

age174 have failed to take frailty into account. Two previous studies have utilised CT 

calcium scoring to explore if there is an association between frailty and vascular 

calcification. The first recruited 42 institutionalised patients and classified them by Fried 

frailty status, excluding pre-frail patients222. They demonstrated no differences 

between robust and frail patients in coronary artery calcium score. However, this was 

a small study in asymptomatic patients, and CT calcium score measurement does not 
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discriminate between intimal or adventitial calcification. Indeed, the angiographic 

results presented here did not show any difference in calcification between frailty 

groups, suggesting that it is only intimal calcification that is associated with frailty. The 

second, larger study utilising CT calcium scoring recruited 374 asymptomatic men and 

again classified them according to Fried frailty status, but combined the robust and 

pre-frail groups223. They demonstrated that frail patients had a 53% increased 

prevalence of coronary artery calcification, which remained significant even after 

adjustment for traditional cardiovascular risk factors (prevalence ratio 1.27, 95% CI 

1.02-1.59, p<0.05)223. As these patients were asymptomatic, it may suggest that there 

is something about the frailty phenotype that is independently involved in causing 

coronary calcification, rather than the other way around. 

 

It seems intuitive that an increasing burden of coronary artery disease causes frailty. 

However, neither the angiographic nor the VH IVUS results presented here have 

shown that plaque burden or disease extent increases with frailty. Thus, the 

association of coronary calcification with frailty is not necessarily due solely to 

increasing burden of disease. There are several other plausible explanations. Firstly, 

coronary calcification may be a marker of subclinical vascular disease elsewhere in 

the body, thus decreasing overall physiological reserve without necessarily having 

overt clinical events (e.g. stroke, intermittent claudication). Idoate et al demonstrated 

greater femoral artery calcification in frail vs. robust nonagenarians, which was 

associated with lower bone mineral density and leg muscle mass and could, in turn, 

be associated with sarcopenia224. Secondly, plaque rupture and healing is known to 

be a process associated with inflammation225 and a state of chronic inflammation could 

lead to a systemic catabolic phenomenon leading to frailty. Our data did not show an 

association between frailty or calcification and hsCRP, but other inflammatory markers 

such as interleukin-6, myeloperoxidase and lipoprotein-associated phospholipase A2 

are worthy of investigation in future studies226, 227. Thirdly, frailty and coronary 

calcification may be mediated by a confounding factor such as vitamin D.  

 

In practical terms, coronary calcification matters when planning PCI. It often requires 

specialised kit and advanced techniques such as high maximum inflation pressures, 

cutting and scoring balloons, laser, rotational atherectomy and, more recently, 

intravascular lithotripsy, not all of which are available at all centres by all operators228. 

Knowing the frailty status of a patient would go some way to stratifying their risk of 
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coronary calcification prior to the procedure, allowing scheduling of the individual 

patient on an appropriate procedure list. Angiographic results presented here 

demonstrated that moderately calcified lesions had the highest residual %diameter 

stenosis post-PCI, leaving them at risk of adverse outcomes such as MI and repeat 

revascularisation, so adequate lesion preparation is paramount229. 

 

Although age and male sex were associated with increased atherosclerotic plaque 

burden on multi-modality imaging it is frailty, not age alone, that predicts coronary 

arterial calcification and poor outcomes following PCI for NSTEACS. 

 

5.4.2 Vulnerable Plaque In The Older Patient With ACS 

Due to the high-risk nature of the patient cohort examined in this ICON1 sub-study, 

there was a high prevalence of vulnerable plaque sub-types identified on intracoronary 

imaging. On VH IVUS, 45.4% of vessels imaged had a VH-TCFA present (more than 

double the prevalence of 21.6% in the PROSPECT study69) and, on OCT, 26.9% of 

vessels imaged had an OCT-TCFA present. However, there was significant 

discordance between imaging modalities in the identification of TCFA, both when using 

the standard definition of VH-TCFA53 or when measuring the overall burden of VH 

IVUS frames with VH-TCFA present. 

 

Several studies have shown a poor correlation between OCT-TCFA and VH-TCFA83, 

86, 87. As discussed previously, VH IVUS lacks the resolution to accurately identify the 

thin fibrous cap, and OCT lacks the penetration to accurately measure deep lipid pools. 

Increasing calcium (a particular issue in this cohort) may lead to false positives, as it is 

associated with increasing necrotic core, a key component in the decision tree for 

lesion classification. Microcalcifications can also lead to false positives on OCT83. 

Combining OCT and VH IVUS imaging is one method of improving diagnostic accuracy 

ex vivo87 but there are no commercially available in vivo catheters capable of this at 

present230. Although there was no correlation between burden of VH-TCFA and OCT-

TCFA, there was a non-significant trend towards higher LAPS in the presence of OCT-

TCFA (p=0.079). Refining this type of VH IVUS score may circumvent the need for 

combined imaging catheters. 

 

We found no association between the presence of TCFA on either imaging modality 

with markers of inflammation such as hsCRP. In previous studies, there has been 
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discord as to whether inflammatory markers such as hsCRP, interleukin-6 or pentraxin 

3 are associated with TCFA on VH IVUS or OCT115, 231-233. However, our results have 

shown that vulnerable plaque features identified on OCT did seem to be co-localised: 

OCT-TCFA, plaque rupture, thrombus, microchannels and ChC were all significantly 

correlated with each other, even in non-culprit arteries. This higher pancoronary 

vulnerability in patients with ACS has been reported in several previous 

studies124,234,140, suggesting that ACS is a syndrome of multi-focal instability throughout 

the coronary tree. Although one particular lesion is the culprit for an ACS event, the 

factors that have led to that lesion rupturing at that time are also responsible for the 

destabilisation of non-culprit lesions and subsequent progression of coronary 

atheroma.  

 

Specifically, we have demonstrated a strong association between microchannels and 

atheroma burden, and platelet count was the only factor independently associated with 

presence of microchannels. This is consistent with previous studies showing a higher 

prevalence in lesions of greater angiographic severity211 and an association with rapid 

angiographic progression of previously non-significant lesions, possibly by promoting 

inflammation and plaque haemorrahge/rupture135. 

 

Older patients with NSTEACS have a high prevalence of previously identified 

vulnerable plaque characteristics, and they may prove to be a valuable resource in 

future studies into potential plaque stabilisation therapies. However, the complexity of 

coronary disease in this population has exposed the limitations of current definitions of 

vulnerable plaque, in particular TCFA identification on VH IVUS, and further work is 

needed to refine this.  
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CHAPTER 6: RESULTS – Multi-Modality 

Assessment of Coronary Calcification 
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One of the striking features of the analysis of the pattern of plaque burden in older 

patients with ACS was the high burden of coronary calcification. This group of patients 

is therefore ideal to investigate the hypothesis that calcium plays an important role in 

the response to atheroma deposition in these patients. 

 

6.1 Angiographic Calcification 

 

In the univariate analysis of baseline patient characteristics, angiographic lesion 

calcification was correlated (p<0.25) with sex, frailty, NSTEMI, GRACE score, smoking 

status, family history of IHD, renal impairment, previous angina, CCF, and glucose 

level. These variables were entered into an ordinal logistic regression analysis and 

history of angina and being a current smoker (vs. never smoked) were demonstrated 

to be independent predictors of greater calcification (Table 6.1).  

 

 
Regression 

co-efficient 
Standard error P value 

Odds ratio 

(95% CI) 

No history of angina -1.433 0.463 0.002 0.239 (0.096, 0.591) 

Non smoker -1.291 0.555 0.020 0.275 (0.093, 0.817) 

Table 6.1 Multiple regression analysis for angiographic calcification 

 

Figure 6.1 demonstrates the association between angiographic lesion calcification and 

QCA measurements. Actual MLD increases at a greater rate (p<0.001) than the 

derived RD (p=0.003), so %stenosis initially decreases. However, this reaches a limit 

when calcification is severe so % stenosis starts to increase again (p=0.003). These 

results are similar to those demonstrated by Genereux et al in the pooled analysis of 

two major ACS trials: pre-PCI RD increased as calcification of the target lesion 

increased. They demonstrated that % diameter stenosis was similar between the 

no/mild calcification and moderate calcification groups, but increased as calcification 

became severe28. 
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Figure 6.1 Pre-PCI QCA measurements by lesion calcification 

There is a non-linear relationship between lesion calcification and severity of % stenosis. This is likely 

to be mediated by positive remodeling in the early stages of calcification. 

 

The procedure success was similar between calcification groups (no calcification: 

93.2%, mild: 91.7%, moderate: 82.4%, severe: 89.5%, p=0.624), but there was a 

significant difference in residual % diameter stenosis post-PCI (no calcification: 14.2%, 

mild: 17.0%, moderate: 23.1%, severe: 19.0%, p=0.014). This may suggest that 

moderately calcified lesions are stiffer and more resistant to stretching by PCI, or that 

heavily calcified lesions were more likely to be prepared better pre-stent e.g. by 

rotablation/laser/repeated balloon angioplasty. 

 

6.2 VH IVUS Dense Calcium 

 

Previous studies with VH IVUS have expressed concerns regarding the accuracy of 

measurement of NC in the presence of heavy calcification. Figure 6.3 demonstrates 

that %DC was strongly correlated with %NC (r=0.725, p<0.001). This association was 

also present when correlating angiographic calcification and %NC (p=0.004). This 

illustrates a major limitation of VH IVUS in accurately assessing heavily calcified 

arteries, as large areas of calcified plaque are a barrier to IVUS assessment of deeper 

regions due to acoustic shadowing.  

 

0.8

1.1
1.2

1.3

2.5

2.7 2.7
2.8

63.7

57.1

50.3

54.8

40

45

50

55

60

65

0.5

1

1.5

2

2.5

3

None Mild Moderate Severe

%
 s

te
n

o
si

s

m
m

Lesion calcification

MLD RD % Diameter Stenosis



117 
 

 

Figure 6.2 Association of %NC with %DC 

There was a strong linear association of DC and NC on VH IVUS, leading to overestimation of %NC in 

the presence of high calcification. 

 

In the univariate analysis of baseline patient characteristics, %DC was correlated 

(p<0.25) with frailty, GRACE score, family history of IHD, previous MI, atrial fibrillation, 

cerebrovascular disease, white cell count and vitamin D level. These variables were 

entered into a multiple linear regression analysis and increasing GRACE score, 

presence of atrial fibrillation, previous MI, and increasing vitamin D level were 

demonstrated to be independent predictors of higher %DC. Table 6.2 shows the output 

from the regression analysis. 

 

 
Regression 

co-efficient 

Standard 

error 
P value 

GRACE Score 0.113 0.037 0.003 

Atrial fibrillation 4.417 1.649 0.008 

Previous MI 5.494 1.547 0.001 

Vitamin D 0.088 0.025 <0.001 

Intercept -7.037 4.966 0.159 

Table 6.2 Multiple regression analysis for %DC 

 

When analysed by vitamin D category, there was a clear association between 

increasing vitamin D and %DC with a concomitant drop in %fibrous tissue (Figure 6.2). 

R=0.725 
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This association between increasing vitamin D and calcification held true even when 

discounting the 8 patients receiving vitamin D supplementation (p=0.005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Proportion of plaque components by vitamin D status 

Increasing vitamin D was associated with a decreasing proportion of fibrous tissue and an increasing 

proportion of NC and DC. Deficient n=25, insufficient n=38, sufficient n=28. 

 

The imaged vessels were then split into 3 equal tertiles by %DC: low (<9.4%), 

intermediate (9.4-16.7%) and high (>16.7%) calcification. Table 6.3 demonstrates that 

%DC was significantly associated with maximum stenosis, PAV and %VH-TCFA 

frames on IVUS, suggesting that calcification increases with overall burden, severity 

and complexity of atherosclerotic plaque. %DC on VH IVUS correlated well with 

angiographic calcification, although a proportion of vessels had significant amounts of 

calcium on VH IVUS but very little visible angiographically.  

 

There were 7 vessels that required complex PCI techniques (rotablation or laser 

atherectomy) in this cohort. All were vessels in the high %DC tertile (mean %DC in 

vessels with no complex PCI: 12.9 ± 8.3% vs. complex PCI: 25.3 ± 3.7%, p=0.044). 
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 Low %DC Intermediate %DC High %DC P value 

Angiography 

Vessel: 

 LAD, n (%) 

 Cx, n (%) 

 RCA, n (%) 

 

15 (25.9) 

21 (36.2) 

22 (37.9) 

 

24 (41.4) 

18 (31.0) 

16 (27.6) 

 

28 (48.3) 

14 (24.1) 

16 (27.6) 

0.155 

Culprit, n (%) 23 (39.7) 25 (43.1) 24 (41.4) 0.981 

Calcification: 

 None, n (%) 

 Mild, n (%) 

 Moderate, n (%) 

 Severe, n (%) 

 

16 (50.0) 

12 (37.5) 

2 (6.3) 

2 (6.3) 

 

10 (28.6) 

8 (22.9) 

7 (20.0) 

10 (28.6) 

 

6 (15.0) 

7 (17.5) 

9 (22.5) 

18 (45.1) 

*0.001 

Lesion complexity: 

 Type A, n (%) 

 Type B1, n (%) 

 Type B2, n (%) 

 Type C, n (%) 

 

5 (15.2) 

11 (33.3) 

11 (33.3) 

6 (18.2) 

 

1 (2.9) 

8 (23.5) 

20 (58.8) 

5 (14.7) 

 

2 (5.0) 

5 (12.5) 

25 (62.5) 

8 (20.0) 

0.090 

Procedure success, n (%) 23 (85.2) 29 (93.5) 27 (84.4) 0.515 

VH IVUS 

MLA, mm2 (IQR) 4.9 (2.7, 6.9) 5.1 (3.3, 6.4) 4.4 (3.4, 5.9) 0.488 

Maximum stenosis, % (IQR) 66.0 (53.0, 72.9) 67.0 (60.3, 76.1) 71.1 (62.4, 78.4) *0.036 

Remodeling index (IQR) 1.02 (0.93, 1.13) 1.04 (0.99, 1.11) 1.02 (0.95, 1.13) 0.507 

Percent atheroma volume (IQR) 41.7 (31.7, 47.5) 45.7 (36.2, 53.2) 52.3 (41.9, 57.8) *<0.001 

% frames VH-TCFA (IQR) 2.0 (0, 10.0) 5.1 (0.5, 16.2) 9.1 (4.2, 20.4) *<0.001 

OCT 

MLA, mm2 (IQR) 3.3 (1.7, 5.8) 2.8 (1.3, 4.0) 3.2 (2.2, 5.2) 0.526 

Minimum fibrous cap, µm (IQR) 76 (57, 92) 72 (57, 112) 94 (61, 140) 0.339 

% fibroatheroma frames (IQR) 39.7 (27.1, 100) 24.3 (7.5, 65.3) 60.9 (14.7, 100) 0.198 

% fibrocalcific frames (IQR) 45.7 (12.6, 100) 55.9 (38.1, 90) 86.6 (61.5, 100) 0.095 

Rupture, n (%) 3 (30.0) 2 (12.5) 4 (36.4) 0.347 

Macrophage, n (%) 6 (60.0) 7 (41.2) 6 (54.5) 0.706 

Microchannel, n (%) 4 (40.0) 5 (29.4) 7 (63.6) 0.216 

ChC, n (%) 1 (10.0) 8 (47.1) 2 (18.2) 0.113 

OCT-TCFA, n (%) 3 (30.0) 6 (37.5) 1 (9.1) 0.294 

Table 6.3 Association of %DC with other vessel characteristics 

 

The results from the angiographic sub-study suggested that there may be an 

association between calcification and vessel remodeling. Although there was no 

association of whole vessel %DC with RI, deeper analysis of the site of MLA in vessels 

with a stenosis ≥50% revealed a non-linear positive association between DC area and 

the RI (Figure 6.3). There was no relationship between %DC at the MLA and RI 

(R2=0.028, p=0.141). 
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Figure 6.4 Association of DC area at MLA with remodeling index 

Increasing DC area at the site of the MLA is associated with increasing RI in vessels with a maximum 

stenosis ≥50. The data was best fit by a quadratic curve, with severely calcified MLA sites more limited 

in their capacity to expansively remodel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R=0.363 

R2 quadratic = 0.132 

*p<0.001 
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6.3 Discussion 

 

6.3.1 Predictors Of Coronary Calcification 

The older population studied in ICON1 has given us a unique opportunity to investigate 

the pathophysiology of coronary artery calcification. Although calcification measured 

on angiography and VH IVUS were broadly associated with each other, they differed 

in terms of patient-level predictive factors and this may be due to the fact that 

angiographic calcification is a subjective “eyeball” assessment whereas the VH IVUS 

algorithm is arguably a more objective measurement. 

 

In terms of patient-level factors, previous angina or MI was a predictor of both 

angiographic and VH IVUS calcification, concurring with the pooled analysis of 2 large 

ACS studies, which demonstrated that previous IHD was associated with angiographic 

calcification (p=0.005)28. This lends further weight to the theory that calcification 

accumulates following coronary events due to plaque rupture and healing. There were 

no consistent cardiovascular risk factors that predicted coronary calcification, 

contradicting a large meta-analysis of >12,000 symptomatic patients (although not 

necessarily patients with ACS) that demonstrated that hypertension (OR 1.71, 

p<0.001) and diabetes (OR 1.34, p=0.03), but not smoking (OR 1.42, p=0.13) predicted 

the presence and extent of coronary calcification235. However, it may be that age and/or 

frailty attenuates these relationships such that they were not apparent in our smaller 

cohort size. 

 

Interestingly, vitamin D level independently predicted calcification on VH IVUS in this 

study. Zitterman et al proposed a biphasic dose-response curve between vascular 

calcification and vitamin D, with both low and high levels associated with adverse 

effects (Figure 6.5)236. Physiological levels of vitamin D may inhibit calcification 

through modulating inflammatory cytokines, with vitamin D deficiency leading to pro-

inflammatory activity that subsequently drives calcification, and hyper-vitaminosis D 

leading to increased free calcium and phosphate levels and vascular mineralisation. In 

contrast to this theory, the results presented here demonstrated a linear positive 

relationship between vitamin D and coronary calcification, although the majority of the 

patients were deficient/insufficient in vitamin D (69.2%), only 4 were supra-therapeutic 

(>100nmol/L) and results were not corrected for the time of year of vitamin D 

measurement. 
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Figure 6.5 Biphasic dose response curve for adverse effects of vitamin D 

Low vitamin D promotes arterial stiffness and calcification by increasing pro-inflammatory cytokines and 

metalloproteinases, whilst supra-therapeutic vitamin D has a direct effect on vascular calcification 

through hyperphosphataemia and hypercalcaemia. There may be an optimum level of vitamin D which 

has yet to be fully established. 

 

A recent systematic review of 10 studies found insufficient evidence to support an 

association between vitamin D level and the presence or severity of coronary artery 

calcification on CT237. Since then, two prospective studies have shown no association 

between vitamin D and CT coronary calcification238, 239, one study showed an inverse 

association in men only240, and two showed an inverse association in the whole 

cohort241, 242. However, these studies are all limited by the fact that they are small and 

often conducted in asymptomatic individuals, so the results may not be applicable to a 

“real-world” population. In addition, they have all utilised CT calcium scoring rather than 

invasive imaging. One study has evaluated coronary artery calcification on grayscale 

and VH IVUS and fibroblast growth factor 23, a regulator of vitamin D metabolism; it 

was associated with a non-significant increase in volume of DC on VH IVUS (p=0.063), 

but the %DC was not reported and the study excluded patients with ACS243. 

 

It has been postulated that vitamin D metabolism could be the mechanism linking frailty 

and coronary calcification. However, there was no difference in baseline vitamin D 

between frailty groups, which contradicts a large meta-analysis of >17,000 patients 

that demonstrated a significant association between vitamin D and frailty (pooled 

OR = 1.25, 95% CI = 1.14–1.37)244. The 7 studies analysed all utilised different 

definitions of both frailty and vitamin D insufficiency, and a subsequent prospective 

A
rt

e
ri

a
l 
s
ti

ff
n

e
s

s
 

V
a
s

c
u

la
r 

c
a
lc

if
ic

a
ti

o
n

 

Increasing vitamin D 

Pro-inflammatory 
cytokines 
 
Metalloproteinases 
 
 
 
Protective factors 
of endothelial cells 

Hyperphosphataemia 
 
Hypercalcaemia 



123 
 

longitudinal study has demonstrated that cardiometabolic disease in older women 

attenuates the association between vitamin D and frailty245.  

 

The results presented here have demonstrated that the effects of previously 

demonstrated patient-related risk factors for coronary calcification may be attenuated 

in older patients, with calcification in this cohort more strongly associated with previous 

coronary events. The association between vitamin D metabolism and vascular 

calcification, if there is one, is complex and requires further investigation with large 

scale prospective clinical trials before widespread supplementation is advised for 

patients. 

 

6.3.2 The Vascular Effects Of Coronary Calcification 

By utilising multi-modality intracoronary imaging, it has been possible to investigate the 

effects of increasing calcification on the coronary vasculature. In this study, 

calcification was positively associated with plaque burden, vessel remodeling and VH-

TCFA, consistent with A VH IVUS sub-study of a large registry of “all-comer” PCI 

patients demonstrating that %DC was positively associated with plaque burden and 

VH-TCFA246. A study utilising serial grayscale IVUS also demonstrated that coronary 

artery calcification was associated with increasing total atheroma burden, and that 

patients with more calcification were less likely to have a reduction in atheroma burden 

in response to medical therapies targeting cardiovascular risk factors247. This supports 

the conventional theory that atheromatous plaques calcify in response to a chronic 

rupture and healing process, and that this is the end-stage of plaque evolution. 

 

On angiography, moderate calcification was associated with the lowest degree of 

stenosis pre-PCI, and analysis of the VH IVUS data demonstrated that calcification at 

the site of MLA increased the RI in a non-linear fashion. As plaque burden increased 

linearly with calcification, the lesion diameter stenosis initially decreased as the vessel 

remodeled quicker than plaque accumulated, then increased as the positive vessel 

remodeling slowed and the plaque continued to accumulate. Although the best-fit curve 

for the association of DC and RI was a quadratic curve, suggesting that very severe 

calcification leads to negative remodeling of the vessel at some point, the 

measurement of RI in the presence of large amounts of calcification may be inaccurate 

due to difficulty in determining the border of the vessel EEM in the acoustic shadow of 

the calcium (Figure 6.6). The QCA-measured RD also increased with increasing 
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calcification, but it should be remembered that RD is not a direct measure of arterial 

dimensions but is a computer estimate of the vessel diameter at the maximum stenosis 

site derived by an iterative linear regression technique, and therefore cannot be utilised 

to directly calculate vessel remodeling248.  

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Acoustic shadow of calcium obscures the EEM border 

In the presence of severe calcification, precise tracing of the EEM border of the vessel in the acoustic 

shadow of the calcium is often problematic and could lead to inaccuracies in the derivation of the RI. 

Panel A demonstrates a heavily calcified eccentric plaque (red arrow) with the acoustic shadow 

obscuring the EEM border (yellow arrow). Panel B demonstrates extrapolation of the circumference of 

the EEM (green line) as the cross section of the artery is roughly ovoid. 

 

These findings are consistent with the few previous studies looking at coronary 

calcification and vessel remodeling. In a small study (n=15) of minimally calcified 

lesions, calcification was associated with plaque shrinkage and luminal enlargement 

during a 5 year follow up249. In an analysis of 138 patients with ACS (NSTEACS and 

STEMI), calcification on serial OCT and IVUS (baseline and 12 months) was 

associated with a reduction in the expansive remodeling capacity250. Glagov et al 

postulated that coronary arteries enlarge as atheromatous plaque develops as a 

mechanism to preserve lumen cross-sectional area in a study of 136 histological 

specimens of the LMS artery251. Our data has demonstrated that, as calcium 

accumulates and the artery becomes stiffer, its capacity to positively remodel 

decreases, EEM enlargement slows and the severity of stenosis increases. 

 

In addition, previous research has demonstrated that arteries with positive remodeling 

are more likely to harbour adverse plaque characteristics such as plaque rupture and 

massive thrombus formation122, OCT-TCFA and lipid-rich plaque252, 253, VH-TCFA and 

A B 
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necrotic core254, 255, and thinning of the fibrous cap of the plaque on OCT253, 256. A 

positive RI was also shown to be predictive of troponin positive ACS culprit lesions in 

a study of VH IVUS in 70 patients257. Deposition of significant amounts of calcium may 

help to stabilise these plaques despite increasing the overall plaque burden, potentially 

reducing the risk of adverse cardiovascular events.  

 

It has been proposed that plaque vulnerability and risk of plaque rupture is modulated 

by accumulation of calcium in the vessel. A sub-analysis of VH IVUS data from the 

VIVA study in lesions with plaque burden ≥40%, plaque structural stress (PSS) was 

calculated using 3D reconstructions258. PSS increased with increasing calcification 

until it plateaued or even reduced with severe calcification258. It is postulated that PSS 

is highest at sites of interface between plaque components with different levels of 

stiffness i.e. calcified and non-calcified plaque259. As spotty calcium is deposited, the 

number of interfaces initially increases, increasing the PSS, but coalescence of areas 

of calcium in the latter stages of plaque formation leads to a decrease in the interface 

area and consequent stabilisation of the lesion (Figure 6.7)259. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Relationship between calcium surface area and total mass  

In the early stages of calcification, discrete depositions of calcium have an increasing surface area and 

therefore an increasingly adverse effect on plaque structural stress. As the calcium deposits coalesce, 

the surface/interface area decreases with a corresponding decrease in the propensity for the plaque to 

rupture. Adapted from Abedin et al259 

 

Murray et al delved further into this relationship by looking for “blueprints” associated 

with plaque vulnerability and spotty calcification. They calculated a “calcified interface 

area” (CIA = 
𝑁𝐶+𝐷𝐶
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 ) as a mathematical surrogate for the interface between DC and 
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NC, and demonstrated that ACS culprit lesions had a higher CIA at the MLA site than 

stable plaques (5.38 ± 2.72 vs. 3.58 ± 2.26, p=0.001)257. There was a trend towards a 

positive correlation between CIA and remodelling index (p=0.07) but only in stable 

plaques257. However, we have demonstrated a strong linear relationship between DC 

and NC that is, in part, artefactual due to acoustic shadowing behind heavy 

calcification. In the presence of significant calcium, relying on ratios of plaque 

components to identify spotty calcification is therefore too simplistic. Joshi et al defined 

microcalcifications on VH IVUS as “spotty calcification in the absence of acoustic 

shadowing on 3 consecutive frames” and demonstrated that they were associated with 

high risk plaques in patients with stable angina (73 vs. 21%, p=0.002). A consistent 

definition of “spotty calcification” is required if future studies are to unpick the 

relationship between the deposition of calcium and the vulnerability of the plaque to 

rupture and cause adverse events.  

 

In addition to modulating lesion vulnerability, the pattern of plaque calcification has also 

been shown to influence the haemodynamic significance of the lesion. In a grayscale 

IVUS study of 70 coronary lesions in patients with stable angina and ACS, FFR was 

negatively correlated with the maximal thickness of calcification and calcification 

angle260. In addition, superficial calcification was associated with negative remodeling 

but deep calcification was associated with positive remodeling260. The relationship 

between the severity of coronary artery stenosis (measured by QCA) and 

haemodynamic significance (measured by FFR) is also influenced by the degree of 

coronary calcification, with no association between degree of stenosis and FFR in 

patients with heavy calcification261. It is clear that, not only is the amount of calcification 

important in predicting the haemodynamic significance of a lesion, but the geometry 

and location of the calcium plays an additional role, possibly by affecting arterial wall 

compliance.  

 

Although analysis of this patient cohort has yielded significant results, caution must be 

used when interpreting VH IVUS measurements in the presence of high calcification. 

In particular, the potential for the misclassification of NC could be a factor in the 

association of %DC with VH-TCFA seen here, and therefore the over-reporting of VH-

TCFA overall. A study utilising both NIRS and VH IVUS to characterise plaques 

demonstrated no correlation between %NC and lipid index by NIRS in calcified plaques 

(as NIRS assesses the chemical composition of plaque, measurement of lipid index is 
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not affected by calcification)91. Sales et al demonstrated that, when stent struts were 

used to simulate calcium, there was a linear increase in measured NC on VH IVUS262. 

This linear relationship suggests that it may be possible to mathematically correct for 

this overestimation. Masking algorithms have also been shown to improve the 

accuracy of VH IVUS classification behind calcified plaques94. 

 

These results demonstrate that the progressive deposition of calcium within coronary 

plaque results in dynamic positive remodeling of the vessel, initially preserving or even 

increasing the lumen size before increasing plaque burden subsequently encroaches 

on the lumen. Lesions with a moderate amount of calcium may be at highest risk of 

rupture and subsequent adverse events, as they have a high interface area between 

calcium and other plaque components, leading to an increase in shear stress at these 

sites. 
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CHAPTER 7: RESULTS – Primary Outcomes at One Year 
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The primary aim of the ICON1 study was to describe the patient-level predictors of 

adverse outcomes at one year following NSTEACS in older patients. This thesis 

focusses on investigating the coronary plaque phenotypes associated with adverse 

outcomes in this patient group. 

 

7.1 Major Adverse Cardiovascular Events 

 

In total, there were 19 MACE in 17 patients: 3 deaths, 5 ACS, 2 unplanned 

revascularisations (both had already re-presented with ACS: one received PCI to an 

acute stent thrombosis in culprit vessel, and one had a CABG for severe ISR in culprit 

and non-culprit vessels), 1 stroke and 8 bleeding events. All bar one of the bleeding 

events were BARC grade 2 (the other was grade 3). Median follow up time was 364 

days (IQR 355 to 369 days) and there were no patients lost to follow up. Only 2 MACE 

occurred in the OCT sub-group therefore the association of adverse outcomes with 

plaque characteristics on OCT is not reported here due to lack of statistical power. 

 

Figure 7.1 details the Kaplan-Meier curves for the association of MACE at 1 year with 

age (Figure 7.1A), sex (Figure 7.1B) and frailty (Figure 7.1C). There were no 

differences in survival between any of these patient-level factors in this cohort. 
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Figure 7.1 Kaplan-Meier curves of MACE by patient-level factors 

 

Figure 7.2 displays the Kaplan-Meier curves for the association of MACE with 

angiographic and VH IVUS findings. There were no differences in adverse outcomes 

at one year between groups when classified by baseline SYNTAX score (Figure 7.2A), 

SYNTAX Revascularisation Index >70% (Figure 7.2B), overall %NC (Figure 7.2C), 

presence of VH-TCFA in a non-culprit vessel (Figure 7.2E), or presence of a high 

LAPS in a non-culprit vessel (Figure 7.2F). However, the intermediate %DC group was 

at significantly higher risk of MACE than either the low or high %DC groups (Figure 

7.2D).  

 

 

Log rank 

p=0.426 
Log rank 

p=0.464 

Log rank 

p=0.668 

A) MACE event rate by age B) MACE event rate by sex 

C) MACE event rate by frailty 
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Figure 7.2 Kaplan-Meier curves of MACE by vessel-level factors 

Log rank 

*p=0.044 

D) MACE event rate by overall % DC tertile 

Log rank 

p=0.780 

A) MACE event rate by SYNTAX Score 

Log rank 

p=0.736 

B) MACE event rate by SRI C) MACE event rate by overall %NC tertile 

Log rank 

p=0.546 

Log rank 

p=0.531 

F) MACE event rate for LAPS >6 in 

non-culprit vessel 

Log rank 

p=0.291 

E) MACE event rate for non-culprit 

VH-TCFA 
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Table 7.1 summarises the clinical outcomes at 1 year when stratified by %DC and 

demonstrates that the increase in adverse outcomes in the intermediate calcification 

group was driven by rehospitalisation for ACS.  

 

 Low 

N=21 

Intermediate 

N=38 

High 

N=25 

P value 

Composite MACE, n (%) 2 (9.5) 12 (31.6) 3 (12.0) *0.044 

All-cause mortality, n (%) 0 2 (5.3) 1 (4.0) 0.523 

ACS, n (%) 0 5 (13.2) 0 *0.043 

Stroke, n (%) 0 1 (2.6) 0 0.477 

Bleeding, n (%) 2 (9.5) 4 (10.5) 2 (8.0) 0.879 

Unplanned revascularisation, n (%) 0 2 (5.3) 0 0.269 

Table 7.1 Clinical outcomes at 1 year by overall proportion of dense calcium 

 

Results from the PROSPECT, VIVA and ATHEROREMO-IVUS studies consistently 

demonstrated that the combination of MLA ≤4mm2 + plaque burden ≥70% + presence 

of VH-TCFA was associated with adverse outcomes69-71. However, when combining 

these variables in this cohort (Figure 7.3), there were no differences in outcomes at 1 

year. This persisted even when only taking into account non-culprit lesions (log rank 

p=0.473), or non-culprit lesions that were not intervened on (log rank p=0.101), 

although there were only 4 non-culprit lesions (4.8%) that had this combination of 

plaque characteristics and did not undergo PCI (similar to the prevalence in 

PROSPECT of 25 lesions [4.2%]69).  
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Figure 7.3 MACE event rate for all lesions with MLA ≤4mm2 + plaque burden 

≥70% + VH-TCFA 

 

7.2 Discussion 

 

There was a consistently low adverse event rate at one year in older patients 

undergoing PCI for NSTEACS. The lack of difference in MACE between patient-level 

factors such as age, sex and frailty (factors that have previously been shown to be 

associated with poorer prognosis post NSTEACS14, 21, 202) is likely to be due to patient 

selection bias in this small, and largely homogenous, cohort. Indeed, results from the 

full ICON1 patient cohort (both invasive and non-invasive sub-studies, n=279) 

demonstrated that increasing frailty was associated with MACE and greater unplanned 

hospitalisations at 1 year (although not in-hospital or at 30 days)220.  

 

Utilising angiography and radiofrequency intravascular ultrasonographic imaging, we 

have also shown that previously identified lesion-related risk factors such as SYNTAX 

score, SYNTAX revascularisation index, lipid burden and VH-TCFA are not associated 

with MACE at one year in this cohort. Moreover, a previously validated scoring system 

designed to identify “active” plaque, LAPS64, was also not associated with adverse 

outcomes. However, moderate total vessel %DC was associated with higher MACE 

than either low or high calcification, adding weight to the theory that it is these 

Log rank 

p=0.721 
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intermediate lesions that are highest risk. The event rate in this group was primarily 

driven by an excess of rehospitalisation for ACS. 

 

There could be multiple mechanisms by which moderate calcification is associated with 

adverse events. Firstly, although procedural success was similar between VH IVUS 

calcification tertiles (Table 6.3), the angiographic sub-study results demonstrated that 

moderately calcified lesions had a higher residual % diameter stenosis post-PCI than 

none/mildly and severely calcified lesions. Thus moderate/intermediate calcified 

lesions may not be prepared adequately prior to stenting (perhaps due to the perceived 

risks of using complex interventions such as rotablation/laser in an older patient 

cohort), and therefore may be at higher risk of restenosis and subsequent coronary 

events. Indeed, in a large analysis of outcomes stratified by angiographic calcification, 

moderate calcification was significantly associated with definite stent thrombosis at 1 

year (no/mild calcification: 1.7% vs. moderate: 2.9% vs. severe: 1.9%, p=0.01)28. As 

well as stent under-expansion, residual calcification following preparation of the lesion 

can be associated with structural damage during stent delivery, with stripping of the 

polymer from the drug eluting stent263. 

 

Secondly, the relationship between moderate calcification and high PSS has already 

been discussed here, and our results support the theory that high levels of calcification 

in the coronary tree could stabilise lesions and lower the risk of adverse events. Thirdly, 

a large retrospective study of patients with ACS demonstrated the association of 

coronary calcification and increased risk of major bleeding after PCI264. As well as 

calcification of the coronary arteries, it is expected that other peripheral arteries such 

as the femoral and radial arteries also undergo the same calcification, thus increasing 

the risk of bleeding from the access site265. In addition, the need for advanced PCI 

techniques such as rotablation in highly calcified lesion, and thus potentially more 

potent anti-thrombotic and anti-platelet regimens, further increases the risk of bleeding.  

 

The results presented here contrast previous prospective studies utilising VH IVUS to 

predict adverse outcomes in patients with ACS, which demonstrated that the 

combination of small lumen area, large plaque burden and the presence of VH-TCFA 

was associated with adverse events at one year69-71. However, there were only 4 

(4.8%) lesions with this combination in non-culprit arteries that did not receive PCI 

during the index admission. This may suggest that a policy of full revascularisation at 
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the time of PCI after NSTEACS negates the adverse effect of these previously 

identified vulnerable lesions, although a large RCT would be needed to test this 

hypothesis. Moreover, the pitfalls of TCFA identification on VH IVUS in a population 

with complex coronary disease have been discussed here previously and this lesion 

phenotype is simply not an accurate predictor of adverse outcomes in the real world. 

 

In an older, real-world population with NSTEACS, it is moderate calcification that was 

associated with the highest risk of adverse outcomes at one year, rather than 

“vulnerable” TCFA that have been identified in previous prospective studies .  
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CHAPTER 8: FINAL SUMMARY AND CONCLUSIONS 
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8.1 Final Summary 

 

The results presented in this thesis demonstrate for the first time that recruitment of 

older patients to a study of invasive coronary imaging is safe, feasible, and has a high 

yield of advanced plaque phenotypes to study the pathophysiology of coronary disease 

following NSTEACS. We performed a comprehensive assessment of the pattern and 

burden of coronary plaque in this cohort, and identified that moderate coronary 

calcification is associated with adverse outcomes. 

 

8.1.1 Engaging Older Patients In Invasive Cardiovascular Research Is A 

Positive Experience  

The recruitment rate reported in this study was high and compared favourably to 

previous observational studies in community populations in this age group36. Overall, 

69.8% of patients consented after being approached and 33.2% of those were suitable 

for invasive imaging. 80.6% of anatomically suitable vessels were successfully imaged 

with VH IVUS and 74.7% with OCT. There was only one adverse event attributable to 

intracoronary imaging, concordant with the safety profile reported previously194, 195.  

 

Three-vessel intracoronary imaging in an older cohort does present challenges to the 

researcher due to issues in delivering the catheters through tortuous and calcified 

arteries, and the total length of coronary artery imaged here was lower than in previous 

3-vessel intracoronary imaging studies (e.g. 105.2mm on VH IVUS vs. 165.9mm in the 

older cohort in PROSPECT174). However, the majority of proximal arteries were 

imaged and the results presented focus on overall burden of plaque phenotypes rather 

than presence or absence of one lesion sub-type. The population studied were a “real-

world” population that are encountered every day in the coronary catheter laboratory, 

and exclusion co-morbidities were minimised to accurately reflect this. 

 

This body of work endeavoured to adhere to the PREDICT charter for research in older 

patients, paving the way for more individualised clinical decision-making in this cohort. 

Older age should not preclude enrolment in future studies of coronary pathophysiology 

and, indeed, should be encouraged as this population is enthusiastic about 

participating in research and have a lot to offer in terms of progressing the 

understanding of advanced coronary atherosclerosis. 
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8.1.2 Increasing Burden Of Atheroma Is Associated With Age And Male Sex, But 

Frailty Is Associated With Changes In Plaque Composition 

With increasing age, the angiographic severity and complexity of coronary disease did 

not change, but older patients were more likely to undergo multi-vessel PCI (<79 years: 

10% vs. 79-82 years: 39.4% vs. >82 years: 39.3%, p=0.016). Overall PAV on IVUS 

increased with age (42.7 ± 11.4% vs. 43.4 ± 10.9% vs. 50.0 ± 8.9%, p<0.001) and 

there was an increasing burden of advanced lesion phenotypes such as VH-TCFA 

(5.7% vs. 9.3% vs. 14.1% p<0.001). Men had a higher burden of coronary disease 

than women when measured by number of lesions (3 [2,3] vs. 2 [1,3], p=0.045), 

SYNTAX score (13 [9,23] vs. 9 [5,17], p=0.037), and PAV (47.6 ± 10.4% vs. 41.7 ± 

10.8%, p<0.001). This would suggest that at no age does the accumulation of coronary 

plaque cease to increase, with women lagging around 10 years behind men in the 

incidence of cardiac events266.  

 

It has been postulated that this consistent deposition of coronary plaque with ageing is 

regulated by a reduction in the repair mechanisms critical in maintaining arterial 

homeostasis in the face of cardiovascular risk factors. In an apolipoprotein-E deficient 

(hyperlipidaemic) mouse model, the capacity of bone marrow-derived progenitor cells 

to repair damaged arteries was reduced with ageing and atheroma deposition began 

with the loss of repair capacity rather than with onset of hyperlipidaemia267, 268. 

Senescent cells may also secrete cytokines, matrix metalloproteinases and other 

inflammatory biomarkers, which propagate the development of atherosclerosis269. 

Genetic factors that occur with ageing such as telomere shortening270 or development 

of clonal haematopoiesis of intermediate potential271 may contribute to the ongoing 

deposition of plaque via their association with inflammation and oxidative stress. 

 

Interestingly, neither age nor sex were associated with a difference in the proportion 

of plaque components, but frail patients had a higher burden of calcified plaque on VH 

IVUS (robust: 13.7%, vs. pre-frail: 13.0% vs. frail: 17.7%, p=0.018). This is the first time 

that this association has been demonstrated on invasive imaging and risk-stratification 

by frailty may therefore aid decision-making prior to PCI. Frailty was not associated 

with an increase in plaque burden or disease severity, suggesting that the association 

of calcification with frailty is not necessarily mediated by increasing burden of disease, 

but could be related to external factors such as vitamin D metabolism or chronic 

systemic inflammation. 
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Adverse features on OCT such as plaque rupture, microchannels, cholesterol crystals 

and TCFA were clustered together in vessels, suggesting that these features develop 

in tandem and may be representative of increased overall coronary vulnerability. 

Indeed, 36.4% of plaque ruptures seen in this study were in non-culprit arteries. A 

recent study utilising NIRS and OCT demonstrated the association of inflammatory 

CD14++CD16+ monocytes, previously shown to be associated with acute MI, with 

fibrous cap thickness, OCT-TCFA and thrombus272. A French study demonstrated that, 

in the immediate aftermath of an acute MI, 10% of patients had evidence of two areas 

of myocardial necrosis (one in a region not attributable to the culprit lesion) on magnetic 

resonance imaging (MRI) and, in 3.8% of patients, this corresponded to a coronary 

vessel with normal flow273. Thus, pancoronary instability in NSTEACS may be related 

to a systemic inflammatory process and contribute to accelerated accumulation of 

coronary atheroma through repeated rupture and healing of plaques.  

 

8.1.3 Moderate Coronary Calcification Is Associated With Positive Remodeling 

And Adverse Outcomes 

The high burden of coronary calcification in our cohort provided an invaluable 

opportunity to investigate the causes and effects of this important plaque component. 

Calcification on angiography and VH IVUS was associated with previous coronary 

events such as angina and previous MI, and with PAV (low %DC: 41.7%, vs. 

intermediate %DC: 45.7%, vs. high %DC: 52.3%, p<0.001), which would suggest that 

calcification accumulates with repeated plaque rupture and healing. Calcification was 

also independently associated with vitamin D in a positive linear fashion (VH 

IVUS %DC: β=0.088, p<0.001), in contrast to previous theories suggesting a biphasic 

association between vascular calcium and vitamin D236.  

 

Increasing calcification was initially associated with a reduction in the %diameter 

stenosis on angiography (p=0.003), likely mediated by a high rate of positive 

remodeling that slowed with severe calcification (R=0.363, p<0.001). Thus, moderate 

levels of calcification at the MLA site were associated with the highest RI. Previous 

studies have demonstrated that these moderate levels of calcium are deposited in a 

“spotty” fashion, increasing the number of interfaces between calcium and soft plaque 

and subsequently increasing shear stress across the lesion258. As well as facilitating 

positive remodeling to preserve lumen area, this turbulent flow may increase the rate 
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of damage to the vessel wall and, with impaired repair mechanisms unable to keep up 

with this, lead to a greater burden of atheroma and high risk plaque. 

 

Consistent with this theory, patients with moderate levels of overall coronary 

calcification had a higher MACE rate at 1 year (low: 9.5% vs. moderate: 31.6% vs. high 

12.0%, p=0.044), driven by an excess of repeat hospitalisation for ACS. This may also 

be partly due to the fact that these moderately calcified lesions had a higher 

residual %diameter stenosis post-PCI (23.1% vs. no calcification: 14.2%, mild 

calcification: 17.0%, severe calcification: 19.0%, p=0.014), a risk factor for restenosis.  

 

In a large registry of histological specimens, there was a clear relationship between 

plaque morphology and radiographic calcification (erosions: predominantly none, 

ruptures: predominantly speckled calcium, healed ruptures: predominantly blocks of 

diffuse calcification)274. However, there are no current consistent definitions of “spotty 

calcification” on in vivo coronary imaging. Utilisation of ratios of NC and DC on VH 

IVUS to derive a calcified interface area257 is limited by the impact of heavy calcification 

on over-measurement of NC. Observation of calcification without acoustic shadow on 

IVUS92 merits further investigation. OCT is probably best placed to identify small 

deposits of calcium within the vessel wall but could still be missed if located behind 

deep lipid pools. Frequency of spotty calcification on OCT (defined as length <4mm 

and arc <90o) was not significantly different in one study of patients with STEMI vs. 

stable angina275 but was higher in ruptured vs. non-ruptured culprit plaques in another 

study of patients with ACS276. To date, there have been no studies investigating spotty 

calcification on OCT with adverse patient outcomes after ACS, with previous research 

focussing on TCFA as the main vulnerable plaque phenotype, and we would argue 

that this is certainly warranted in light of the findings presented here. 

 

8.1.4 Clinical Relevance 

Due to the nature of the real-world population studied in this thesis, the results are 

applicable and very relevant to day-to-day practice in the coronary catheter laboratory. 

There is still a reluctance amongst interventionists to adopt an early invasive strategy 

in older patients with NSTEACS, possibly due to perceived risks or difficulty of the 

procedure in this groups. However, we have demonstrated a high angiographic 

success rate in the whole cohort (90.4%) and a low adverse event rate at 1 year 

(20.9%) confirming previous studies demonstrating that an early invasive strategy in 
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older patients with NSTEACS is not only safe but also potentially superior to 

conservative therapy22-24. This should serve to reassure operators that this group of 

high-risk patients really do have the most to gain from PCI following NSTEACS.  

 

Frailty is known to be a risk factor for adverse outcomes following NSTEACS and this 

may be related to procedural and anatomical factors identified in this work. Femoral 

access was far more common in frail patients (robust: 4%, vs. pre-frail: 2% vs. frail: 

26.7%, p=0.006) and is a well-recognised determinant of bleeding complications 

following PCI. Increasing frailty was also associated with increasing coronary 

calcification (robust: 13.7% vs. pre-frail: 13.0% vs. frail: 17.7%, p=0.018), another 

factor associated with adverse outcomes264. A simple frailty assessment of older 

patients prior to PCI would allow the operator to risk-stratify and plan in advance for 

the use of complex PCI techniques such as rotablation and laser atherectomy, as well 

as prioritising radial arterial access. Greater use of left radial access following failure 

of right radial puncture may reduce the procedural risk for these vulnerable patients.  

 

The identification of moderate calcification as a predictor of poorer angiographic results 

post-PCI and adverse outcomes at 1 year is of high clinical importance. Whilst vessels 

with severe calcification were more likely to be prepared with advanced PCI techniques 

(all 7 vessels that underwent complex PCI were in the high %DC tertile), moderately 

calcified lesions were not and stents deployed in these lesions may have been less 

well expanded and therefore at risk of stent thrombosis and restenosis. The results 

presented here have demonstrated that the use of IVUS or OCT in this cohort is safe 

and feasible and therefore these technologies could be used pre and/or post-PCI to 

optimise results.  

 

The majority of previous research into vulnerable plaque in ACS has focussed on 

therapies aimed at stabilising TCFA. However, there was discordance between OCT 

and VH IVUS in the identification of TCFA in this study, and they were not associated 

with adverse outcomes at 1 year, suggesting that it may not be clinically useful to 

attempt to identify these in the real world. Moderate spotty calcification may be the true 

vulnerable plaque phenotype in older patients with NSTEACS and future research 

needs to be directed at understanding the pathological mechanisms behind this. 
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8.2 Strengths and Limitations 

 

The main strength of this study lies in the population recruited. It is the first study of 

invasive coronary imaging to exclusively recruit older patients with ACS and complex 

coronary disease, a group that have been excluded from previous similar studies. 

However, the extent to which the results of this study can be generalised to all older 

people with ACS is limited. The study was an observational cohort study rather than 

an RCT and the strategies employed to yield the high recruitment rate may therefore 

not be applicable to the latter. In addition, the population screened was relatively small, 

from a single geographical area, and the majority of study participants were male 

(63.7%) despite efforts to recruit more women. The prospective patients in ICON1 had 

already been selected by cardiologists at district general hospitals to be fit for referral 

for PCI, and we may therefore have been recruiting from a more robust and motivated 

pool of patients. Furthermore, the median delay of 5 days from index presentation to 

intravascular imaging may have had an impact on plaque composition, lesion 

characteristics, and patient outcome. However, we believe that the cohort studied here 

is representative of older patients receiving contemporary invasive treatment for of 

ACS in the United Kingdom. 

 

Although a number of univariate analyses are presented here, the power calculation 

performed prior to the study commencement was to evaluate the association of TCFA 

with 1 year outcomes only. In addition, the actual adverse event rate of 20.9% is lower 

than the assumed rate of 28% and therefore is underpowered with respect to 

outcomes. The small number of adverse events also precluded multivariate regression 

analysis. Therefore, the results presented here should be viewed as exploratory 

findings only to provide a basis for further research. However, a strength of the 

statistical analysis is the use of a linear mixed-effects model to account for the 

covariance of the data, something that has not always been accounted for in previous 

studies utilising a mix of patient-level, vessel-level and lesion-level measurements. 

 

A further limitation of the invasive imaging protocol was that the VH IVUS and OCT 

pullbacks in each coronary artery were not co-registered therefore may not represent 

the same stretch of artery. This was often due to the practical difficulties in delivering 

both imaging catheters to the same location in the artery, given their different size and 

deliverability. Thus, direct comparison of the VH IVUS and OCT results (e.g. for 
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identification of an individual TCFA) is not feasible and the results presented for each 

technology should be viewed as complementary rather than interchangeable. Even if 

the EEP catheter was successfully delivered through vessels with heavy calcification 

or tortuosity, it was prone to “jumping” or “sticking” within lesions and therefore some 

pullbacks required repeating or removal from the study due to poor quality. 

 

In contrast to the PROSPECT and ATHEROREMO-IVUS studies, intravascular 

imaging in this study was performed in both culprit and non-culprit arteries prior to PCI. 

This has allowed a more complete study to be made of the intracoronary pathology of 

NSTEACS in older patients. Moreover, we have been able to correlate our 

intravascular findings with a comprehensive assessment of angiographic data for each 

patient. However, these analyses were done several days after the index event 

(median time to angiography from event was 5 days) and therefore we cannot say for 

certain that we have captured the true picture of plaque physiology at the time of acute 

coronary event. In addition, we only have data for all-cause mortality and therefore 

cannot comment specifically on cardiac death. 

 

The limitations of VH IVUS and OCT in identifying the plaque components measured 

here are well described. VH IVUS lacks the resolution to identify the thin cap of a 

vulnerable plaque, and OCT lacks the penetration to quantify deep lipid. Confounding 

factors such as thrombus (common in the setting of NSTEACS) can make identification 

of the border of the lumen difficult on both technologies, and the acoustic shadow of 

calcium on VH IVUS can obscure the EEM border. Although the reported intra-

observer variability in plaque component quantification was excellent (with <5% 

variability in fibrous tissue, NC and DC measurements), previous research has 

demonstrated that this may still represent large absolute measurement errors196. In 

addition, these limitations are compounded by the overall heavy burden of calcification 

in the arteries imaged, leading to overestimation of the NC component on VH IVUS 

and subsequent high false positive rate of diagnosis of VH-TCFA. However, the 

accuracy of calcium identification on VH IVUS is the highest of all four plaque 

components44, 49 and therefore, despite all the limitations of the technology, the main 

results presented here remain robust.  
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8.3 Future Directions 

 

Clinical application of intracoronary imaging techniques such as VH IVUS and OCT in 

identifying vulnerable plaque phenotypes at the time of PCI is currently limited by the 

time consuming manual frame-by-frame data interpretation. The current automated 

analysis systems only provide information on the area and percent of each plaque 

component, and only then once the lumen and vessel borders have been manually 

defined (the automated detection of the borders is inaccurate). Papaioannou et al 

devised a novel automated computational system in Java that calculated not only the 

area and percent of each plaque component, but also the number of solid segments 

of each component within the plaque and their relationship to the lumen border (Figure 

8.1)277. Although they did not validate this system against conventional manual 

analysis, and excluded plaques with heavy calcification, it provides hope that 

automated detection of TCFA and spotty calcification may be possible in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 Varying features of a plaque component’s distribution on VH IVUS 

In plaques with the same area and % of a plaque component (e.g. DC or NC), there can be differing 

dispersities and relationships to the lumen border that may be quantifiable on automated analysis277. 

Panel A: Greater dispersity, with the plaque component scattered within the plaque at many discrete 

areas e.g. spotty calcification. 

Panel B: Lesser dispersity, with the component concentrated in a few areas e.g. advanced calcification. 

Panel C: Superficial plaque component, adjoined to the lumen border e.g. VH-TCFA. 

Panel D: Deep plaque component, with none in contact with the lumen border. 

 

This study confirms that moderate calcification is a high-risk plaque phenotype but 

previous VH IVUS studies looking for spotty calcification are flawed due to the 

A B 

C D 
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definitions used. A universal definition of this term is urgently called for, whether it is 

an objective automated measurement of the surface area of the calcium or a subjective 

observation of calcification without acoustic shadow. This would then allow correlation 

of this vulnerable plaque phenotype with markers of cellular senescence, inflammation 

or novel genetic regulators such as micro-RNAs, ultimately enabling development of 

prognostic markers or therapeutic targets. For example, proprotein convertase 

substilisin/kexin type 9 (PCSK9), a regulator of low-density lipoprotein receptors, has 

been shown to be associated with increased NC and DC, but not TCFA, independently 

of serum cholesterol level278. The advent of PCSK9 inhibitors opens the door for a 

longitudinal study of coronary calcification, PCSK9 levels and the effect of inhibition. 

 

Non-invasive imaging technologies such as CT and MRI are becoming increasingly 

popular as research tools as they do not carry the same risk as invasive intracoronary 

imaging. When combined with positron-emission tomography, it is possible to 

simultaneously assess both plaque activity and morphology in coronary and carotid 

arteries92, 279, 280. This could prove to be valuable in assessing coronary vulnerability in 

patients currently perceived to be unsuitable for invasive angiography, a group who 

were not included in the current study. 

 

Although our study did not directly compare early invasive to conservative 

management in older high-risk patients with NSTEACS, the results demonstrated that 

this strategy was safe, successful and led to a low rate of MACE in this cohort. The 

British Heart Foundation SENIOR-RITA trial aims to investigate whether invasive or 

conservative management is superior in older patients with NSTEACS, with particular 

focus not only on MACE but on frailty, cognition, quality of life and service utilisation214. 

Future cardiovascular research in older patients should be mindful of including 

outcome measures relevant to this population such as these.  

 

8.4 Conclusions 

 

This thesis has established that the recruitment of older patients to complex and 

invasive cardiovascular research is feasible, and that this group is an under-valued 

resource in the investigation of the pathophysiology of advanced coronary disease. 

Even in these high-risk patients, PCI after NSTEACS is safe, successful and 

associated with a low rate of MACE at 1 year, and it is hoped that this will encourage 
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cardiologists not to discriminate on age alone when deciding when to refer for PCI. At 

no age does the accumulation of coronary plaque plateau but it was frailty, not age 

alone, which was associated with increased intracoronary calcification. This calcium is 

not an inert plaque component, but actively shapes vessel remodeling and its 

subsequent vulnerability to coronary events. Moderate coronary calcification had the 

highest risk for adverse outcomes at 1 year, driven by recurrent ACS, suggesting that 

these patients may derive greater benefit from an aggressive invasive strategy at the 

outset.  
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Appendix A – ICON1 Study Case Report Form 

 

 

 

 

 

 

 

A Study to Improve Cardiovascular Outcomes 
in High Risk PatieNts with Acute Coronary 

Syndrome. 
 

 ICON 1 Study 
Case Report Form 
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DOB _________________________ 

Gender  Male  Female  

Date of PCI         /       / 

Time from presentation to PCI  _________________________ 

NSTEMI  Yes  No  

UA  Yes  No  

STEMI  Yes  No  

Single Vessel-PCI  Yes  No  

Multivessel PCI  Yes  No  

LAD  Yes  No  

RCA  Yes  No  

CX  Yes  No  

SVG  Yes  No  

Culprit vessel LAD  Cx  RCA  

No. of stents  _________________________ 

Arterial Access  _________________________ 

Guide catheter size 5F  6F  7F  8F  

Contrast volume  _________________________ 

Radiation dose  _________________________ 

Duration of PCI  _________________________ 

Complications during PCI procedure  Yes  No  

 Please specify: _________________________ 

On admission to DGH: 

 Heart rate  _________________________ 

 Blood pressure  _________________________ 

 Creatinine  _________________________ 

 Killip class  _________________________ 

Any ST segment changes on ECG? Yes  No  

On a statin at admission to DGH? Yes  No  

List of medications on discharge: 

 Aspirin  Yes  No  

 Clopidogrel  Yes  No  

 Statin   Yes  No  

 ACEI/ARB   Yes  No  

 Betablocker   Yes  No  

 Others (please specify) _________________________ 

Height (cm)  _________________________ 

Weight (kg)  _________________________ 

BMI (kg/m2)  _________________________ 
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Hypertension  Yes  No  

Diabetes  Yes  No  

Smoking current  Yes  No  

Ex smoker   Yes  No  

Hypercholesterolemia  Yes  No  

Family history of IHD  Yes  No  

Renal disease  Yes  No  

Previous MI  Yes  No  

Previous angina  Yes  No  

Previous PCI  Yes  No  

Previous CABG  Yes  No  

Previous peripheral vascular disease  Yes  No  

Previous TIA/Stroke  Yes  No  

H/O arthritis  Yes  No  

H/O COPD  Yes  No  

H/O malignancy  Yes  No  

H/O congestive heart failure  Yes  No  

H/O dementia  Yes  No  

H/O liver disease  Yes  No  

H/O ulcer disease  Yes  No  

H/O bleeding problems  Yes  No  

H/O Anaemia   Yes  No  

H/O any other co-morbid condition  Yes  No  

Please specify  _________________________ 

 _________________________ 

Haemoglobin at time of PCI  _________________________ 

White cell count at time of PCI  _________________________ 

Platelet count at time of PCI  _________________________ 

Creatinine at time of PCI  _________________________ 

Glucose at time of PCI  _________________________ 

Cholesterol at time of PCI  _________________________  

Peak troponin value during hospitalisation _________________________ 
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Fried Frailty Index derived from Cardiovascular Health Study 

Criterion Frailty Status Yes or No 

Nutritional Status Frailty cut point: 
Baseline: Self-reported unintentional weight loss ≥10lb in 
previous year 
Follow-up: Unintentional weight loss ≥5% of previous year’s 
body weight   
OR 
BMI <18.5kg/m2 

 

Physical 
endurance/energy 

Geriatric Depression Scale: 
1. Do you feel full of energy?  
2. During the last 4 weeks how often you rested in bed 

during day? 
Response options:  Every day, every week, once, not at all. 
 
Frailty cut point: 
No to 1 and every day or every week to 2. 

 

Low physical activity Frequency of mildly energetic, moderately energetic and very 
energetic physical activity.  
Response options: ≥3 times per week, 1-2 times per week, 1-3 
times per month, hardly ever/never 
 
Frailty cut point: 
Hardly ever/never for very energetic physical activity AND for 
moderately energetic physical activity. 

 

Weakness Hand grip strength in Kg: GRIP-D hand held dynamometer, 
dominant hand, average of 3 measures. 
 
Frailty cut point: 
Grip strength: lowest 20% (by gender, body mass index) 
Men   
BMI ≤24    ≤29 
BMI 24.1–26    ≤30 
BMI 26.1–28    ≤30 
BMI >28    ≤32 
Women 
BMI ≤23    ≤17 
BMI 23.1–26    ≤17.3 
BMI 26.1–29    ≤18 
BMI >29    ≤21 

 

Slow walking speed Walking time in seconds (usual pace) over 15 feet 
 
Frailty cut point: 
Slowest 20%, stratified by gender and median standing height. 
Men      
Height ≤173 cm   ≥7 seconds 
Height >173 cm   ≥6 seconds 
Women 
Height ≤159 cm   ≥7 seconds 
Height >159 cm   ≥6 seconds 
OR  
Time to complete “timed up and go test” (TUG) 
 
Frailty cut point: 
TUG time ≥19 seconds 

 

Positive for frailty phenotype: ≥3 criteria present , Intermediate or prefrail: 1 or 2 criteria present, 
Robust: 0 criteria present 
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Rockwood Frailty Score 
 

1 Very fit – robust, active, energetic, well motivated and fit; these people commonly exercise 
regularly and are in the most fit group for their age 
  

 

2 Well – without active disease, but less fit than people in category 1. 
 

 

3 Well, with treated co-morbid disease – disease symptoms are well controlled compared 
with those in category 4 
 

 

4 Apparently vulnerable – although not frankly dependent, these people commonly 
complain of being “slowed up” or have disease symptoms. 
 

 

5 Mildly frail – with limited dependence on others for instrumental activities of daily living 
 

 

6 Moderately frail – help is needed with both instrumental and non-instrumental activities of 
daily living 
 

 

7 Severely frail – completely dependent on others for the activities of daily living, or 
terminally ill. 
 

 

 

NYHA Symptom Class: 
 

I No symptoms and no limitation in ordinary physical activity, e.g. shortness of breath 
when walking, climbing stairs etc. 
 

 

II Mild symptoms (mild shortness of breath and/or angina) and slight limitation during 
ordinary activity. 
 

 

III Marked limitation in activity due to symptoms, even during less-than-ordinary activity, 
e.g. walking short distances (20–100 m). Comfortable only at rest. 
 

 

IV Severe limitations. Experiences symptoms even while at rest. Mostly bedbound patients. 
 

 

 

The Canadian Cardiovascular Society Angina Grading Scale:  

I Angina only during strenuous or prolonged physical activity 

 

 

II Slight limitation, with angina only during vigorous physical activity 

 

 

III Symptoms with everyday living activities, i.e., moderate limitation 

 

 

IV Inability to perform any activity without angina or angina at rest, i.e., severe limitation 
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QOL Index (SF 36) Questionnaire  
           
1- In general, would you say your health is: 

  1. Excellent   2. Very good   3. Good   4. Fair   5. Poor 
 
2- Compared to ONE YEAR AGO, how would you rate your health in general NOW? 

 1. MUCH BETTER than one year ago. 
 2. Somewhat BETTER now than one year ago. 
 3. About the SAME as one year ago. 
 4. Somewhat WORSE now than one year ago. 
 5. MUCH WORSE now than one year ago. 

 
3- The following items are about activities you might do during a typical day.  Does your 
health now limit you in these activities? If so, how much? 

Activities 1. Yes, 
Limited 
A Lot 

2.  Yes, 
Limited  
A Little 

3.  No,  
Not 
Limited 
At All 

a) Vigorous activities, such as running, lifting heavy 
objects, participating in strenuous sports? 

         

b) Moderate activities, such as moving a table, 
pushing a vacuum cleaner, bowling, or playing golf? 

         

c) Lifting or carrying groceries?          

d) Climbing several flights of stairs?          

e) Climbing one flight of stairs?          

f) Bending, kneeing or stooping?          

g) Walking more than a mile?          

h) Walking several blocks?          

i) Walking one block?          

j) Bathing or dressing yourself?          

 
4- During the past 4 weeks, have you had any of the following problems with your work 
or other regular activities as a result of your physical health? 

 Yes No 

a) Cut down on the amount of time you spent on work 
or other activities? 

  1. yes   2. No 

b) Accomplished less than you would like?   1. yes   2. No 

c) Were limited in the kind of work or other activities?   1. yes   2. No 

d) Had difficulty performing the work or other activities 
(for example it took extra effort)? 

  1. yes   2. No 

 
5. During the past 4 weeks, have you had any of the following problems with your work or 
other regular daily activities as a result of any emotional problems (such as feeling 
depressed or anxious)? 

 Yes No 

a) Cut down on the amount of time you spent on work 
or other activities? 

  1. yes   2. No 

b) Accomplished less than you would like?   1. yes   2. No 

c) Didn’t do work or other activities as carefully as 
usual? 

  1. yes   2. No 
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6. During the past 4 weeks, to what extent has your physical health or emotional problems 
interfered with your normal social activities with family, friends, neighbors, or groups? 

 1. Not at all  2. Slightly  3. Moderately  4. Quite a bit   5. Extremely 
 
7. How much bodily pain have you had during the past 4 weeks? 

 1. None  2. Very mild  3. Mild  4. Moderate  5. Severe      
6. Very severe 
 
8. During the past 4 weeks, how much did pain interfere with your normal work (including 
both work outside the home and housework)? 

 1. Not at all  2. A little bit  3. Moderately  4. Quite a bit  5. Extremely 
 

9. These questions are about how you feel and how things have been with you during the 
past 4 weeks.  For each question, please give the one answer that comes closest to the 
way you have been feeling.  How much of the time during the past 4 weeks … 

 1. All 
of the 
time 

2. 
Most 
of the 
time 

3. A 
good 
bit of 
the 
time 

4. 
Some 
of the 
time 

5. A 
little 
of the 
time 

6. 
None 
of the 
time 

a) Did you feel full of pep?                   

b) Have you been a very nervous 
person? 

                  

c) Have you felt so down in the 
dumps that nothing could cheer you 
up?  

                  

d) Have you felt calm and peaceful?                   

e) Did you have a lot of energy?                   

f) Have you felt downhearted and 
blue? 

                  

g) Do you feel worn out?                   

h) Have you been a happy person?                   

i) Did you feel tired?                   

 

10. During the past 4 weeks, how much of the time has your physical health or 
emotional problems interfered with your social activities (like visiting with friends, 
relatives, etc.)? 

  1. All of the time 
  2. Most of the time. 
  3. Some of the time 
  4. A little of the time. 
  5. None of the time. 
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11. How TRUE or FALSE is each of the following statements for you? 

 1.  

Definitel
y true 

2.  

Mostly 
true 

3.  

Don’t 
know 

4.  

Mostly 
false 

5.  

Definitel
y false 

a) I seem to get sick a little easier than 
other people? 

               

b) I am as healthy as anybody I know?                

c) I expect my health to get worse?                

d) My health is excellent?                

 

EuroQol EQ-5D™  

Please tick which statements best describe your own health state today. 
 
1A. Mobility 
I have no problems in walking about  
I have some problems in walking about  
I am confined to bed  
 
1B. Self-Care 
I have no problems with self-care  
I have some problems washing or dressing myself  
I am unable to wash or dress myself  
 
1C. Usual Activities (e.g. work, study, housework, family or leisure activities) 
I have no problems with performing my usual activities  
I have some problems with performing my usual activities  
I am unable to perform my usual activities  
 
1D. Pain/Discomfort 
I have no pain or discomfort  
I have moderate pain or discomfort  
I have extreme pain or discomfort  
 
1E. Anxiety/Depression 
I am not anxious or depressed  
I am moderately anxious or depressed  
I am extremely anxious or depressed  
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Frail   Yes  No  

 

Fried Frailty Score  _________________________ 

 

Rockwood Frailty Score  _________________________ 

 

Charlson Co-morbidity Index  _________________________ 

 

Ankle Brachial Index  _________________________ 

 

EndoPAT Score  _________________________ 

 

Augmentation Index  _________________________ 

 

CIMT  _________________________ 

 

Echocardiogram and LV Function (Please tick) 

Mild LV   

Moderate LV   

Severe LV   

 

Ejection Fraction (%) if known   _________________________ 

Significant valve disease  Yes  No  

Please specify  _________________________ 
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To help people say how good or bad a health state is,  
we have drawn a scale (rather like a thermometer) on 
which the best state you can imagine is marked 100 and 
the worst state you can imagine is marked 0. 
 
We would like you to indicate on this scale how good or 
bad your own health is today, in your opinion. Please do 
this by drawing a line from the box below to whichever 
point on the scale indicates how good or bad your health 
state is today. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Your own 

health state 

today 

9 0 

8 0 

7 0 

6 0 

5 0 

4 0 

3 0 

2 0 

1 0 

100 

   Worst 

    Imaginable 

0 

Best  

imaginable 
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Appendix B – ICON1 Quantitative Coronary Angiography Manual 

 

 

 

 

ICON1 Study 

 

Quantitative Coronary Angiography 

Standard Operating Protocol 
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ANGIOGRAPHIC CORE LAB DEFINITIONS 

 

Cannot Assess (CNA): When film analysis cannot be performed due to a technical flaw 

in filming, procedure, or due to protocol violations, 'CNA' will be marked on the Case Report 

Form (CRF). When no data is available, a "-1" will be inserted on the data spreadsheet.  

 

Does Not Apply (DNA): When analysis does not apply to a given situation, 'DNA' will be 

marked on the Case Report Form (CRF). When no data is available, a "-1" will be inserted 

on the data spreadsheet.  

 

Patient ID Number: A numeric value that corresponds to the patient.  
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ASSESSMENT OF THE EPICARDIAL ARTERIES 

 

Lesion identification: All culprit lesions and all lesions that are subsequently intervened 

on should be recorded (irrespective of % stenosis). Lesion characteristics are to be 

recorded if the diameter stenosis is >40% in a vessel >1.5mm in diameter. Lesions are 

considered separately if they are >3 vessel reference diameters apart. 

 

Primary lesion location 

The coronary anatomy is divided into the following segments.  

 

1.  Proximal right coronary artery: Extends from the ostium of the right coronary 

artery (RCA) to the first of the three longest acute marginal branches.  

 

2.  Mid right coronary artery: Extends from the origin of the first acute marginal 

branch to the origin of the third acute marginal branch.  

 

3.  Distal right coronary artery: Extends from the origin of the third acute marginal to 

the origin of the posterior descending artery.  

 

4. Right posterior descending artery: In all but left dominant systems, this vessel 

runs in the posterior interventricular groove and supplies septal perforator branches.  

 

5. Left main stem: Extends from the origin of the left coronary artery to the bifurcation 

into the left anterior descending (LAD) and circumflex (Cx) arteries. 

 

6. Proximal left anterior descending artery: Extends from the bifurcation of the left 

main coronary artery to the origin of the first septal. 

 

7. Mid left anterior descending artery: Extends from the origin of the first septal artery 

to the origin of the third septal artery. 

 

8.  Apical left anterior descending artery: Extends from the origin of the third septal 

artery to the apex of the left ventricle. If there is no third septal branch, then the third 

segment begins halfway between the proximal LAD and the apex of the left ventricle. 
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9. First diagonal branch: The first of the three longest branches from the LAD, which 

supplies the anterolateral wall of the left ventricle. 

 

10. Second diagonal branch: The second of the three longest branches from the LAD 

which supplies the anterolateral wall of the left ventricle.  

 

11. Proximal circumflex artery: Extends from the origin of the Cx off of the left main to 

the origin of the first marginal or obtuse marginal branch. When a second obtuse marginal 

is present and the first marginal is absent, the Cl - C2 transition is defined as halfway from 

the origin of the circumflex to the origin of the second obtuse marginal. 

 

12. Intermediate artery: An artery whose origin bisects the origins of both the LAD and 

the Cx arteries. When an intermediate branch is present, the left main will be seen to 

trifurcate, and the intermediate artery is the middle artery at this point of trifurcation. When 

grouping with general culprit lesion location it is grouped with the Cx. 

 

12a. First obtuse marginal branch: A large branching artery which dominates the lateral 

left ventricular wall.  

 

12b. Second obtuse marginal branch: The second large branch from the Cx artery. 

 

13. Distal circumflex artery: Extends from the origin of the second marginal or obtuse 

marginal to the termination of the Cx artery in large right dominant anatomy or to the origin 

of the Cx posterior branch in all other dominance. 

 

14. Left posterolateral branch: In left or co-dominant systems this is the distal 

continuation of the Cx artery in the atrio-ventricular groove. It carries blood to the left 

posterior descending artery and circumflex inferior artery in left dominant systems and to 

just the circumflex inferior artery in balanced dominant systems. 

 

16. Right posterolateral branch: This is the distal continuation of the RCA after the 

origin of the posterior descending artery. It often has an inverted U shape and the AV nodal 

branch originates from this artery.  
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Disease Extent  

This variable refers to how many of the 3 major epicardial vessels have a narrowing of 

greater than 40%. Possible values are 1, 2, 3, and "-1" if none of the vessels meet the 

criteria or if analysis of one or more arteries is not possible.  

 

Dominance 

Describes how many of the three major branches supplying the inferior wall of the heart 

arise from the RCA and how many arise from the Cx.  

 

Right dominant:  This occurs when the descending and inferior both arise from the 

RCA (the posterior branch may also arise from the RCA).  

 

Co-dominant:  This occurs when only the descending branch arises from the RCA, 

while the inferior and posterior branches arise from the Cx.  

 

Left dominant:  This occurs when all three branches arise from the Cx.  

 

Definitions of Segmental Coronary Anatomy  

If a lesion occurs at a branch-point, then the lesion is said to be part of the proximal vessel 

adjacent to the branch-point.  

 

If the lesion involves both parent vessel and a side branch at a branch-point (such as 

occurs with a trifurcation lesion or "Mercedes Benz" emblem lesion involving the LAD and 

the origin of a diagonal) then the larger parent vessel is defined as the culprit.  

 

Only the branches> 1.5mm in diameter should be taken into account. To assess the 

diameter, the branch should be compared to the catheter size, given the fact that the 

French sizes correspond to millimeters as follows:  

 

4 Fr = 1.3mm 8 Fr = 2.7mm 

5 Fr = 1.7mm 9 Fr = 3.0mm 

6 Fr = 2.0mm 10 Fr = 3.3mm 

7 Fr = 2.3mm  
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Projection Angles 

RAO (Right Anterior Oblique) Caudal: The best overall view to assess the Cx, as it 

minimizes intra- and inter-arterial overlap. In this view, the system in question appears 

angiographically to the right of the spine with a slight inferior angulation (from below).  

 

RAO Cranial: The best overall view to assess the LAD, as it minimizes intra- and inter-

arterial overlap. In this view, the system in question appears angiographically to the right 

of the spine with a slight anterior angulation (from above).  

 

RAO: In this view, the system in question appears angiographically to the right of the spine 

with little or no vertical angulation.  

 

AP (Anterior-Posterior): In this view, the system in question angiographically overlaps or 

is in line with the spine.  

 

LAO Caudal: Also called the spider view. In this view, the system in question appears 

angiographically to lie to the left of the spine with a slight inferior angulation (from below). 

  

LAO Cranial: In this view, the system in question appears angiographically to lie to the left 

of the spine with a slight anterior angulation (from above).  

 

LAO: The best overall view to assess the RCA. In this view, the system in question appears 

angiographically to the right of the spine with little or no vertical angulation.  
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QUANTITATIVE CORONARY ANGIOGRAPHY (QCA) 

 

Analysis Software 

Medis QAngioXA version 7.3.54.0 

 

Performing QCA 

1. Insert the QAngio dongle into a USB port on the computer. 

2. Insert the CD with the patient’s angiogram. The study will open automatically when 

the QAngioXA program is started. 

3. Choose the image run with the appropriate projection for the lesion to be measured. 

4. Ensure the ECG trace is visible by selecting the ECG curve icon. 

5. Calibrate the software: Choose a frame where the catheter is fully opacified by contrast 

but where contrast has not yet entered the artery of interest. Select the catheter 

calibration icon and click two points within the catheter. Select the correct size of 

catheter (default is 6F). The coefficient of variation must be less than 8%. Click “Done”.  

6. Select a frame in end-diastole where the vessel is well opacified by contrast and the 

lesion of interest is at maximal stenosis. 

7. Choose either the straight segment analysis or bifurcation segment analysis 

depending on the type of lesion (use the straight segment analysis setting if possible 

as it gives more consistent results). Click two points proximal and distal to the lesion 

to create an automatic pathline. Adjust this with secondary points if necessary. On the 

next “contours” stage, either automatically adjust the vessel contours by clicking and 

dragging support points, or manually delete and redraw. 

8. On the next “markers” stage, adjust the reference vessel contours by using the 

“flagging” system to remove segments of vessel that have been contoured incorrectly. 

The results can then be displayed. 
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Definitions of Measurements 

 

Minimum Lumen Diameter (MLD): The minimum diameter of the stenosis relative to the 

reference diameter.  

 

Reference Diameter (RD): An interpolated reference diameter. The proximal and distal 

extremities of the lesion are identified by the software, a second degree polynomial 

function is applied to diameter measurements at 0.1mm intervals, and vessel tapering is 

taken into account. The reported vessel diameter is the RD on the diametric function curve 

at the point of the MLD. 

 

% Diameter Stenosis: [1-(MLD/RD)]x100 

 

% Area Stenosis: [1-(MLD/RD)2]x100 

 

Length: Starting and ending where the artery first and last tapers into the stenosis, 

respectively. 
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INFARCT-RELATED ARTERY MORPHOLOGY 

 

Definitions of morphology 

Eccentric: The plaque is twice as large on one side of the arterial border compared with 

the other. "Stenosis noted to have one of its lumen edges in the outer one-quarter of the 

apparent normal lumen." 

 

Calcification: Densities noted within the apparent vascular wall at the site of the stenosis.  

 Mild: faint radio-opacities noted only during cardiac motion before contrast injection 

 Moderate: dense radio-opacities noted during cardiac motion before contrast 

injection 

 Severe: dense radio-opacities noted without cardiac motion before contrast 

injection, comprising both sides of the arterial lumen 

 

Diffuse: Lesion is ≥20mm in length.  

 

Bifurcation: Atherosclerotic plaque involves the origin of two separate arteries. It does not 

necessarily require two guidewires.  

 

Ostial Lesion: Lesion beginning within 3-5 mm of the origin of a major epicardial artery.  

 

Pulsatile Flow: Cessation of antegrade flow during systole or frank: flow reversal during 

systole. 

 

Deceleration: Dye flow down the artery is slowed at any point during the course of flow.  

 

Collateral Circulation 

Assessed visually using the following grading system:  

Grade 0: No collaterals present. Angiography fails to reveal evidence of collateral vessels.  

Grade 1 (or partial): Minimal collaterals present. Evidence of minimal to partial filling of the 

recipient branch epicardial arteries/infarct region. It is not necessary for one to see the 

branches connect directly to the major epicardial artery.  

Grade 2 (or complete): Well-developed collaterals. Evidence of collateral circulation with 

near complete to complete filling of the recipient major epicardial artery/infarct region.  
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Thrombus Grade 

Assessed visually using the following grading system:  

Grade 0: No cineangiographic characteristics of thrombus present.  

Grade 1: Hazy, possible thrombus present. Angiography demonstrates characteristics 

such as reduced contrast density, haziness, irregular lesion contour, or a smooth convex 

"meniscus" at the site of total occlusion suggestive but not diagnostic of thrombus.  

Grade 2: Thrombus present - small size: Definite thrombus with greatest dimensions less 

than or equal to 1/2 vessel diameter.  

Grade 3: Thrombus present - moderate size: Definite thrombus but with greatest linear 

dimension greater than 1/2 but less than 2 vessel diameters.  

Grade 4: Thrombus present -large size: As in grade 3 but with the largest dimension 

greater than or equal to 2 vessel diameters.  

Grade 5: Recent total occlusion, can involve some collateralization but usually does not 

involve extensive collateralization, tends to have a "beak" shape and a hazy edge or 

appearance of distince thrombus.  

Grade 6: Chronic total occlusion, usually involving extensive collateralization, tends to 

have distinct, blunt cutoff/edge and will generally clot up to the nearest proximal side 

branch.  

 

Aneurysm 

A localized arterial widening (dilatation) that usually manifests itself as a bulge. Its 

presence may lead to weakening of the wall and eventual rupture.  

Grade 0: None - no ectasia present.  

Grade 1: Ectasia - visual assessment of ectasia> 1 and < 1.5 times the normal artery 

diameter located anywhere in the culprit artery.  

Grade 2: Aneurysm - visual assessment of an aneurysm> 1.5 times the normal artery 

diameter located anywhere in the culprit artery.  

 

NOTE: An aneurysm can be further classified as either saccular (wider than it is long) or 

fusiform (elongated).  

 

Ulceration 

A lesion with a small crater consisting of a discrete lumen widening in the area of the 

stenosis that does not extend beyond the normal arterial lumen. Assessed visually:  

Grade 0: No angiographic evidence of ulceration.  
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Grade 1: The lesion contains a neck with contrast material dissecting under the plaque 

either proximally or distally.  

Grade 2: Distinct extravascular extravasation of contrast material with the appearance of 

a mushroom.  

 

Lesion Complexity  

Graded as A, Bl, B2, or C according to the Abrupt Vessel Closure-AHA Task Force 

Definition as modified by Ellis et al:  

Type A: <10 mm, discrete, concentric, readily accessible, <45 degree angle smooth 

contour, little or no calcification, less than totally occluded, not ostial, no major side branch 

involvement, absence of thrombus.  

Type B1: One of the following characteristics:  

Type B2: Two or more of the following characteristics: 10-20 mm, eccentric, moderate 

tortuosity of proximal segment, irregular contour, presence of any thrombus grade 

moderate or heavy calcification, total occlusion <3 months old, ostial lesion or bifurcation 

lesion 

Type C: ≥20 mm diffuse, excessive tortuosity of proximal segment, total occlusion> 3 

months old and/or bridging collaterals, inability to protect major side branches, or 

degenerated vein graft with friable lesions.  
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Post -Intervention Complications 

 

Dissection: An intraluminal filling defect or flap associated with a hazy, ground-glass 

appearance.  

Type A:  Radiolucent areas within the coronary lumen during contrast injection, with 

minimal or no persistence of contrast after dye has cleared.  

Type B: Parallel tracts or double lumen separated by a radiolucent area during 

contrast injection, with minimal or no persistence after dye has cleared. 

Type C:  Contrast outside the coronary lumen, with persistence of contrast in the area 

after dye has cleared 

Type D:  Spiral luminal filling defects frequently with extensive contrast staining of the 

vessel 

Type E:  New persistent filling defects that may be caused by thrombus 

Type F:  These are non A - E dissection types that lead to impaired flow or total 

occlusion of the coronary artery 

 

Perforation: Presence of extraluminal contrast that develops during the procedure.  

 

Loss of side branch: Development of TIMI grade 0 or 1 flow in a side branch that 

was >1.5mm in diameter prior to the procedure and was initially patent with ≥TIMI grade 2 

flow.  

 

Distal embolisation: The appearance of an abrupt cutoff in the distal vessel following 

PCI.  

 

No reflow: Markedly delayed flow down the artery with minimal residual stenosis.  

 

Procedure Success: A procedure is considered a complete success if the post-procedure 

residual diameter stenosis is <30% with TIMI grade 3 flow. A procedure will be classified 

as a partial success if there is either a ≥30% residual stenosis by QCA or if TIMI Grade 2 

Flow is attained (this includes TFG 2.5). A procedure will be classified a failure if there is 

a persistent total occlusion, if the lesion cannot be crossed, or if there is persistent abrupt 

closure.  
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Appendix C – ICON1 VH IVUS Analysis Manual 

 

 
 
 
 
 

ICON1 Study 

 

Virtual Histology IVUS Analysis  
Standard Operating Protocol 

 

 

 

 

  

Fibrous

Calcium

Necrotic 

Core

Fibro-fatty
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Opening An IVUS Run 

 

1. Ensure the dongle is plugged into a USB port before opening 

QIvus. The light will glow green on the end of the dongle 

when operational. 

 

2. Open QIvus software.  

 

3. Insert DVD. 

 

4. Click                                                    or select File > Browse for Dicom... or use the keyboard 

shortcut Ctrl+O. 

 

5. Select the directory in which the image run is located (in this case, the DVD 

drive). The software will automatically search for all files that QIvus can open 

(DICOM and AVI). Select the VH file and click Next. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. The panel below "Image file information" shows the patient study ID, date of 

study and vessel imaged. Before opening the image run, ensure that each 

patient has a separate analysis storage folder by clicking Change Analysis 

Storage Folder... and making a new folder (labelled with the patient study 

number) in an easy to find location. This is where all the previous analyses for 



172 
 

that patient will be stored. The software defaults to the last analysis storage 

folder used when opening a new file. 

 

7. Open a new analysis by clicking New analysis, or select a previously started 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. A dialogue box will pop up with further 

information about the image run. Enter 

the Segment and Intervention stage. 

Ensure that the pullback speed is set at 

0.500 mm/sec and click OK.  
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Preparing The Image For Analysis 

 

1. Remove any artefacts from the image by clicking 

 

2. Define the length of the segment to 

be analysed by clicking and dragging 

the blue segment markers to contain 

all frames of interest in the 

longitudinal view. Do not include 

frames at the beginning of the image 

run (distal) that are duplicated 

because the imaging catheter had 

not started moving, and do not 

include frames at the end of the run 

(proximal) where the guide catheter 

is visible. 

 

 

3. Make a note of any frames that are duplicated when the imaging catheter has 

become stuck (usually occurs at points of heavy calcification or tight stenoses). 

These will be excluded from the analysis later. 
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Vessel Contour Drawing 

 

1. By default, the vessel contour is selected.  

 

2. Click to analyse the longitudinal image.  

 

3. Review the attraction points (green circles) in the longitudinal view by dragging 

the red marker line. The red line in the transversal view corresponds to the red 

marker line in the longitudinal view. 

 

 

 

 

4. Refine the attraction points in the cross-sectional view so 

that they sit at the boundary of the media (dark) and the 

adventitia (bright) of the vessel.  

 

 

 

 

5. Moving an attraction point automatically updates the longitudinal contour and 

thus moves other attraction points that have not already been edited. Start with 
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refining the attraction points that are most inaccurate and continue until all 

points are on the vessel border. It is worth spending some time doing this 

accurately, as it reduces the time spent manually correcting the border. 

 

6. When happy with the position of the attraction points, click to analyse the 

contour in the transversal view.  

 

7. Select Options > Graphics line thin. 

 

8. Click and drag the window with the transversal view to maximise its size. 

 

9. Exclude the frames identified as duplicates above.  

 

10. Starting at the first (distal) frame, correct the vessel contour of each frame of 

the segment using correction points.  

 

 

11. These correction points edit the 

contour in one frame only. They 

can be picked up and moved, or 

removed by clicking the left and 

right mouse buttons 

simultaneously. 

 

 

 

 

 

 

 

12. The vessel contour should be extrapolated as accurately as possible where it is 

not possible to see the boundary of the media and adventitia e.g. behind 

calcium. 
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13. Where a side branch is entering a vessel, the vessel contour should be drawn 

to follow the original (distal) vessel boundary until the side branch is fully 

incorporated into the main vessel. 
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Lumen Contour Drawing 

 

1. Select the lumen contour. 

 

2. Click to analyse the longitudinal image.  

 

3. Move the red attraction points to the lumen border for the whole segment. These 

do not have to be as accurate as the vessel contour attraction points, as the 

lumen border will be manually corrected frame by frame. 

 

 

 

 

 

 

 

 

 

 

 

 

4. When happy with the position of the attraction points, click to analyse the 

contour in the transversal view.  

 

5. Starting at the first frame, manually re-trace the lumen contours for each frame 

of the segment of interest. Omit any artefacts from the lumen contour. Use the 

zoom slider to zoom in on the image and more accurately define the contour.  

 

 

 

The loop review button can help to visualise the lumen contour.  

 

At side branches, draw the lumen contour slightly outside the vessel contour to 

ensure that the software does not automatically add an area of media when 

doing the VH analysis. 
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Lesion Classification 

 

1. Click to load the VH overlay.  

 

2. Hide the contour lines by choosing either Vessel or Lumen and clicking 

Contour for each. 

 

 

3. Click on Results. 

 

4. In the results dialog box, the overall percentage plaque burden and percentages 

of each plaque component for this image frame are displayed.  

 

 

 

 

 

 

 

 

 

 

 

 

5. Use the decision tree below to decide which lesion subtype each frame 

represents, and enter the name of the lesion in the comments box. This will be 

saved to the Excel report at the end of analysis. 
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Necrotic core >10%?

Necrotic core in 
contact with 

lumen for >36o?

Dense calcium 

>10%?

Dense calcium 

>10%?

>15% fibro-

fatty?

Calcified thin cap 

fibroatheroma

Thin cap 

fibroatheroma 
Fibroatheroma 

Fibrocalcific

plaque
Fibrotic plaque

Pathological 

intimal thickening

Intimal medial 

thickening 

NoYes

Yes No

Yes No Yes
No

Yes No

Dense calcium 

>10%?

Calcified 

fibroatheroma 

Yes No
NoYes

Plaque thickness >600µm for 

>20% of circumference?

Plaque burden >40%?

Yes
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6. Measure the plaque thickness by selecting Options > Transversal caliper and 

clicking Indicate distance. 

 

7. Measure angles from the centre of the lumen by ticking the box marked Show 

diameter lines under the Lumen column in the Results dialog box.  

 

 

 

 

 

 

 

 

 

 

 

 

8. Open the angle caliper by selecting Options > Transversal caliper > Indicate 

angle. Drag the corner of the angle into the centre of the lumen, where the 

diameter lines intersect. Measure the angle of every area of necrotic core that 

is in contact with the lumen and add them to obtain the total angle of necrotic 

core in contact with lumen. 

 

  



182 
 

Recording Results 

 

1. Once finished classifying each frame, click the Excel button.  

 

2. An Excel spreadsheet will open automatically. Save the sheet in a separate 

folder entitled "completed analyses" and name the file based on the study ID 

and vessel analysed e.g. FRE148-Cx. 

 

3. Record the relevant data in the master database. 

 

4. A plaque becomes a lesion when the plaque burden is >40% for 3 consecutive 

images, and lesions separated longitudinally by >5mm of artery with a plaque 

burden <40% should be considered separate lesions. Where different plaque 

subtypes co-exist within a lesion, the lesion should be classified according to 

the highest risk subtype i.e. thin capped fibroatheroma (TCFA) > fibroatheroma 

(FA) > pathological intimal thickening (PIT) > fibrotic plaque (FP) > intimal 

medial thickening (IMT). TCFA, FA and FP are further subdivided into calcified 

and non-calcified lesions (if >3 consecutive frames are calcified, it is a calcified 

lesion). 

 

5. Close the image run, then 

re-open the Browse 

dialog box. Make a 

comment on the 

completed analysis that 

the analysis has been 

exported to the master 

database. 
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Appendix D – ICON1 Study Follow up Case Report Form 

 

 

 

 

 

 

A Study to Improve Cardiovascular Outcomes 
in High Risk PatieNts with Acute Coronary 

Syndrome. 
 

 ICON 1 Study 
1 year Follow up - Case Report Form 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Patient study no.   _________________________ 
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DOB  _________________________ 

Date of enrolment _________________________         

Date of Follow up  _________________________  

Clinic   Telephone  GP letter  

 

List of current medications 

Aspirin  Yes  No  

Thienopyridine  Clop  Pras  Ticag  

Warfarin  Yes  No  

Statin   Yes  No  

ACEI/ARB   Yes  No  

Betablocker   Yes  No  

Furosemide  Yes  No  

Calcium channel blocker  Yes  No  

Long acting nitrate  Yes  No  

Nicorandil  Yes  No  

Vitamin D supplement  Yes  No  

Others (please specify)   _________________________ 

  _________________________ 

  _________________________ 

  _________________________ 

 

Height (cm)  _________________________ 

Weight (kg)  _________________________ 

 

Social history 

Current smoker  Yes  No  

Lives alone  Yes  No  

Carers  Yes  No  

If yes, how often per day  _________________________ 

Residential home  Yes  No  

Nursing home  Yes  No  

 

 

Major Adverse Cardiovascular Events in the last year 

Death  Yes  No  
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Date of death _________________________ 

Cause of death _________________________ 

 

Acute coronary syndrome Yes  No  

Date of ACS _________________________ 

STEMI   NSTEMI  UA  

 

Stroke  Yes  No  

Date of stroke _________________________ 

 

Urgent repeat revascularisation Yes  No  

Date of revascularisation _________________________ 

PPCI   Urgent PCI  Urgent CABG  

 

 Bleeding problems  Yes  No  

Date of bleeding  _________________________ 

Bleeding type  _________________________ 

 

 

Bleeding Academic Research Consortium (BARC) definition for bleeding 

Type 1 Bleeding that does not cause the patient to seek unscheduled investigation or treatment 
by a healthcare professional. May include episodes leading to self-discontinuation of 
medical therapy by the patient without consulting a healthcare professional. 

Type 2 Any overt, actionable sign of haemorrhage that does not fit the criteria for Type 3, 4 or 5 
but does prompting evaluation by a healthcare professional. 

Type 3a Overt bleeding plus haemoglobin drop of 3 to < 5 g/dl 

Any transfusion with overt bleeding 

Type3b Overt bleeding plus haemoglobin drop ≥ 5 g/dl 

Cardiac tamponade 

Bleeding requiring surgical intervention for control (excluding dental/ nasal/ skin/ 
haemorrhoid) 

Bleeding requiring intravenous vasoactive agents 

Type 3c Intracranial or intraspinal haemorrhage (does not include haemorrhagic transformation) 

Intraocular bleed compromising vision  

Type 4: CABG-related bleeding: 

 Perioperative intracranial bleeding within 48 hours 

Reoperation following closure of sternotomy for the purpose of controlling bleeding 

Transfusion of ≥ 5 units of whole blood or packed red blood cells within a 48-hour period 

Chest tube output ≥ 2 litres within a 24-hour period 

Type 5a Probable fatal bleeding; no autopsy or imaging confirmation, but clinically suspicious 

Type 5b Definite fatal bleeding; overt bleeding or autopsy or imaging confirmation 
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Stable angina   Yes  No  

Elective PCI   Yes  No  

Congestive cardiac failure  Yes  No  

Transient ischaemic attack  Yes  No  

Dialysis  Yes  No  

 

Hospitalisation for any other reason  Yes  No  

If yes, diagnosis/date  _________________________ 

  _________________________ 

  _________________________ 

  _________________________ 

 
Blood results at follow up   

PT  _________________________ 

APTT  _________________________ 

Fibrinogen  _________________________ 

Vitamin D  _________________________ 

HS-CRP  _________________________ 

PTH  _________________________ 
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Fried Frailty Index derived from Cardiovascular Health Study 
 

Criterion Frailty Status Yes or No 

Shrinking Frailty cut point: 
Baseline: Self reported unintentional weight loss ≥10lb in 
previous year 
Follow-up: Unintentional weight loss ≥5% of previous 
year’s body weight   
OR 
BMI <18.5kg/m2 

 

Physical 
endurance/energy 

Geriatric Depression Scale: 
1. Do you feel full of energy?  
2. During the last 4 weeks how often you rested in 

bed during day? 
Response options:  Every day, every week, once, not at 
all. 
Frailty cut point: No to 1 and every day or every week 
to 2. 

 

Low physical activity Frequency of mildly energetic, moderately energetic and 
very energetic physical activity.  
Response options: ≥3 times per week, 1-2 times per 
week, 1-3 times per month, hardly ever/never 
Frailty cut point: 
Hardly ever/never for very energetic physical activity AND 
for moderately energetic physical activity. 

 

Weakness Hand grip strength in Kg: GRIP-D hand held 
dynamometer, dominant hand, average of 3 measures. 
Frailty cut point: 
Grip strength: lowest 20% (by gender, body mass index) 
Men   
BMI ≤24    ≤29 
BMI 24.1–26    ≤30 
BMI 26.1–28    ≤30 
BMI >28    ≤32 
Women 
BMI ≤23    ≤17 
BMI 23.1–26    ≤17.3 
BMI 26.1–29    ≤18 
BMI >29    ≤21 

 

Slow walking speed Walking time in seconds (usual pace) over 15 feet 
Frailty cut point: 
Slowest 20%, stratified by gender and median standing 
height. 
Men      
Height ≤173 cm   ≥7 seconds 
Height >173 cm   ≥6 seconds 
Women 
Height ≤159 cm   ≥7 seconds 
Height >159 cm   ≥6 seconds 
OR  
Time to complete “timed up and go test” (TUG) 
 
Frailty cut point: 
TUG time ≥19 seconds 
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Rockwood Frailty Scores 
 

1 Very fit – robust, active, energetic, well motivated and fit; these people 
commonly exercise regularly and are in the most fit group for their age 
  

 

2 Well – without active disease, but less fit than people in category 1. 
 

 

3 Well, with treated co-morbid disease – disease symptoms are well controlled 
compared with those in category 4 
 

 

4 Apparently vulnerable – although not frankly dependent, these people 
commonly complain of being “slowed up” or have disease symptoms. 
 

 

5 Mildly frail – with limited dependence on others for instrumental activities of 
daily living 
 

 

6 Moderately frail – help is needed with both instrumental and non-instrumental 
activities of daily living 
 

 

7 Severely frail – completely dependent on others for the activities of daily 
living, or terminally ill. 
 

 

 

NYHA Symptom Class: 
 

NYHA Symptom 
Class 

Symptoms Please tick 

I No symptoms and no limitation in ordinary physical activity, e.g. 
shortness of breath when walking, climbing stairs etc. 

 

II Mild symptoms (mild shortness of breath and/or angina) and 
slight limitation during ordinary activity. 

 

III Marked limitation in activity due to symptoms, even during less-
than-ordinary activity, e.g. walking short distances (20–100 m). 
Comfortable only at rest. 

 

IV Severe limitations. Experiences symptoms even while at rest. 
Mostly bedbound patients. 

 

 

The Canadian Cardiovascular Society Angina Grading Scale:  

0 No angina  

I Angina only during strenuous or prolonged physical activity 

 

 

II Slight limitation, with angina only during vigorous physical 
activity 

 

III Symptoms with everyday living activities, i.e., moderate 
limitation 

 

IV Inability to perform any activity without angina or angina at rest, 
i.e., severe limitation 
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QOL Index (SF 36) Questionnaire  
1. In general, would you say your health is: 

  1. Excellent   2. Very good   3. Good   4. Fair   5. Poor 
 
2. Compared to ONE YEAR AGO, how would you rate your health in general NOW? 

 1. MUCH BETTER than one year ago. 
 2. Somewhat BETTER now than one year 

ago. 
 3. About the SAME as one year ago. 
 4. Somewhat WORSE now than one year 

ago. 
  5. MUCH WORSE now than one year ago. 

 
 

 
3. The following items are about activities you might do during a typical day.  Does 
your health now limit you in these activities? If so, how much? 

Activities 1. Yes, 
Limited 
A Lot 

2.  Yes, 
Limited  
A Little 

3.  No,  
Not 
Limited At 
All 

a) Vigorous activities, such as running, lifting 
heavy objects, participating in strenuous sports? 

         

b) Moderate activities, such as moving a table, 
pushing a vacuum cleaner, bowling, or playing 
golf? 

         

c) Lifting or carrying groceries?          

d) Climbing several flights of stairs?          

e) Climbing one flight of stairs?          

f) Bending, kneeing or stooping?          

g) Walking more than a mile?          

h) Walking several blocks?          

i) Walking one block?          

j) Bathing or dressing yourself?          

 
4. During the past 4 weeks, have you had any of the following problems with your 
work or other regular activities as a result of your physical health? 

a) Cut down on the amount of time you spent on work 
or other activities? 

  1. yes   2. No 

b) Accomplished less than you would like?   1. yes   2. No 

c) Were limited in the kind of work or other activities?   1. yes   2. No 

d) Had difficulty performing the work or other 
activities (for example it took extra effort)? 

  1. yes   2. No 

 
5. During the past 4 weeks, have you had any of the following problems with your 
work or other regular daily activities as a result of any emotional problems (such as 
feeling depressed or anxious)? 
 

a) Cut down on the amount of time you spent on work 
or other activities? 

  1. yes   2. No 

b) Accomplished less than you would like?   1. yes   2. No 

c) Didn’t do work or other activities as carefully as 
usual? 

  1. yes   2. No 
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6. During the past 4 weeks, to what extent has your physical health or emotional 
problems interfered with your normal social activities with family, friends, neighbors, or 
groups? 

  1. Not at all   2. Slightly   3. Moderately     4. Quite a bit   5. Extremely 
 
7. How much bodily pain have you had during the past 4 weeks? 

  1. None   2. Very mild   3. Mild    4. Moderate    5. Severe   6. Very severe 
 
8. During the past 4 weeks, how much did pain interfere with your normal work 
(including both work outside the home and housework)? 

  1. Not at all   2. A little bit   3. Moderately      4. Quite a bit   5. Extremely 
 
9. These questions are about how you feel and how things have been with you during 
the past 4 weeks.  For each question, please give the one answer that comes closest 
to the way you have been feeling.  How much of the time during the past 4 week … 

 1. All of 
the 
time 

2. Most 
of the 
time 

3. A good 
bit of the 
time 

4. Some 
of the 
time 

5. A little 
of the 
time 

6. None 
of the 
time 

a) Did you feel full of pep?                   

b) Have you been a very 
nervous person? 

                  

c) Have you felt so down in 
the dumps that nothing could 
cheer you up?  

                  

d) Have you felt calm and 
peaceful? 

                  

e) Did you have a lot of 
energy? 

                  

f) Have you felt downhearted 
and blue? 

                  

g) Do you feel worn out?                   

h) Have you been a happy 
person? 

                  

i) Did you feel tired?                   

 

10. During the past 4 weeks, how much of the time has your physical health or 
emotional problems interfered with your social activities (like visiting with friends, 
relatives, etc.)? 

  1. All of the time 
  2. Most of the time. 
  3. Some of the time 
  4. A little of the time. 
  5. None of the time. 
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11. How TRUE or FALSE is each of the following statements for you? 

 1. Definitely 
true 

2. Mostly 
true 

3.  

Don’t know 

4. Mostly 
false 

5. Definitely 
false 

a) I seem to get sick a little easier 
than other people? 

               

b) I am as healthy as anybody I 
know? 

               

c) I expect my health to get worse?                

d) My health is excellent?                

 

EuroQol EQ-5D™  - Please tick which statements best describe your own health 

state today. 

1A. Mobility 

I have no problems in walking about  
I have some problems in walking about  
I am confined to bed  
 
1B. Self-Care 
I have no problems with self-care  
I have some problems washing or dressing myself  
I am unable to wash or dress myself  
 
1C. Usual Activities (e.g. work, study, housework, family or leisure activities) 
I have no problems with performing my usual activities  
I have some problems with performing my usual activities  
I am unable to perform my usual activities  
 
1D. Pain/Discomfort 
I have no pain or discomfort  
I have moderate pain or discomfort  
I have extreme pain or discomfort  
 
1E. Anxiety/Depression 
I am not anxious or depressed  
I am moderately anxious or depressed  
I am extremely anxious or depressed  
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To help people say how good or bad a health state is,  we have drawn a 

scale (rather like a thermometer) on which the best state you can imagine 

is marked 100 and the worst state you can imagine is marked 0. 

 
We would like you to indicate on this scale how good or 
bad your own health is today, in your opinion. Please do 
this by drawing a line from the box below to whichever 
point on the scale indicates how good or bad your health 
state is today. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Your own 

health state 

today 

9 0 

8 0 

7 0 

6 0 

5 0 

4 0 

3 0 

2 0 

1 0 

100 

   Worst 

    Imaginable 

0 

Best  

imaginable 
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 Cognitive Function Assessment 

 

 

  



194 
 

REFERENCES 

 

1 National Institute for Cardiovasular Outcomes Research. Myocardial 
Ischaemia National Audit Project 13th Public Report 2013-2014.  [cited 1 May 
2015]; Available from: 
https://www.ucl.ac.uk/nicor/audits/minap/documents/annual_reports/minap-
public-report-2014 

2 Granger CB, Goldberg RJ, Dabbous O, Pieper KS, Eagle KA, Cannon CP, et 
al. Predictors of hospital mortality in the global registry of acute coronary events. 
Arch Intern Med. 2003 Oct 27;163(19):2345-53. 

3 Bagnall AJ, Goodman SG, Fox KA, Yan RT, Gore JM, Cheema AN, et al. 
Influence of age on use of cardiac catheterization and associated outcomes in 
patients with non-ST-elevation acute coronary syndromes. Am J Cardiol. 2009 
Jun 1;103(11):1530-6. 

4 Goodman SG, Huang W, Yan AT, Budaj A, Kennelly BM, Gore JM, et al. The 
expanded Global Registry of Acute Coronary Events: baseline characteristics, 
management practices, and hospital outcomes of patients with acute coronary 
syndromes. Am Heart J. 2009 Aug;158(2):193-201 e1-5. 

5 Yan RT, Yan AT, Tan M, Chow CM, Fitchett DH, Ervin FL, et al. Age-related 
differences in the management and outcome of patients with acute coronary 
syndromes. Am Heart J. 2006 Feb;151(2):352-9. 

6 Rosengren A, Wallentin L, Simoons M, Gitt AK, Behar S, Battler A, et al. Age, 
clinical presentation, and outcome of acute coronary syndromes in the 
Euroheart acute coronary syndrome survey. Eur Heart J. 2006 Apr;27(7):789-
95. 

7 Alexander KP, Roe MT, Chen AY, Lytle BL, Pollack CV, Jr., Foody JM, et al. 
Evolution in cardiovascular care for elderly patients with non-ST-segment 
elevation acute coronary syndromes: results from the CRUSADE National 
Quality Improvement Initiative. J Am Coll Cardiol. 2005 Oct 18;46(8):1479-87. 

8 Al-Saif SM, Alhabib KF, Ullah A, Hersi A, Alfaleh H, Alnemer K, et al. Age and 
its relationship to acute coronary syndromes in the Saudi Project for 
Assessment of Coronary Events (SPACE) registry: The SPACE age study. J 
Saudi Heart Assoc. 2012 Jan;24(1):9-16. 

9 Gierlotka M, Gasior M, Tajstra M, Hawranek M, Osadnik T, Wilczek K, et al. 
Outcomes of invasive treatment in very elderly Polish patients with non-ST-
segment-elevation myocardial infarction from 2003-2009 (from the PL-ACS 
registry). Cardiol J. 2013;20(1):34-43. 

10 Zaman MJ, Stirling S, Shepstone L, Ryding A, Flather M, Bachmann M, et al. 
The association between older age and receipt of care and outcomes in patients 
with acute coronary syndromes: a cohort study of the Myocardial Ischaemia 
National Audit Project (MINAP). Eur Heart J. 2014 Jun 14;35(23):1551-8. 

11 Schoenenberger AW, Radovanovic D, Windecker S, Iglesias JF, Pedrazzini G, 
Stuck AE, et al. Temporal trends in the treatment and outcomes of elderly 
patients with acute coronary syndrome. Eur Heart J. 2016 Jan 12. 

12 Avezum A, Makdisse M, Spencer F, Gore JM, Fox KA, Montalescot G, et al. 
Impact of age on management and outcome of acute coronary syndrome: 
observations from the Global Registry of Acute Coronary Events (GRACE). Am 
Heart J. 2005 Jan;149(1):67-73. 

13 Bauer T, Mollmann H, Weidinger F, Zeymer U, Seabra-Gomes R, Eberli F, et 
al. Predictors of hospital mortality in the elderly undergoing percutaneous 

https://www.ucl.ac.uk/nicor/audits/minap/documents/annual_reports/minap-public-report-2014
https://www.ucl.ac.uk/nicor/audits/minap/documents/annual_reports/minap-public-report-2014


195 
 

coronary intervention for acute coronary syndromes and stable angina. Int J 
Cardiol. 2011 Sep 1;151(2):164-9. 

14 Marcolino MS, Simsek C, de Boer SP, van Domburg RT, van Geuns RJ, de 
Jaegere P, et al. Short- and long-term outcomes in octogenarians undergoing 
percutaneous coronary intervention with stenting. EuroIntervention. 2012 Dec 
20;8(8):920-8. 

15 Morley JE, Vellas B, van Kan GA, Anker SD, Bauer JM, Bernabei R, et al. Frailty 
consensus: a call to action. J Am Med Dir Assoc. 2013 Jun;14(6):392-7. 

16 de Vries NM, Staal JB, van Ravensberg CD, Hobbelen JS, Olde Rikkert MG, 
Nijhuis-van der Sanden MW. Outcome instruments to measure frailty: a 
systematic review. Ageing Res Rev. 2011 Jan;10(1):104-14. 

17 Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. 
Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci. 
2001 Mar;56(3):M146-56. 

18 Gharacholou SM, Roger VL, Lennon RJ, Rihal CS, Sloan JA, Spertus JA, et al. 
Comparison of frail patients versus nonfrail patients >/=65 years of age 
undergoing percutaneous coronary intervention. Am J Cardiol. 2012 Jun 
1;109(11):1569-75. 

19 Singh M, Lennon RJ, Holmes DR, Jr., Bell MR, Rihal CS. Correlates of 
procedural complications and a simple integer risk score for percutaneous 
coronary intervention. J Am Coll Cardiol. 2002 Aug 7;40(3):387-93. 

20 Singh M, Rihal CS, Lennon RJ, Spertus JA, Nair KS, Roger VL. Influence of 
frailty and health status on outcomes in patients with coronary disease 
undergoing percutaneous revascularization. Circ Cardiovasc Qual Outcomes. 
2011 Sep;4(5):496-502. 

21 White HD, Westerhout CM, Alexander KP, Roe MT, Winters KJ, Cyr DD, et al. 
Frailty is associated with worse outcomes in non-ST-segment elevation acute 
coronary syndromes: Insights from the TaRgeted platelet Inhibition to cLarify 
the Optimal strateGy to medicallY manage Acute Coronary Syndromes 
(TRILOGY ACS) trial. Eur Heart J Acute Cardiovasc Care. 2015 Apr 20. 

22 Savonitto S, Cavallini C, Petronio AS, Murena E, Antonicelli R, Sacco A, et al. 
Early aggressive versus initially conservative treatment in elderly patients with 
non-ST-segment elevation acute coronary syndrome: a randomized controlled 
trial. JACC Cardiovasc Interv. 2012 Sep;5(9):906-16. 

23 Tegn N, Abdelnoor M, Aaberge L, Endresen K, Smith P, Aakhus S, et al. 
Invasive versus conservative strategy in patients aged 80 years or older with 
non-ST-elevation myocardial infarction or unstable angina pectoris (After Eighty 
study): an open-label randomised controlled trial. Lancet. 2016 Mar 
12;387(10023):1057-65. 

24 Garg A, Garg L, Agarwal M, Rout A, Raheja H, Agrawal S, et al. Routine 
Invasive Versus Selective Invasive Strategy in Elderly Patients Older Than 75 
Years With Non-ST-Segment Elevation Acute Coronary Syndrome: A 
Systematic Review and Meta-Analysis. Mayo Clin Proc. 2018 Apr;93(4):436-44. 

25 Bavishi C, Panwar SR, Dangas GD, Barman N, Hasan CM, Baber U, et al. Meta-
Analysis of Radial Versus Femoral Access for Percutaneous Coronary 
Interventions in Non-ST-Segment Elevation Acute Coronary Syndrome. Am J 
Cardiol. 2016 Jan 15;117(2):172-8. 

26 Anderson SG, Ratib K, Myint PK, Keavney B, Kwok CS, Zaman A, et al. Impact 
of age on access site-related outcomes in 469,983 percutaneous coronary 
intervention procedures: Insights from the British Cardiovascular Intervention 
Society. Catheter Cardiovasc Interv. 2015 Nov 15;86(6):965-72. 



196 
 

27 Hassani SE, Mintz GS, Fong HS, Kim SW, Xue Z, Pichard AD, et al. Negative 
remodeling and calcified plaque in octogenarians with acute myocardial 
infarction: an intravascular ultrasound analysis. J Am Coll Cardiol. 2006 Jun 
20;47(12):2413-9. 

28 Genereux P, Madhavan MV, Mintz GS, Maehara A, Palmerini T, Lasalle L, et 
al. Ischemic Outcomes after Coronary Intervention of Calcified Vessels in Acute 
Coronary Syndromes: Pooled analysis from the HORIZONS-AMI and ACUITY 
trials. J Am Coll Cardiol. 2014 Feb 7;63(18):1845-54. 

29 Edes IF, Ruzsa Z, Szabo G, Nardai S, Becker D, Benke K, et al. Clinical 
predictors of mortality following rotational atherectomy and stent implantation in 
high-risk patients: A single center experience. Catheter Cardiovasc Interv. 2015 
Oct;86(4):634-41. 

30 Ogura Y, Tsujita K, Shimomura H, Yamanaga K, Komura N, Miyazaki T, et al. 
Clinical characteristics and intravascular ultrasound findings of culprit lesions in 
elderly patients with acute coronary syndrome. Heart Vessels. 2016 
Mar;31(3):341-50. 

31 Chen J, Xue Q, Bai J, Gao L, Tian JW, Li K, et al. Incomplete revascularization 
in the drug eluting stent era permits meaningful long-term (12-78 months) 
outcomes in patients >/= 75 years with acute coronary syndrome. J Geriatr 
Cardiol. 2012 Dec;9(4):336-43. 

32 de Belder A, de la Torre Hernandez JM, Lopez-Palop R, O'Kane P, Hernandez 
Hernandez F, Strange J, et al. A prospective randomized trial of everolimus-
eluting stents versus bare-metal stents in octogenarians: the XIMA Trial (Xience 
or Vision Stents for the Management of Angina in the Elderly). J Am Coll Cardiol. 
2014 Apr 15;63(14):1371-5. 

33 Rodes-Cabau J, Deblois J, Bertrand OF, Mohammadi S, Courtis J, Larose E, et 
al. Nonrandomized comparison of coronary artery bypass surgery and 
percutaneous coronary intervention for the treatment of unprotected left main 
coronary artery disease in octogenarians. Circulation. 2008 Dec 
2;118(23):2374-81. 

34 Sheridan BC, Stearns SC, Rossi JS, D'Arcy LP, Federspiel JJ, Carey TS. Three-
year outcomes of multivessel revascularization in very elderly acute coronary 
syndrome patients. Ann Thorac Surg. 2010 Jun;89(6):1889-94. 

35 Lee PY, Alexander KP, Hammill BG, Pasquali SK, Peterson ED. Representation 
of elderly persons and women in published randomized trials of acute coronary 
syndromes. JAMA. 2001 Aug 8;286(6):708-13. 

36 Davies K, Collerton JC, Jagger C, Bond J, Barker SA, Edwards J, et al. 
Engaging the oldest old in research: lessons from the Newcastle 85+ study. 
BMC Geriatr. 2010;10:64. 

37 Galasso G, De Servi S, Savonitto S, Strisciuglio T, Piccolo R, Morici N, et al. 
Effect of an Invasive Strategy on Outcome in Patients >/=75 Years of Age With 
Non-ST-Elevation Acute Coronary Syndrome. Am J Cardiol. 2015 Mar 
1;115(5):576-80. 

38 Liu Y, Gao L, Xue Q, Yan M, Chen P, Wang Y, et al. Impact of renal dysfunction 
on long-term outcomes of elderly patients with acute coronary syndrome: a 
longitudinal, prospective observational study. BMC Nephrol. 2014;15:78. 

39 Showkathali R, Boston-Griffiths E, Parker M, Davies JR, Clesham GJ, Sayer 
JW, et al. Should primary percutaneous coronary intervention be the routine 
reperfusion strategy in octogenarians presenting with ST elevation myocardial 
infarction? J Cardiovasc Med (Hagerstown). 2014 Jan;15(1):53-9. 

40 Kandzari DE, Roe MT, Chen AY, Lytle BL, Pollack CV, Jr., Harrington RA, et al. 
Influence of clinical trial enrollment on the quality of care and outcomes for 



197 
 

patients with non-ST-segment elevation acute coronary syndromes. Am Heart 
J. 2005 Mar;149(3):474-81. 

41 Alexander KP, Newby LK, Cannon CP, Armstrong PW, Gibler WB, Rich MW, et 
al. Acute coronary care in the elderly, part I: Non-ST-segment-elevation acute 
coronary syndromes: a scientific statement for healthcare professionals from 
the American Heart Association Council on Clinical Cardiology: in collaboration 
with the Society of Geriatric Cardiology. Circulation. 2007 May 15;115(19):2549-
69. 

42 Co The PREDICT Consortium. Increasing The Participation Of The Elderly In 
Clinical Trials: The PREDICT Charter.   [cited 4 March 2014]; Available from: 
http://www.predicteu.org/PREDICT_Charter/predict_charter.html 

43 Diener L, Hugonot-Diener L, Alvino S, Baeyens JP, Bone MF, Chirita D, et al. 
Guidance synthesis. Medical research for and with older people in Europe: 
proposed ethical guidance for good clinical practice: ethical considerations. J 
Nutr Health Aging. 2013 Jul;17(7):625-7. 

44 Nair A, Margolis MP, Kuban BD, Vince DG. Automated coronary plaque 
characterisation with intravascular ultrasound backscatter: ex vivo validation. 
EuroIntervention. 2007 May;3(1):113-20. 

45 Prati F, Arbustini E, Labellarte A, Dal Bello B, Mallus MT, Sommariva L, et al. 
Intravascular ultrasound insights into plaque composition. Z Kardiol. 2000;89 
Suppl 2:117-23. 

46 Fujii K, Hao H, Ohyanagi M, Masuyama T. Intracoronary imaging for detecting 
vulnerable plaque. Circ J. 2013;77(3):588-95. 

47 Nair A, Kuban BD, Tuzcu EM, Schoenhagen P, Nissen SE, Vince DG. Coronary 
plaque classification with intravascular ultrasound radiofrequency data analysis. 
Circulation. 2002 Oct 22;106(17):2200-6. 

48 Muramatsu T, Garcia-Garcia HM, Brugaletta S, Heo JH, Onuma Y, Fedewa RJ, 
et al. Reproducibility of intravascular ultrasound radiofrequency data analysis 
(virtual histology) with a 45-MHz rotational imaging catheter in ex vivo human 
coronary arteries. J Cardiol. 2014 Sep 18. 

49 Nasu K, Tsuchikane E, Katoh O, Vince DG, Virmani R, Surmely JF, et al. 
Accuracy of in vivo coronary plaque morphology assessment: a validation study 
of in vivo virtual histology compared with in vitro histopathology. J Am Coll 
Cardiol. 2006 Jun 20;47(12):2405-12. 

50 Thim T, Hagensen MK, Wallace-Bradley D, Granada JF, Kaluza GL, Drouet L, 
et al. Unreliable assessment of necrotic core by virtual histology intravascular 
ultrasound in porcine coronary artery disease. Circ Cardiovasc Imaging. 2010 
Jul;3(4):384-91. 

51 Brugaletta S, Cola C, Martin-Yuste V, Vilahur G, Oriol J, Padro T, et al. 
Qualitative and quantitative accuracy of ultrasound-based virtual histology for 
detection of necrotic core in human coronary arteries. Int J Cardiovasc Imaging. 
2014 Mar;30(3):469-76. 

52 Burke AP, Farb A, Malcom GT, Liang YH, Smialek J, Virmani R. Coronary risk 
factors and plaque morphology in men with coronary disease who died 
suddenly. N Engl J Med. 1997 May 1;336(18):1276-82. 

53 Garcia-Garcia HM, Mintz GS, Lerman A, Vince DG, Margolis MP, van Es GA, 
et al. Tissue characterisation using intravascular radiofrequency data analysis: 
recommendations for acquisition, analysis, interpretation and reporting. 
EuroIntervention. 2009 Jun;5(2):177-89. 

54 Van Herck J, De Meyer G, Ennekens G, Van Herck P, Herman A, Vrints C. 
Validation of in vivo plaque characterisation by virtual histology in a rabbit model 
of atherosclerosis. EuroIntervention. 2009 May;5(1):149-56. 

http://www.predicteu.org/PREDICT_Charter/predict_charter.html


198 
 

55 Diethrich EB, Pauliina Margolis M, Reid DB, Burke A, Ramaiah V, Rodriguez-
Lopez JA, et al. Virtual histology intravascular ultrasound assessment of carotid 
artery disease: the Carotid Artery Plaque Virtual Histology Evaluation 
(CAPITAL) study. J Endovasc Ther. 2007 Oct;14(5):676-86. 

56 Obaid DR, Calvert PA, Gopalan D, Parker RA, Hoole SP, West NE, et al. 
Atherosclerotic plaque composition and classification identified by coronary 
computed tomography: assessment of computed tomography-generated 
plaque maps compared with virtual histology intravascular ultrasound and 
histology. Circ Cardiovasc Imaging. 2013 Sep 1;6(5):655-64. 

57 Rodriguez-Granillo GA, Garcia-Garcia HM, Valgimigli M, Vaina S, van Mieghem 
C, van Geuns RJ, et al. Global characterization of coronary plaque rupture 
phenotype using three-vessel intravascular ultrasound radiofrequency data 
analysis. Eur Heart J. 2006 Aug;27(16):1921-7. 

58 Hong YJ, Jeong MH, Choi YH, Ma EH, Ko JS, Lee MG, et al. Age-related 
differences in virtual histology-intravascular ultrasound findings in patients with 
coronary artery disease. J Cardiol. 2010 Mar;55(2):224-31. 

59 Cascon-Perez JD, de la Torre-Hernandez JM, Ruiz-Abellon MC, Martinez-
Pascual M, Marmol-Lozano R, Lopez-Candel J, et al. Characteristics of culprit 
atheromatous plaques obtained in vivo by intravascular ultrasound 
radiofrequency analysis: results from the CULPLAC study. Am Heart J. 2013 
Mar;165(3):400-7. 

60 Kim SW, Hong YJ, Mintz GS, Lee SY, Doh JH, Lim SH, et al. Relation of 
ruptured plaque culprit lesion phenotype and outcomes in patients with ST 
elevation acute myocardial infarction. Am J Cardiol. 2012 Mar 15;109(6):794-9. 

61 Nasu K, Tsuchikane E, Katoh O, Vince DG, Margolis PM, Virmani R, et al. 
Impact of intramural thrombus in coronary arteries on the accuracy of tissue 
characterization by in vivo intravascular ultrasound radiofrequency data 
analysis. Am J Cardiol. 2008 Apr 15;101(8):1079-83. 

62 de Graaf MA, van Velzen JE, de Graaf FR, Schuijf JD, Dijkstra J, Bax JJ, et al. 
The maximum necrotic core area is most often located proximally to the site of 
most severe narrowing: a virtual histology intravascular ultrasound study. Heart 
Vessels. 2013 Mar;28(2):166-72. 

63 Legutko J, Jakala J, Mintz GS, Wizimirski M, Rzeszutko L, Partyka L, et al. 
Virtual histology-intravascular ultrasound assessment of lesion coverage after 
angiographically-guided stent implantation in patients with ST Elevation 
myocardial infarction undergoing primary percutaneous coronary intervention. 
Am J Cardiol. 2012 May 15;109(10):1405-10. 

64 Murray SW, Stables RH, Garcia-Garcia HM, Grayson AD, Shaw MA, Perry RA, 
et al. Construction and validation of a plaque discrimination score from the 
anatomical and histological differences in coronary atherosclerosis: the 
Liverpool IVUS-V-HEART (Intra Vascular UltraSound-Virtual-Histology 
Evaluation of Atherosclerosis Requiring Treatment) study. EuroIntervention. 
2014 Jan 30;10(7):815-23. 

65 Kubo T, Maehara A, Mintz GS, Doi H, Tsujita K, Choi SY, et al. The dynamic 
nature of coronary artery lesion morphology assessed by serial virtual histology 
intravascular ultrasound tissue characterization. J Am Coll Cardiol. 2010 Apr 
13;55(15):1590-7. 

66 Diletti R, Garcia-Garcia HM, Gomez-Lara J, Brugaletta S, Wykrzykowska JJ, 
van Ditzhuijzen N, et al. Assessment of coronary atherosclerosis progression 
and regression at bifurcations using combined IVUS and OCT. JACC 
Cardiovasc Imaging. 2011 Jul;4(7):774-80. 



199 
 

67 Zhao Z, Witzenbichler B, Mintz GS, Jaster M, Choi SY, Wu X, et al. Dynamic 
nature of nonculprit coronary artery lesion morphology in STEMI: a serial IVUS 
analysis from the HORIZONS-AMI trial. JACC Cardiovasc Imaging. 2013 
Jan;6(1):86-95. 

68 Kang J, Jeon KH, Kim SW, Park JJ, Yoon CH, Suh JW, et al. Evolution of 
nonculprit coronary atherosclerotic plaques assessed by serial virtual histology 
intravascular ultrasound in patients with ST-segment elevation myocardial 
infarction and chronic total occlusion. Coron Artery Dis. 2016 Aug 5. 

69 Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, et al. A 
prospective natural-history study of coronary atherosclerosis. N Engl J Med. 
2011 Jan 20;364(3):226-35. 

70 Calvert PA, Obaid DR, O'Sullivan M, Shapiro LM, McNab D, Densem CG, et al. 
Association between IVUS findings and adverse outcomes in patients with 
coronary artery disease: the VIVA (VH-IVUS in Vulnerable Atherosclerosis) 
Study. JACC Cardiovasc Imaging. 2011 Aug;4(8):894-901. 

71 Cheng JM, Garcia-Garcia HM, de Boer SP, Kardys I, Heo JH, Akkerhuis KM, et 
al. In vivo detection of high-risk coronary plaques by radiofrequency 
intravascular ultrasound and cardiovascular outcome: results of the 
ATHEROREMO-IVUS study. Eur Heart J. 2014 Mar;35(10):639-47. 

72 de Boer SP, Cheng JM, Garcia-Garcia HM, Oemrawsingh RM, van Geuns RJ, 
Regar E, et al. Relation of genetic profile and novel circulating biomarkers with 
coronary plaque phenotype as determined by intravascular ultrasound: 
rationale and design of the ATHEROREMO-IVUS study. EuroIntervention. 2013 
Aug 26. 

73 Battes LC, Cheng JM, Oemrawsingh RM, Boersma E, Garcia-Garcia HM, de 
Boer SP, et al. Circulating cytokines in relation to the extent and composition of 
coronary atherosclerosis: results from the ATHEROREMO-IVUS study. 
Atherosclerosis. 2014 Sep;236(1):18-24. 

74 Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Akkerhuis KM, Kardys I, de 
Boer SP, et al. Relation of C-Reactive Protein to Coronary Plaque 
Characteristics on Grayscale, Radiofrequency Intravascular Ultrasound, and 
Cardiovascular Outcome in Patients With Acute Coronary Syndrome or Stable 
Angina Pectoris (from the ATHEROREMO-IVUS Study). Am J Cardiol. 2014 
Aug 27;114(10):1497-503. 

75 Kawasaki M, Takatsu H, Noda T, Sano K, Ito Y, Hayakawa K, et al. In vivo 
quantitative tissue characterization of human coronary arterial plaques by use 
of integrated backscatter intravascular ultrasound and comparison with 
angioscopic findings. Circulation. 2002 May 28;105(21):2487-92. 

76 Okubo M, Kawasaki M, Ishihara Y, Takeyama U, Yasuda S, Kubota T, et al. 
Tissue characterization of coronary plaques: comparison of integrated 
backscatter intravascular ultrasound with virtual histology intravascular 
ultrasound. Circ J. 2008 Oct;72(10):1631-9. 

77 Baldwin SL, Yang M, Marutyan KR, Wallace KD, Holland MR, Miller JG. 
Measurements of the anisotropy of ultrasonic velocity in freshly excised and 
formalin-fixed myocardial tissue. J Acoust Soc Am. 2005 Jul;118(1):505-13. 

78 Marutyan KR, Yang M, Baldwin SL, Wallace KD, Holland MR, Miller JG. The 
frequency dependence of ultrasonic velocity and the anisotropy of dispersion in 
both freshly excised and formalin-fixed myocardium. Ultrasound Med Biol. 2006 
Apr;32(4):603-10. 

79 Hiro T. Three stars of the constellation of color intravascular ultrasound in the 
space of tissue characterization of coronary plaque. J Cardiol. 2013 
Feb;61(2):186-7. 



200 
 

80 Yamada R, Okura H, Kume T, Neishi Y, Kawamoto T, Miyamoto Y, et al. A 
comparison between 40 MHz intravascular ultrasound iMap imaging system 
and integrated backscatter intravascular ultrasound. J Cardiol. 2013 
Feb;61(2):149-54. 

81 Prati F, Guagliumi G, Mintz GS, Costa M, Regar E, Akasaka T, et al. Expert 
review document part 2: methodology, terminology and clinical applications of 
optical coherence tomography for the assessment of interventional procedures. 
Eur Heart J. 2010 Oct;33(20):2513-20. 

82 Rodriguez-Granillo GA, Garcia-Garcia HM, Mc Fadden EP, Valgimigli M, Aoki 
J, de Feyter P, et al. In vivo intravascular ultrasound-derived thin-cap 
fibroatheroma detection using ultrasound radiofrequency data analysis. J Am 
Coll Cardiol. 2005 Dec 6;46(11):2038-42. 

83 Fujii K, Hao H, Shibuya M, Imanaka T, Fukunaga M, Miki K, et al. Accuracy of 
OCT, grayscale IVUS, and their combination for the diagnosis of coronary 
TCFA: an ex vivo validation study. JACC Cardiovasc Imaging. 2015 
Apr;8(4):451-60. 

84 Sawada T, Shite J, Garcia-Garcia HM, Shinke T, Watanabe S, Otake H, et al. 
Feasibility of combined use of intravascular ultrasound radiofrequency data 
analysis and optical coherence tomography for detecting thin-cap 
fibroatheroma. Eur Heart J. 2008 May;29(9):1136-46. 

85 Kubo T, Nakamura N, Matsuo Y, Okumoto Y, Wu X, Choi SY, et al. Virtual 
histology intravascular ultrasound compared with optical coherence 
tomography for identification of thin-cap fibroatheroma. Int Heart J. 
2011;52(3):175-9. 

86 Kashiwagi M, Tanaka A, Kitabata H, Ozaki Y, Komukai K, Tanimoto T, et al. 
Comparison of diagnostic accuracy between multidetector computed 
tomography and virtual histology intravascular ultrasound for detecting optical 
coherence tomography-derived fibroatheroma. Cardiovasc Interv Ther. 2014 
Apr;29(2):102-8. 

87 Brown AJ, Obaid DR, Costopoulos C, Parker RA, Calvert PA, Teng Z, et al. 
Direct Comparison of Virtual-Histology Intravascular Ultrasound and Optical 
Coherence Tomography Imaging for Identification of Thin-Cap Fibroatheroma. 
Circ Cardiovasc Imaging. 2015 Oct;8(10):e003487. 

88 Kubo T, Imanishi T, Takarada S, Kuroi A, Ueno S, Yamano T, et al. Assessment 
of culprit lesion morphology in acute myocardial infarction: ability of optical 
coherence tomography compared with intravascular ultrasound and coronary 
angioscopy. J Am Coll Cardiol. 2007 Sep 4;50(10):933-9. 

89 Li J, Ma T, Jing J, Zhang J, Patel PM, Kirk Shung K, et al. Miniature optical 
coherence tomography-ultrasound probe for automatically coregistered three-
dimensional intracoronary imaging with real-time display. J Biomed Opt. 2013 
Oct;18(10):100502. 

90 Brugaletta S, Garcia-Garcia HM, Serruys PW, de Boer S, Ligthart J, Gomez-
Lara J, et al. NIRS and IVUS for characterization of atherosclerosis in patients 
undergoing coronary angiography. JACC Cardiovasc Imaging. 2011 
Jun;4(6):647-55. 

91 Pu J, Mintz GS, Brilakis ES, Banerjee S, Abdel-Karim AR, Maini B, et al. In vivo 
characterization of coronary plaques: novel findings from comparing greyscale 
and virtual histology intravascular ultrasound and near-infrared spectroscopy. 
Eur Heart J. 2012 Feb;33(3):372-83. 

92 Joshi NV, Vesey AT, Williams MC, Shah AS, Calvert PA, Craighead FH, et al. 
18F-fluoride positron emission tomography for identification of ruptured and 



201 
 

high-risk coronary atherosclerotic plaques: a prospective clinical trial. Lancet. 
2014 Feb 22;383(9918):705-13. 

93 Tanaka A, Carlier SG, Katouzian A, Mintz GS. Characterization of the 
Intravascular Ultrasound Radiofrequency Signal within Regions of Acoustic 
Shadowing Behind Calcium. J Am Coll Cardiol. 2007;49(9s2):29B. 

94 Broersen A, de Graaf MA, Eggermont J, Wolterbeek R, Kitslaar PH, Dijkstra J, 
et al. Enhanced characterization of calcified areas in intravascular ultrasound 
virtual histology images by quantification of the acoustic shadow: validation 
against computed tomography coronary angiography. Int J Cardiovasc Imaging. 
2016 Apr;32(4):543-52. 

95 Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden 
coronary death: a comprehensive morphological classification scheme for 
atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 2000 May;20(5):1262-
75. 

96 Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, et al. 
Optical coherence tomography. Science. 1991 Nov 22;254(5035):1178-81. 

97 Jang IK, Bouma BE, Kang DH, Park SJ, Park SW, Seung KB, et al. Visualization 
of coronary atherosclerotic plaques in patients using optical coherence 
tomography: comparison with intravascular ultrasound. J Am Coll Cardiol. 2002 
Feb 20;39(4):604-9. 

98 Brezinski ME, Tearney GJ, Bouma BE, Izatt JA, Hee MR, Swanson EA, et al. 
Optical coherence tomography for optical biopsy. Properties and demonstration 
of vascular pathology. Circulation. 1996 Mar 15;93(6):1206-13. 

99 Prati F, Cera M, Ramazzotti V, Imola F, Giudice R, Albertucci M. Safety and 
feasibility of a new non-occlusive technique for facilitated intracoronary optical 
coherence tomography (OCT) acquisition in various clinical and anatomical 
scenarios. EuroIntervention. 2007 Nov;3(3):365-70. 

100 Choma M, Sarunic M, Yang C, Izatt J. Sensitivity advantage of swept source 
and Fourier domain optical coherence tomography. Opt Express. 2003 Sep 
8;11(18):2183-9. 

101 Prati F, Guagliumi G, Mintz GS, Costa M, Regar E, Akasaka T, et al. Expert 
review document part 2: methodology, terminology and clinical applications of 
optical coherence tomography for the assessment of interventional procedures. 
Eur Heart J. 2012 Oct;33(20):2513-20. 

102 Tearney GJ, Regar E, Akasaka T, Adriaenssens T, Barlis P, Bezerra HG, et al. 
Consensus standards for acquisition, measurement, and reporting of 
intravascular optical coherence tomography studies: a report from the 
International Working Group for Intravascular Optical Coherence Tomography 
Standardization and Validation. J Am Coll Cardiol. 2012 Mar 20;59(12):1058-
72. 

103 Kume T, Akasaka T, Kawamoto T, Ogasawara Y, Watanabe N, Toyota E, et al. 
Assessment of coronary arterial thrombus by optical coherence tomography. 
Am J Cardiol. 2006 Jun 15;97(12):1713-7. 

104 Yabushita H, Bouma BE, Houser SL, Aretz HT, Jang IK, Schlendorf KH, et al. 
Characterization of human atherosclerosis by optical coherence tomography. 
Circulation. 2002 Sep 24;106(13):1640-5. 

105 Kume T, Akasaka T, Kawamoto T, Watanabe N, Toyota E, Neishi Y, et al. 
Assessment of coronary intima--media thickness by optical coherence 
tomography: comparison with intravascular ultrasound. Circ J. 2005 
Aug;69(8):903-7. 



202 
 

106 Motreff P, Levesque S, Souteyrand G, Sarry L, Ouchchane L, Citron B, et al. 
High-resolution coronary imaging by optical coherence tomography: Feasibility, 
pitfalls and artefact analysis. Arch Cardiovasc Dis. 2010 Apr;103(4):215-26. 

107 Moharram MA, Yeoh T, Lowe HC. Swings and roundabouts: Intravascular 
Optical Coherence Tomography (OCT) in the evaluation of the left main stem 
coronary artery. Int J Cardiol. 2011 Apr 14;148(2):243-4. 

108 Tanaka A, Imanishi T, Kitabata H, Kubo T, Takarada S, Tanimoto T, et al. 
Morphology of exertion-triggered plaque rupture in patients with acute coronary 
syndrome: an optical coherence tomography study. Circulation. 2008 Dec 
2;118(23):2368-73. 

109 Jang IK, Tearney GJ, MacNeill B, Takano M, Moselewski F, Iftima N, et al. In 
vivo characterization of coronary atherosclerotic plaque by use of optical 
coherence tomography. Circulation. 2005 Mar 29;111(12):1551-5. 

110 Kubo T, Imanishi T, Kashiwagi M, Ikejima H, Tsujioka H, Kuroi A, et al. Multiple 
coronary lesion instability in patients with acute myocardial infarction as 
determined by optical coherence tomography. Am J Cardiol. 2010 Feb 
1;105(3):318-22. 

111 Ino Y, Kubo T, Tanaka A, Kuroi A, Tsujioka H, Ikejima H, et al. Difference of 
culprit lesion morphologies between ST-segment elevation myocardial 
infarction and non-ST-segment elevation acute coronary syndrome: an optical 
coherence tomography study. JACC Cardiovasc Interv. 2011 Jan;4(1):76-82. 

112 Tian J, Hou J, Xing L, Kim SJ, Yonetsu T, Kato K, et al. Significance of 
intraplaque neovascularisation for vulnerability: optical coherence tomography 
study. Heart. 2012 Oct;98(20):1504-9. 

113 Kato K, Yonetsu T, Kim SJ, Xing L, Lee H, McNulty I, et al. Nonculprit plaques 
in patients with acute coronary syndromes have more vulnerable features 
compared with those with non-acute coronary syndromes: a 3-vessel optical 
coherence tomography study. Circ Cardiovasc Imaging. 2012 Jul;5(4):433-40. 

114 Maejima N, Hibi K, Saka K, Nakayama N, Matsuzawa Y, Endo M, et al. 
Morphological features of non-culprit plaques on optical coherence tomography 
and integrated backscatter intravascular ultrasound in patients with acute 
coronary syndromes. Eur Heart J Cardiovasc Imaging. 2015 Feb;16(2):190-7. 

115 Tanaka A, Imanishi T, Kitabata H, Kubo T, Takarada S, Kataiwa H, et al. 
Distribution and frequency of thin-capped fibroatheromas and ruptured plaques 
in the entire culprit coronary artery in patients with acute coronary syndrome as 
determined by optical coherence tomography. Am J Cardiol. 2008 Oct 
15;102(8):975-9. 

116 Toutouzas K, Karanasos A, Riga M, Tsiamis E, Synetos A, Michelongona A, et 
al. Optical coherence tomography assessment of the spatial distribution of 
culprit ruptured plaques and thin-cap fibroatheromas in acute coronary 
syndrome. EuroIntervention. 2012 Aug;8(4):477-85. 

117 Toutouzas K, Karanasos A, Tsiamis E, Riga M, Drakopoulou M, Synetos A, et 
al. New insights by optical coherence tomography into the differences and 
similarities of culprit ruptured plaque morphology in non-ST-elevation 
myocardial infarction and ST-elevation myocardial infarction. Am Heart J. 2011 
Jun;161(6):1192-9. 

118 Takarada S, Imanishi T, Kubo T, Tanimoto T, Kitabata H, Nakamura N, et al. 
Effect of statin therapy on coronary fibrous-cap thickness in patients with acute 
coronary syndrome: assessment by optical coherence tomography study. 
Atherosclerosis. 2009 Feb;202(2):491-7. 

119 Hattori K, Ozaki Y, Ismail TF, Okumura M, Naruse H, Kan S, et al. Impact of 
statin therapy on plaque characteristics as assessed by serial OCT, grayscale 



203 
 

and integrated backscatter-IVUS. JACC Cardiovasc Imaging. 2012 
Feb;5(2):169-77. 

120 Nishio R, Shinke T, Otake H, Nakagawa M, Nagoshi R, Inoue T, et al. Stabilizing 
effect of combined eicosapentaenoic acid and statin therapy on coronary thin-
cap fibroatheroma. Atherosclerosis. 2014 May;234(1):114-9. 

121 Niccoli G, Montone RA, Di Vito L, Gramegna M, Refaat H, Scalone G, et al. 
Plaque rupture and intact fibrous cap assessed by optical coherence 
tomography portend different outcomes in patients with acute coronary 
syndrome. Eur Heart J. 2015 Jun 7;36(22):1377-84. 

122 Yonetsu T, Lee T, Murai T, Suzuki M, Matsumura A, Hashimoto Y, et al. Plaque 
morphologies and the clinical prognosis of acute coronary syndrome caused by 
lesions with intact fibrous cap diagnosed by optical coherence tomography. Int 
J Cardiol. 2016 Jan 15;203:766-74. 

123 Guo J, Chen YD, Tian F, Liu HB, Chen L, Sun ZJ, et al. Thrombosis and 
morphology of plaque rupture using optical coherence tomography. Chin Med J 
(Engl). 2013 Mar;126(6):1092-5. 

124 Vergallo R, Ren X, Yonetsu T, Kato K, Uemura S, Yu B, et al. Pancoronary 
plaque vulnerability in patients with acute coronary syndrome and ruptured 
culprit plaque: a 3-vessel optical coherence tomography study. Am Heart J. 
2014 Jan;167(1):59-67. 

125 Shimamura K, Ino Y, Kubo T, Nishiguchi T, Tanimoto T, Ozaki Y, et al. 
Difference of ruptured plaque morphology between asymptomatic coronary 
artery disease and non-ST elevation acute coronary syndrome patients: an 
optical coherence tomography study. Atherosclerosis. 2014 Aug;235(2):532-7. 

126 Vergallo R, Uemura S, Soeda T, Minami Y, Cho JM, Ong DS, et al. Prevalence 
and Predictors of Multiple Coronary Plaque Ruptures: In Vivo 3-Vessel Optical 
Coherence Tomography Imaging Study. Arterioscler Thromb Vasc Biol. 2016 
Oct;36(11):2229-38. 

127 Farb A, Burke AP, Tang AL, Liang TY, Mannan P, Smialek J, et al. Coronary 
plaque erosion without rupture into a lipid core. A frequent cause of coronary 
thrombosis in sudden coronary death. Circulation. 1996 Apr 1;93(7):1354-63. 

128 Jia H, Abtahian F, Aguirre AD, Lee S, Chia S, Lowe H, et al. In vivo diagnosis 
of plaque erosion and calcified nodule in patients with acute coronary syndrome 
by intravascular optical coherence tomography. J Am Coll Cardiol. 2013 Nov 
5;62(19):1748-58. 

129 Ferrante G, Nakano M, Prati F, Niccoli G, Mallus MT, Ramazzotti V, et al. High 
levels of systemic myeloperoxidase are associated with coronary plaque 
erosion in patients with acute coronary syndromes: a clinicopathological study. 
Circulation. 2010 Dec 14;122(24):2505-13. 

130 Prati F, Uemura S, Souteyrand G, Virmani R, Motreff P, Di Vito L, et al. OCT-
based diagnosis and management of STEMI associated with intact fibrous cap. 
JACC Cardiovasc Imaging. 2013 Mar;6(3):283-7. 

131 Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger J, et al. From 
vulnerable plaque to vulnerable patient: a call for new definitions and risk 
assessment strategies: Part I. Circulation. 2003 Oct 7;108(14):1664-72. 

132 Schaar JA, Muller JE, Falk E, Virmani R, Fuster V, Serruys PW, et al. 
Terminology for high-risk and vulnerable coronary artery plaques. Report of a 
meeting on the vulnerable plaque, June 17 and 18, 2003, Santorini, Greece. 
Eur Heart J. 2004 Jun;25(12):1077-82. 

133 Mizukoshi M, Kubo T, Takarada S, Kitabata H, Ino Y, Tanimoto T, et al. 
Coronary superficial and spotty calcium deposits in culprit coronary lesions of 



204 
 

acute coronary syndrome as determined by optical coherence tomography. Am 
J Cardiol. 2013 Jul 1;112(1):34-40. 

134 Kato K, Yonetsu T, Kim SJ, Xing L, Lee H, McNulty I, et al. Comparison of 
nonculprit coronary plaque characteristics between patients with and without 
diabetes: a 3-vessel optical coherence tomography study. JACC Cardiovasc 
Interv. 2012 Nov;5(11):1150-8. 

135 Uemura S, Ishigami K, Soeda T, Okayama S, Sung JH, Nakagawa H, et al. 
Thin-cap fibroatheroma and microchannel findings in optical coherence 
tomography correlate with subsequent progression of coronary atheromatous 
plaques. Eur Heart J. 2012 Jan;33(1):78-85. 

136 Moreno PR, Purushothaman KR, Fuster V, Echeverri D, Truszczynska H, 
Sharma SK, et al. Plaque neovascularization is increased in ruptured 
atherosclerotic lesions of human aorta: implications for plaque vulnerability. 
Circulation. 2004 Oct 5;110(14):2032-8. 

137 Kitabata H, Tanaka A, Kubo T, Takarada S, Kashiwagi M, Tsujioka H, et al. 
Relation of microchannel structure identified by optical coherence tomography 
to plaque vulnerability in patients with coronary artery disease. Am J Cardiol. 
2010 Jun 15;105(12):1673-8. 

138 Choi BJ, Matsuo Y, Aoki T, Kwon TG, Prasad A, Gulati R, et al. Coronary 
endothelial dysfunction is associated with inflammation and vasa vasorum 
proliferation in patients with early atherosclerosis. Arterioscler Thromb Vasc 
Biol. 2014 Nov;34(11):2473-7. 

139 Nakamura S, Inami S, Murai K, Takano M, Takano H, Asai K, et al. Relationship 
between cholesterol crystals and culprit lesion characteristics in patients with 
stable coronary artery disease: an optical coherence tomography study. Clin 
Res Cardiol. 2014 Dec;103(12):1015-21. 

140 Dai J, Tian J, Hou J, Xing L, Liu S, Ma L, et al. Association between cholesterol 
crystals and culprit lesion vulnerability in patients with acute coronary syndrome: 
An optical coherence tomography study. Atherosclerosis. 2016 Feb 8;247:111-
7. 

141 Lee SY, Shin DH, Shehata I, Kim JS, Kim BK, Ko YG, et al. Association between 
fractional flow reserve and coronary plaque characteristics assessed by optical 
coherence tomography. J Cardiol. 2016 Oct;68(4):342-5. 

142 Wijns W, Shite J, Jones MR, Lee SW, Price MJ, Fabbiocchi F, et al. Optical 
coherence tomography imaging during percutaneous coronary intervention 
impacts physician decision-making: ILUMIEN I study. Eur Heart J. 2015 Dec 
14;36(47):3346-55. 

143 Kennedy MW, Fabris E, Ijsselmuiden AJ, Nef H, Reith S, Escaned J, et al. 
Combined optical coherence tomography morphologic and fractional flow 
reserve hemodynamic assessment of non- culprit lesions to better predict 
adverse event outcomes in diabetes mellitus patients: COMBINE (OCT-FFR) 
prospective study. Rationale and design. Cardiovasc Diabetol. 2016 Oct 
10;15(1):144. 

144 Burzotta F, Nerla R, Hill J, Paraggio L, Leone AM, Byrne J, et al. Correlation 
between frequency-domain optical coherence tomography and fractional flow 
reserve in angiographically-intermediate coronary lesions. Int J Cardiol. 2018 
Feb 15;253:55-60. 

145 Usui E, Yonetsu T, Kanaji Y, Hoshino M, Yamaguchi M, Hada M, et al. Efficacy 
of Optical Coherence Tomography-derived Morphometric Assessment in 
Predicting the Physiological Significance of Coronary Stenosis: Head-to-Head 
Comparison with Intravascular Ultrasound. EuroIntervention. 2018 Apr 
6;13(18):e2210-e8. 



205 
 

146 Zafar H, Ullah I, Dinneen K, Matiullah S, Hanley A, Leahy MJ, et al. Evaluation 
of hemodynamically severe coronary stenosis as determined by fractional flow 
reserve with frequency domain optical coherence tomography measured 
anatomical parameters. J Cardiol. 2014 Jul;64(1):19-24. 

147 Reith S, Battermann S, Jaskolka A, Lehmacher W, Hoffmann R, Marx N, et al. 
Relationship between optical coherence tomography derived intraluminal and 
intramural criteria and haemodynamic relevance as determined by fractional 
flow reserve in intermediate coronary stenoses of patients with type 2 diabetes. 
Heart. 2013 May;99(10):700-7. 

148 Pyxaras SA, Tu S, Barbato E, Barbati G, Di Serafino L, De Vroey F, et al. 
Quantitative angiography and optical coherence tomography for the functional 
assessment of nonobstructive coronary stenoses: comparison with fractional 
flow reserve. Am Heart J. 2013 Dec;166(6):1010-8 e1. 

149 Pawlowski T, Prati F, Kulawik T, Ficarra E, Bil J, Gil R. Optical coherence 
tomography criteria for defining functional severity of intermediate lesions: a 
comparative study with FFR. Int J Cardiovasc Imaging. 2013 Dec;29(8):1685-
91. 

150 Gonzalo N, Escaned J, Alfonso F, Nolte C, Rodriguez V, Jimenez-Quevedo P, 
et al. Morphometric assessment of coronary stenosis relevance with optical 
coherence tomography: a comparison with fractional flow reserve and 
intravascular ultrasound. J Am Coll Cardiol. 2012 Mar 20;59(12):1080-9. 

151 Shiono Y, Kitabata H, Kubo T, Masuno T, Ohta S, Ozaki Y, et al. Optical 
coherence tomography-derived anatomical criteria for functionally significant 
coronary stenosis assessed by fractional flow reserve. Circ J. 2012;76(9):2218-
25. 

152 Maehara A, Mintz GS, Weissman NJ. Advances in intravascular imaging. Circ 
Cardiovasc Interv. 2009 Oct;2(5):482-90. 

153 Regar E, Gnanadesigan M, Van der Steen AF, van Soest G. Quantitative optical 
coherence tomography tissue-type imaging for lipid-core plaque detection. 
JACC Cardiovasc Interv. 2013 Aug;6(8):891-2. 

154 Roleder T, Kovacic JC, Ali Z, Sharma R, Cristea E, Moreno P, et al. Combined 
NIRS and IVUS imaging detects vulnerable plaque using a single catheter 
system: a head-to-head comparison with OCT. EuroIntervention. 2014 
Jul;10(3):303-11. 

155 Fard AM, Vacas-Jacques P, Hamidi E, Wang H, Carruth RW, Gardecki JA, et 
al. Optical coherence tomography--near infrared spectroscopy system and 
catheter for intravascular imaging. Opt Express. 2013 Dec 16;21(25):30849-58. 

156 Gurmeric S, Isguder GG, Carlier S, Unal G. A new 3-D automated computational 
method to evaluate in-stent neointimal hyperplasia in in-vivo intravascular 
optical coherence tomography pullbacks. Med Image Comput Comput Assist 
Interv. 2009;12(Pt 2):776-85. 

157 Athanasiou LS, Bourantas CV, Siogkas PK, Sakellarios AI, Exarchos TP, Naka 
KK, et al. 3D reconstruction of coronary arteries using frequency domain optical 
coherence tomography images and biplane angiography. Conf Proc IEEE Eng 
Med Biol Soc. 2012;2012:2647-50. 

158 Bourantas CV, Papafaklis MI, Lakkas L, Sakellarios A, Onuma Y, Zhang YJ, et 
al. Fusion of optical coherence tomographic and angiographic data for more 
accurate evaluation of the endothelial shear stress patterns and neointimal 
distribution after bioresorbable scaffold implantation: comparison with 
intravascular ultrasound-derived reconstructions. Int J Cardiovasc Imaging. 
2014 Mar;30(3):485-94. 



206 
 

159 Fukumoto Y, Hiro T, Fujii T, Hashimoto G, Fujimura T, Yamada J, et al. 
Localized elevation of shear stress is related to coronary plaque rupture: a 3-
dimensional intravascular ultrasound study with in-vivo color mapping of shear 
stress distribution. J Am Coll Cardiol. 2008 Feb 12;51(6):645-50. 

160 Nakazato R, Otake H, Konishi A, Iwasaki M, Koo BK, Fukuya H, et al. 
Atherosclerotic plaque characterization by CT angiography for identification of 
high-risk coronary artery lesions: a comparison to optical coherence 
tomography. Eur Heart J Cardiovasc Imaging. 2015 Apr;16(4):373-9. 

161 Sato A, Hoshi T, Kakefuda Y, Hiraya D, Watabe H, Kawabe M, et al. In vivo 
evaluation of fibrous cap thickness by optical coherence tomography for positive 
remodeling and low-attenuation plaques assessed by computed tomography 
angiography. Int J Cardiol. 2015 Mar 1;182:419-25. 

162 Yang DH, Kang SJ, Koo HJ, Chang M, Kang JW, Lim TH, et al. Coronary CT 
angiography characteristics of OCT-defined thin-cap fibroatheroma: a section-
to-section comparison study. Eur Radiol. 2018 Feb;28(2):833-43. 

163 Manfrini O, Mont E, Leone O, Arbustini E, Eusebi V, Virmani R, et al. Sources 
of error and interpretation of plaque morphology by optical coherence 
tomography. Am J Cardiol. 2006 Jul 15;98(2):156-9. 

164 Athanasiou LS, Bourantas CV, Rigas GA, Exarchos TP, Sakellarios AI, Siogkas 
PK, et al. Fully automated calcium detection using optical coherence 
tomography. Conf Proc IEEE Eng Med Biol Soc. 2013;2013:1430-3. 

165 Kunadian V, Neely RD, Sinclair H, Batty JA, Veerasamy M, Ford GA, et al. Study 
to Improve Cardiovascular Outcomes in high-risk older patieNts (ICON1) with 
acute coronary syndrome: study design and protocol of a prospective 
observational study. BMJ Open. 2016 Aug 23;6(8):e012091. 

166 Hamm CW, Bassand JP, Agewall S, Bax J, Boersma E, Bueno H, et al. ESC 
Guidelines for the management of acute coronary syndromes in patients 
presenting without persistent ST-segment elevation: The Task Force for the 
management of acute coronary syndromes (ACS) in patients presenting without 
persistent ST-segment elevation of the European Society of Cardiology (ESC). 
Eur Heart J. 2011 Dec;32(23):2999-3054. 

167 Sianos G, Morel MA, Kappetein AP, Morice MC, Colombo A, Dawkins K, et al. 
The SYNTAX Score: an angiographic tool grading the complexity of coronary 
artery disease. EuroIntervention. 2005 Aug;1(2):219-27. 

168 De Silva K, Morton G, Sicard P, Chong E, Indermuehle A, Clapp B, et al. 
Prognostic utility of BCIS myocardial jeopardy score for classification of 
coronary disease burden and completeness of revascularization. Am J Cardiol. 
2013 Jan 15;111(2):172-7. 

169 Genereux P, Campos CM, Farooq V, Bourantas CV, Mohr FW, Colombo A, et 
al. Validation of the SYNTAX revascularization index to quantify reasonable 
level of incomplete revascularization after percutaneous coronary intervention. 
Am J Cardiol. 2015 Jul 15;116(2):174-86. 

170 Genereux P, Campos CM, Yadav M, Palmerini T, Caixeta A, Xu K, et al. 
Reasonable incomplete revascularisation after percutaneous coronary 
intervention: the SYNTAX Revascularisation Index. EuroIntervention. 2015 
Oct;11(6):634-42. 

171 Nicholls SJ, Hsu A, Wolski K, Hu B, Bayturan O, Lavoie A, et al. Intravascular 
ultrasound-derived measures of coronary atherosclerotic plaque burden and 
clinical outcome. J Am Coll Cardiol. 2010 May 25;55(21):2399-407. 

172 Mintz GS, Kent KM, Pichard AD, Satler LF, Popma JJ, Leon MB. Contribution 
of inadequate arterial remodeling to the development of focal coronary artery 



207 
 

stenoses. An intravascular ultrasound study. Circulation. 1997 Apr 
1;95(7):1791-8. 

173 Mehran R, Rao SV, Bhatt DL, Gibson CM, Caixeta A, Eikelboom J, et al. 
Standardized bleeding definitions for cardiovascular clinical trials: a consensus 
report from the Bleeding Academic Research Consortium. Circulation. 2011 Jun 
14;123(23):2736-47. 

174 Ruiz-Garcia J, Lerman A, Weisz G, Maehara A, Mintz GS, Fahy M, et al. Age- 
and gender-related changes in plaque composition in patients with acute 
coronary syndrome: the PROSPECT study. EuroIntervention. 2012 Dec 
20;8(8):929-38. 

175 Kelsey JL. Methods in observational epidemiology: Oxford University Press 
1996. 

176 Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful selection of 
variables in logistic regression. Source Code Biol Med. 2008 Dec 16;3:17. 

177 Rodriguez-Granillo GA, McFadden EP, Aoki J, van Mieghem CA, Regar E, 
Bruining N, et al. In vivo variability in quantitative coronary ultrasound and tissue 
characterization measurements with mechanical and phased-array catheters. 
Int J Cardiovasc Imaging. 2006 Feb;22(1):47-53. 

178 Mahlknecht U, Kaiser S. Age-related changes in peripheral blood counts in 
humans. Exp Ther Med. 2010 Nov;1(6):1019-25. 

179 Stampfer MJ, Colditz GA, Willett WC. Menopause and heart disease. A review. 
Ann N Y Acad Sci. 1990;592:193-203; discussion 57-62. 

180 Schottker B, Jorde R, Peasey A, Thorand B, Jansen EH, Groot L, et al. Vitamin 
D and mortality: meta-analysis of individual participant data from a large 
consortium of cohort studies from Europe and the United States. BMJ. 2014 Jun 
17;348:g3656. 

181 Cherubini A, Oristrell J, Pla X, Ruggiero C, Ferretti R, Diestre G, et al. The 
persistent exclusion of older patients from ongoing clinical trials regarding heart 
failure. Arch Intern Med. 2011 Mar 28;171(6):550-6. 

182 Tolmie EP, Mungall MM, Louden G, Lindsay GM, Gaw A. Understanding why 
older people participate in clinical trials: the experience of the Scottish 
PROSPER participants. Age Ageing. 2004 Jul;33(4):374-8. 

183 Ory MG, Lipman PD, Karlen PL, Gerety MB, Stevens VJ, Singh MA, et al. 
Recruitment of older participants in frailty/injury prevention studies. Prev Sci. 
2002 Mar;3(1):1-22. 

184 Duffy LM, Wyble SJ, Wilson B, Miles SH. Obtaining geriatric patient consent. J 
Gerontol Nurs. 1989 Jan;15(1):21-4. 

185 DeLuca SA, Korcuska LA, Oberstar BH, Rosenthal ML, Welsh PA, Topol EJ. 
Are we promoting true informed consent in cardiovascular clinical trials? J 
Cardiovasc Nurs. 1995 Apr;9(3):54-61. 

186 Office of National Statistics. 2011 Census - Population and Household 
Estimates for England and Wales, March 2011. 

187 Collerton J, Davies K, Jagger C, Kingston A, Bond J, Eccles MP, et al. Health 
and disease in 85 year olds: baseline findings from the Newcastle 85+ cohort 
study. BMJ. 2009;339:b4904. 

188 McMurdo ME, Roberts H, Parker S, Wyatt N, May H, Goodman C, et al. 
Improving recruitment of older people to research through good practice. Age 
Ageing. 2011 Nov;40(6):659-65. 

189 Kemeny MM, Peterson BL, Kornblith AB, Muss HB, Wheeler J, Levine E, et al. 
Barriers to clinical trial participation by older women with breast cancer. J Clin 
Oncol. 2003 Jun 15;21(12):2268-75. 



208 
 

190 Javid SH, Unger JM, Gralow JR, Moinpour CM, Wozniak AJ, Goodwin JW, et 
al. A prospective analysis of the influence of older age on physician and patient 
decision-making when considering enrollment in breast cancer clinical trials 
(SWOG S0316). Oncologist. 2012;17(9):1180-90. 

191 Taniwaki M, Radu MD, Garcia-Garcia HM, Heg D, Kelbaek H, Holmvang L, et 
al. Long-term safety and feasibility of three-vessel multimodality intravascular 
imaging in patients with ST-elevation myocardial infarction: the IBIS-4 
(integrated biomarker and imaging study) substudy. Int J Cardiovasc Imaging. 
2015 Jun;31(5):915-26. 

192 Zheng B, Mintz GS, McPherson JA, De Bruyne B, Farhat NZ, Marso SP, et al. 
Predictors of Plaque Rupture Within Nonculprit Fibroatheromas in Patients With 
Acute Coronary Syndromes: The PROSPECT Study. JACC Cardiovasc 
Imaging. 2015 Oct;8(10):1180-7. 

193 Wykrzykowska JJ, Mintz GS, Garcia-Garcia HM, Maehara A, Fahy M, Xu K, et 
al. Longitudinal distribution of plaque burden and necrotic core-rich plaques in 
nonculprit lesions of patients presenting with acute coronary syndromes. JACC 
Cardiovasc Imaging. 2012 Mar;5(3 Suppl):S10-8. 

194 Barlis P, Gonzalo N, Di Mario C, Prati F, Buellesfeld L, Rieber J, et al. A 
multicentre evaluation of the safety of intracoronary optical coherence 
tomography. EuroIntervention. 2009 May;5(1):90-5. 

195 van der Sijde JN, Karanasos A, van Ditzhuijzen NS, Okamura T, van Geuns RJ, 
Valgimigli M, et al. Safety of optical coherence tomography in daily practice: a 
comparison with intravascular ultrasound. Eur Heart J Cardiovasc Imaging. 
2017 Apr;18(4):467-74. 

196 Murray SW, Stables RH, Hart G, Palmer ND. Defining the magnitude of 
measurement variability in the virtual histology analysis of acute coronary 
syndrome plaques. Eur Heart J Cardiovasc Imaging. 2013 Feb;14(2):167-74. 

197 Rodriguez-Granillo GA, Vaina S, Garcia-Garcia HM, Valgimigli M, Duckers E, 
van Geuns RJ, et al. Reproducibility of intravascular ultrasound radiofrequency 
data analysis: implications for the design of longitudinal studies. Int J 
Cardiovasc Imaging. 2006 Oct;22(5):621-31. 

198 Palmerini T, Genereux P, Caixeta A, Cristea E, Lansky A, Mehran R, et al. 
Prognostic value of the SYNTAX score in patients with acute coronary 
syndromes undergoing percutaneous coronary intervention: analysis from the 
ACUITY (Acute Catheterization and Urgent Intervention Triage StrategY) trial. 
J Am Coll Cardiol. 2011 Jun 14;57(24):2389-97. 

199 National Institute for Cardiovascular Outcomes Research. National Audit of 
Percutaneous Coronary Interventions, Annual Public Report 2014-2015.  
[cited 26 June 2018]; Available from: 
http://www.ucl.ac.uk/nicor/audits/adultpercutaneous/documents/Report-
Dec2015V5.pdf 

200 Kunadian V, James SK, Wojdyla DM, Zorkun C, Wu J, Storey RF, et al. 
Angiographic outcomes in the PLATO Trial (Platelet Inhibition and Patient 
Outcomes). JACC Cardiovasc Interv. 2013 Jul;6(7):671-83. 

201 Lansky AJ, Ng VG, Maehara A, Weisz G, Lerman A, Mintz GS, et al. Gender 
and the extent of coronary atherosclerosis, plaque composition, and clinical 
outcomes in acute coronary syndromes. JACC Cardiovasc Imaging. 2012 
Mar;5(3 Suppl):S62-72. 

202 Gudnadottir GS, Andersen K, Thrainsdottir IS, James SK, Lagerqvist B, 
Gudnason T. Gender differences in coronary angiography, subsequent 
interventions, and outcomes among patients with acute coronary syndromes. 
Am Heart J. 2017 Sep;191:65-74. 

http://www.ucl.ac.uk/nicor/audits/adultpercutaneous/documents/Report-Dec2015V5.pdf
http://www.ucl.ac.uk/nicor/audits/adultpercutaneous/documents/Report-Dec2015V5.pdf


209 
 

203 Wang L, Mintz GS, Witzenbichler B, Metzger DC, Rinaldi MJ, Duffy PL, et al. 
Differences in Underlying Culprit Lesion Morphology Between Men and Women: 
An IVUS Analysis From the ADAPT-DES Study. JACC Cardiovasc Imaging. 
2016 Apr;9(4):498-9. 

204 Qian J, Maehara A, Mintz GS, Margolis MP, Lerman A, Rogers J, et al. Impact 
of gender and age on in vivo virtual histology-intravascular ultrasound imaging 
plaque characterization (from the global Virtual Histology Intravascular 
Ultrasound [VH-IVUS] registry). Am J Cardiol. 2009 May 1;103(9):1210-4. 

205 Schoenenberger AW, Urbanek N, Toggweiler S, Stuck AE, Resink TJ, Erne P. 
Ultrasound-assessed non-culprit and culprit coronary vessels differ by age and 
gender. World J Cardiol. 2013 Mar 26;5(3):42-8. 

206 Ann SH, De Jin C, Singh GB, Lim KH, Chung JW, Garg S, et al. Gender 
differences in plaque characteristics of culprit lesions in patients with ST 
elevation myocardial infarction. Heart Vessels. 2016 Nov;31(11):1767-75. 

207 Barbero U, Scacciatella P, Iannaccone M, D'Ascenzo F, Niccoli G, Colombo F, 
et al. Culprit plaque characteristics in younger versus older patients with acute 
coronary syndromes: An optical coherence tomography study from the 
FORMIDABLE registry. Catheter Cardiovasc Interv. 2018 Jul;92(1):E1-8. 

208 Chia S, Christopher Raffel O, Takano M, Tearney GJ, Bouma BE, Jang IK. In-
vivo comparison of coronary plaque characteristics using optical coherence 
tomography in women vs. men with acute coronary syndrome. Coron Artery Dis. 
2007 Sep;18(6):423-7. 

209 Guagliumi G, Capodanno D, Saia F, Musumeci G, Tarantini G, Garbo R, et al. 
Mechanisms of atherothrombosis and vascular response to primary 
percutaneous coronary intervention in women versus men with acute 
myocardial infarction: results of the OCTAVIA study. JACC Cardiovasc Interv. 
2014 Sep;7(9):958-68. 

210 Iannaccone M, Quadri G, Taha S, D'Ascenzo F, Montefusco A, Omede P, et al. 
Prevalence and predictors of culprit plaque rupture at OCT in patients with 
coronary artery disease: a meta-analysis. Eur Heart J Cardiovasc Imaging. 
2016 Oct;17(10):1128-37. 

211 Tian J, Dauerman H, Toma C, Samady H, Itoh T, Kuramitsu S, et al. Prevalence 
and characteristics of TCFA and degree of coronary artery stenosis: an OCT, 
IVUS, and angiographic study. J Am Coll Cardiol. 2014 Aug 19;64(7):672-80. 

212 National Institute for Health and Care Excellence. [CG 94] Unstable angina and 
NSTEMI: early management.  2010 November 2013 [cited 2018 23/10/2018]; 
Available from: https://www.nice.org.uk/guidance/cg94 

213 Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, et al. 2015 
ESC Guidelines for the management of acute coronary syndromes in patients 
presenting without persistent ST-segment elevation: Task Force for the 
Management of Acute Coronary Syndromes in Patients Presenting without 
Persistent ST-Segment Elevation of the European Society of Cardiology (ESC). 
Eur Heart J. 2016 Jan 14;37(3):267-315. 

214 ClinicalTrials.gov. The British Heart Foundation SENIOR-RITA Trial (SENIOR-
RITA).  2017 [cited 2018 23/10/2018]; Available from: 
https://clinicaltrials.gov/ct2/show/NCT03052036 

215 Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W, Jr., et al. 
A definition of advanced types of atherosclerotic lesions and a histological 
classification of atherosclerosis. A report from the Committee on Vascular 
Lesions of the Council on Arteriosclerosis, American Heart Association. 
Circulation. 1995 Sep 1;92(5):1355-74. 

https://www.nice.org.uk/guidance/cg94
https://clinicaltrials.gov/ct2/show/NCT03052036


210 
 

216 Head T, Daunert S, Goldschmidt-Clermont PJ. The Aging Risk and 
Atherosclerosis: A Fresh Look at Arterial Homeostasis. Front Genet. 
2017;8:216. 

217 Dey S, Flather MD, Devlin G, Brieger D, Gurfinkel EP, Steg PG, et al. Sex-
related differences in the presentation, treatment and outcomes among patients 
with acute coronary syndromes: the Global Registry of Acute Coronary Events. 
Heart. 2009 Jan;95(1):20-6. 

218 Burke AP, Farb A, Malcom G, Virmani R. Effect of menopause on plaque 
morphologic characteristics in coronary atherosclerosis. Am Heart J. 2001 
Feb;141(2 Suppl):S58-62. 

219 Alonso Salinas GL, Sanmartin M, Pascual Izco M, Rincon LM, Pastor Pueyo P, 
Marco Del Castillo A, et al. Frailty is an independent prognostic marker in elderly 
patients with myocardial infarction. Clin Cardiol. 2017 Oct;40(10):925-31. 

220 Batty J, Qiu W, Gu S, Sinclair H, Veerasamy M, Beska B, et al. One-year clinical 
outcomes in older patients with non-ST elevation acute coronary syndrome 
undergoing coronary angiography: An analysis of the ICON1 study. Int J 
Cardiol. 2019 Jan 1;274:45-51. 

221 Kang L, Zhang SY, Zhu WL, Pang HY, Zhang L, Zhu ML, et al. Is frailty 
associated with short-term outcomes for elderly patients with acute coronary 
syndrome? J Geriatr Cardiol. 2015 Nov;12(6):662-7. 

222 Idoate F, Cadore EL, Casas-Herrero A, Zambom-Ferraresi F, Marcellan T, Ruiz 
de Gordoa A, et al. Adipose tissue compartments, muscle mass, muscle fat 
infiltration, and coronary calcium in institutionalized frail nonagenarians. Eur 
Radiol. 2015 Jul;25(7):2163-75. 

223 Korada SKC, Zhao D, Tibuakuu M, Brown TT, Jacobson LP, Guallar E, et al. 
Frailty and subclinical coronary atherosclerosis: The Multicenter AIDS Cohort 
Study (MACS). Atherosclerosis. 2017 Nov;266:240-7. 

224 Idoate F, Cadore EL, Casas-Herrero A, Zambom-Ferraresi F, Martinez-Velilla 
N, Rodriguez-Manas L, et al. Noncoronary Vascular Calcification, Bone Mineral 
Density, and Muscle Mass in Institutionalized Frail Nonagenarians. 
Rejuvenation Res. 2017 Aug;20(4):298-308. 

225 Boyle JJ. Association of coronary plaque rupture and atherosclerotic 
inflammation. J Pathol. 1997 Jan;181(1):93-9. 

226 Wilensky RL, Shi Y, Mohler ER, 3rd, Hamamdzic D, Burgert ME, Li J, et al. 
Inhibition of lipoprotein-associated phospholipase A2 reduces complex 
coronary atherosclerotic plaque development. Nat Med. 2008 Oct;14(10):1059-
66. 

227 Ndrepepa G, Braun S, Schomig A, Kastrati A. Impact of therapy with statins, 
beta-blockers and angiotensin-converting enzyme inhibitors on plasma 
myeloperoxidase in patients with coronary artery disease. Clin Res Cardiol. 
2011 Apr;100(4):327-33. 

228 Liu W, Zhang Y, Yu CM, Ji QW, Cai M, Zhao YX, et al. Current understanding 
of coronary artery calcification. J Geriatr Cardiol. 2015 Nov;12(6):668-75. 

229 Watanabe H, Morimoto T, Shiomi H, Natsuaki M, Kawai K, Kozuma K, et al. 
Impact of Angiographic Residual Stenosis on Clinical Outcomes After New-
Generation Drug-Eluting Stents Implantation: Insights From a Pooled Analysis 
of the RESET and NEXT Trials. J Am Heart Assoc. 2018 Jun 30;7(13). 

230 Bourantas CV, Jaffer FA, Gijsen FJ, van Soest G, Madden SP, Courtney BK, et 
al. Hybrid intravascular imaging: recent advances, technical considerations, and 
current applications in the study of plaque pathophysiology. Eur Heart J. 2017 
Feb 7;38(6):400-12. 



211 
 

231 Koga S, Ikeda S, Yoshida T, Nakata T, Takeno M, Masuda N, et al. Elevated 
Levels of Systemic Pentraxin 3 Are Associated With Thin-Cap Fibroatheroma 
in Coronary Culprit Lesions: Assessment by Optical Coherence Tomography 
and Intravascular Ultrasound. JACC Cardiovasc Interv. 2013 Sep;6(9):945-54. 

232 Koyama K, Yoneyama K, Mitarai T, Ishibashi Y, Takahashi E, Kongoji K, et al. 
Association between inflammatory biomarkers and thin-cap fibroatheroma 
detected by optical coherence tomography in patients with coronary heart 
disease. Arch Med Sci. 2015 Jun 19;11(3):505-12. 

233 Kwon O, Kang SJ, Kang SH, Lee PH, Yun SC, Ahn JM, et al. Relationship 
Between Serum Inflammatory Marker Levels and the Dynamic Changes in 
Coronary Plaque Characteristics After Statin Therapy. Circ Cardiovasc Imaging. 
2017 Jul;10(7). 

234 Sugiyama T, Yamamoto E, Bryniarski K, Xing L, Lee H, Isobe M, et al. 
Nonculprit Plaque Characteristics in Patients With Acute Coronary Syndrome 
Caused by Plaque Erosion vs Plaque Rupture: A 3-Vessel Optical Coherence 
Tomography Study. JAMA Cardiol. 2018 Mar 1;3(3):207-14. 

235 Nicoll R, Zhao Y, Ibrahimi P, Olivecrona G, Henein M. Diabetes and 
Hypertension Consistently Predict the Presence and Extent of Coronary Artery 
Calcification in Symptomatic Patients: A Systematic Review and Meta-Analysis. 
Int J Mol Sci. 2016 Sep 6;17(9). 

236 Zittermann A, Schleithoff SS, Koerfer R. Vitamin D and vascular calcification. 
Curr Opin Lipidol. 2007 Feb;18(1):41-6. 

237 Malik R, Aneni EC, Roberson L, Ogunmoroti O, Ali SS, Shaharyar S, et al. 
Measuring coronary artery calcification: is serum vitamin D relevant? 
Atherosclerosis. 2014 Dec;237(2):734-8. 

238 Satilmis S, Celik O, Biyik I, Ozturk D, Celik K, Akin F, et al. Association between 
serum vitamin D levels and subclinical coronary atherosclerosis and plaque 
burden/composition in young adult population. Bosn J Basic Med Sci. 2015 Feb 
8;15(1):67-72. 

239 Ho JS, Cannaday JJ, Barlow CE, Reinhardt DB, Wade WA, Ellis JR. Low 25-
OH vitamin D levels are not associated with coronary artery calcium or 
obstructive stenoses. Coron Artery Dis. 2015 Sep;26(6):521-5. 

240 Sung KC, Chang Y, Ryu S, Chung HK. High levels of serum vitamin D are 
associated with a decreased risk of metabolic diseases in both men and women, 
but an increased risk for coronary artery calcification in Korean men. Cardiovasc 
Diabetol. 2016 Aug 12;15(1):112. 

241 Moradi M, Foroutanfar A. Evaluation of vitamin D levels in relation to coronary 
CT angiographic findings in an Iranian population. Vasc Health Risk Manag. 
2017;13:361-7. 

242 Lee S, Ahuja V, Masaki K, Evans RW, Barinas-Mitchell EJ, Ueshima H, et al. A 
Significant Positive Association of Vitamin D Deficiency with Coronary Artery 
Calcification among Middle-aged Men: For the ERA JUMP Study. J Am Coll 
Nutr. 2016 Sep-Oct;35(7):614-20. 

243 Xiao Y, Peng C, Huang W, Zhang J, Xia M, Zhang Y, et al. Circulating fibroblast 
growth factor 23 is associated with angiographic severity and extent of coronary 
artery disease. PLoS One. 2013;8(8):e72545. 

244 Zhou J, Huang P, Liu P, Hao Q, Chen S, Dong B, et al. Association of vitamin 
D deficiency and frailty: A systematic review and meta-analysis. Maturitas. 2016 
Dec;94:70-6. 

245 Buta B, Choudhury PP, Xue QL, Chaves P, Bandeen-Roche K, Shardell M, et 
al. The Association of Vitamin D Deficiency and Incident Frailty in Older Women: 



212 
 

The Role of Cardiometabolic Diseases. J Am Geriatr Soc. 2017 Mar;65(3):619-
24. 

246 Shan P, Mintz GS, Witzenbichler B, Metzger DC, Rinaldi MJ, Duffy PL, et al. 
Does calcium burden impact culprit lesion morphology and clinical results? An 
ADAPT-DES IVUS substudy. Int J Cardiol. 2017 Dec 1;248:97-102. 

247 Nicholls SJ, Tuzcu EM, Wolski K, Sipahi I, Schoenhagen P, Crowe T, et al. 
Coronary artery calcification and changes in atheroma burden in response to 
established medical therapies. J Am Coll Cardiol. 2007 Jan 16;49(2):263-70. 

248 Reiber JH, Serruys PW, Kooijman CJ, Wijns W, Slager CJ, Gerbrands JJ, et al. 
Assessment of short-, medium-, and long-term variations in arterial dimensions 
from computer-assisted quantitation of coronary cineangiograms. Circulation. 
1985 Feb;71(2):280-8. 

249 Zeng Y, Cavalcante R, Collet C, Tenekecioglu E, Sotomi Y, Miyazaki Y, et al. 
Coronary calcification as a mechanism of plaque/media shrinkage in vessels 
treated with bioresorbable vascular scaffold: A multimodality intracoronary 
imaging study. Atherosclerosis. 2018 Feb;269:6-13. 

250 Xie Z, Dong N, Sun R, Liu X, Gu X, Sun Y, et al. Relation between baseline 
plaque features and subsequent coronary artery remodeling determined by 
optical coherence tomography and intravascular ultrasound. Oncotarget. 2017 
Jan 17;8(3):4234-44. 

251 Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ. 
Compensatory enlargement of human atherosclerotic coronary arteries. N Engl 
J Med. 1987 May 28;316(22):1371-5. 

252 Raffel OC, Merchant FM, Tearney GJ, Chia S, Gauthier DD, Pomerantsev E, et 
al. In vivo association between positive coronary artery remodelling and 
coronary plaque characteristics assessed by intravascular optical coherence 
tomography. Eur Heart J. 2008 Jul;29(14):1721-8. 

253 Kashiwagi M, Tanaka A, Kitabata H, Tsujioka H, Matsumoto H, Arita Y, et al. 
Relationship between coronary arterial remodeling, fibrous cap thickness and 
high-sensitivity C-reactive protein levels in patients with acute coronary 
syndrome. Circ J. 2009 Jul;73(7):1291-5. 

254 Rodriguez-Granillo GA, Serruys PW, Garcia-Garcia HM, Aoki J, Valgimigli M, 
van Mieghem CA, et al. Coronary artery remodelling is related to plaque 
composition. Heart. 2006 Mar;92(3):388-91. 

255 Garcia-Garcia HM, Goedhart D, Schuurbiers JC, Kukreja N, Tanimoto S, 
Daemen J, et al. Virtual histology and remodelling index allow in vivo 
identification of allegedly high-risk coronary plaques in patients with acute 
coronary syndromes: a three vessel intravascular ultrasound radiofrequency 
data analysis. EuroIntervention. 2006 Nov;2(3):338-44. 

256 Yamada R, Okura H, Kume T, Saito K, Miyamoto Y, Imai K, et al. Relationship 
between arterial and fibrous cap remodeling: a serial three-vessel intravascular 
ultrasound and optical coherence tomography study. Circ Cardiovasc Interv. 
2010 Oct;3(5):484-90. 

257 Murray SW, Patel B, Stables RH, Perry RA, Palmer ND. Site-specific 
intravascular ultrasound analysis of remodelling index and calcified necrosis 
patterns reveals novel blueprints for coronary plaque instability. Cardiovasc 
Diagn Ther. 2014 Aug;4(4):287-98. 

258 Teng Z, Brown AJ, Calvert PA, Parker RA, Obaid DR, Huang Y, et al. Coronary 
plaque structural stress is associated with plaque composition and subtype and 
higher in acute coronary syndrome: the BEACON I (Biomechanical Evaluation 
of Atheromatous Coronary Arteries) study. Circ Cardiovasc Imaging. 2014 
May;7(3):461-70. 



213 
 

259 Abedin M, Tintut Y, Demer LL. Vascular calcification: mechanisms and clinical 
ramifications. Arterioscler Thromb Vasc Biol. 2004 Jul;24(7):1161-70. 

260 Demirkiran A, Cakir O, Atici A, Aslanger E, Akdeniz C, Umman B, et al. Influence 
of coronary calcification patterns on hemodynamic outcome of coronary 
stenoses and remodeling. Turk Kardiyol Dern Ars. 2017 Oct;45(7):606-13. 

261 Johnson PM, Madamanchi C, Sharalaya ZM, Iqbal Z, Gehi AK, Kaul P, et al. 
Angiographic severity does not correlate with fractional flow reserve in heavily 
calcified coronary arteries. Catheter Cardiovasc Interv. 2017 Feb 1;89(2):226-
32. 

262 Sales FJ, Falcao BA, Falcao JL, Ribeiro EE, Perin MA, Horta PE, et al. 
Evaluation of plaque composition by intravascular ultrasound "virtual histology": 
the impact of dense calcium on the measurement of necrotic tissue. 
EuroIntervention. 2010 Aug;6(3):394-9. 

263 Kuriyama N, Kobayashi Y, Yamaguchi M, Shibata Y. Usefulness of rotational 
atherectomy in preventing polymer damage of everolimus-eluting stent in 
calcified coronary artery. JACC Cardiovasc Interv. 2011 May;4(5):588-9. 

264 Genereux P, Madhavan MV, Mintz GS, Maehara A, Kirtane AJ, Palmerini T, et 
al. Relation between coronary calcium and major bleeding after percutaneous 
coronary intervention in acute coronary syndromes (from the Acute 
Catheterization and Urgent Intervention Triage Strategy and Harmonizing 
Outcomes With Revascularization and Stents in Acute Myocardial Infarction 
Trials). Am J Cardiol. 2014 Mar 15;113(6):930-5. 

265 Czerwinska-Jelonkiewicz K, Michalowska I, Witkowski A, Dabrowski M, 
Ksiezycka-Majczynska E, Chmielak Z, et al. Vascular complications after 
transcatheter aortic valve implantation (TAVI): risk and long-term results. J 
Thromb Thrombolysis. 2014 May;37(4):490-8. 

266 Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart 
Disease and Stroke Statistics-2017 Update: A Report From the American Heart 
Association. Circulation. 2017 Mar 7;135(10):e146-e603. 

267 Rauscher FM, Goldschmidt-Clermont PJ, Davis BH, Wang T, Gregg D, 
Ramaswami P, et al. Aging, progenitor cell exhaustion, and atherosclerosis. 
Circulation. 2003 Jul 29;108(4):457-63. 

268 Karra R, Vemullapalli S, Dong C, Herderick EE, Song X, Slosek K, et al. 
Molecular evidence for arterial repair in atherosclerosis. Proc Natl Acad Sci U S 
A. 2005 Nov 15;102(46):16789-94. 

269 Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, van Deursen JM. 
Senescent intimal foam cells are deleterious at all stages of atherosclerosis. 
Science. 2016 Oct 28;354(6311):472-7. 

270 De Meyer T, Nawrot T, Bekaert S, De Buyzere ML, Rietzschel ER, Andres V. 
Telomere Length as Cardiovascular Aging Biomarker: JACC Review Topic of 
the Week. J Am Coll Cardiol. 2018 Aug 14;72(7):805-13. 

271 Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, et al. Clonal 
Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N Engl J 
Med. 2017 Jul 13;377(2):111-21. 

272 Yamamoto H, Yoshida N, Shinke T, Otake H, Kuroda M, Sakaguchi K, et al. 
Impact of CD14(++)CD16(+) monocytes on coronary plaque vulnerability 
assessed by optical coherence tomography in coronary artery disease patients. 
Atherosclerosis. 2018 Feb;269:245-51. 

273 Gerbaud E, Montaudon M, Durrieu-Jais C, Corneloup O, Lederlin M, Laurent F, 
et al. [Multiple myocardial infarctions: pancoronary destabilization evaluated by 
cardiac MRI]. Ann Cardiol Angeiol (Paris). 2008 Aug;57(4):189-94. 



214 
 

274 Burke AP, Weber DK, Kolodgie FD, Farb A, Taylor AJ, Virmani R. 
Pathophysiology of calcium deposition in coronary arteries. Herz. 2001 
Jun;26(4):239-44. 

275 Ong DS, Lee JS, Soeda T, Higuma T, Minami Y, Wang Z, et al. Coronary 
Calcification and Plaque Vulnerability: An Optical Coherence Tomographic 
Study. Circ Cardiovasc Imaging. 2016 Jan;9(1). 

276 Sakaguchi M, Hasegawa T, Ehara S, Matsumoto K, Mizutani K, Iguchi T, et al. 
New insights into spotty calcification and plaque rupture in acute coronary 
syndrome: an optical coherence tomography study. Heart Vessels. 2016 
Dec;31(12):1915-22. 

277 Papaioannou TG, Schizas D, Vavuranakis M, Katsarou O, Soulis D, Stefanadis 
C. Quantification of new structural features of coronary plaques by 
computational post-hoc analysis of virtual histology-intravascular ultrasound 
images. Comput Methods Biomech Biomed Engin. 2014;17(6):643-51. 

278 Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Boersma E, van Geuns RJ, 
Serruys PW, et al. PCSK9 in relation to coronary plaque inflammation: Results 
of the ATHEROREMO-IVUS study. Atherosclerosis. 2016 May;248:117-22. 

279 Calcagno C, Ramachandran S, Izquierdo-Garcia D, Mani V, Millon A, 
Rosenbaum D, et al. The complementary roles of dynamic contrast-enhanced 
MRI and 18F-fluorodeoxyglucose PET/CT for imaging of carotid 
atherosclerosis. Eur J Nucl Med Mol Imaging. 2013 Dec;40(12):1884-93. 

280 Saito H, Kuroda S, Hirata K, Magota K, Shiga T, Tamaki N, et al. Validity of dual 
MRI and F-FDG PET imaging in predicting vulnerable and inflamed carotid 
plaque. Cerebrovasc Dis. 2013;35(4):370-7. 

 


	CHAPTER 1: INTRODUCTION
	1.1 Acute Coronary Syndrome In Older Patients
	1.1.1 The Epidemiology of ACS In Older Patients
	Table 1.1 Under-representation of older patients in registries of NSTEACS

	1.1.2 Age Predicts Adverse Outcomes Following ACS
	Figure 1.1 In-hospital mortality by age in ACS registries

	1.1.3 Frailty And The Vulnerable Patient
	Table 1.2 Fried frailty criteria

	1.1.4 The Treatment Paradox
	Figure 1.2 Temporal trends in the use of PCI in older patients with ACS

	1.1.5 Coronary Intervention In The Older Patient With ACS
	1.1.5.1 Vascular Access
	1.1.5.2 Coronary Anatomy
	Figure 1.3 Examples of the pattern of coronary artery disease in older patients with ACS

	1.1.5.3 Percutaneous Coronary Intervention Strategy
	1.1.5.4 Coronary Artery Bypass Grafting

	1.1.6 Representation Of Older Patients In Cardiovascular Research
	Table 1.3 The PREDICT charter

	1.1.7 Conclusion

	1.2 The Role Of Virtual Histology Intravascular Ultrasound In ACS
	1.2.1 Plaque Characterisation on Grayscale and VH IVUS
	Figure 1.4 Schematic diagram of VH IVUS radiofrequency spectral pattern analysis
	Figure 1.5 The appearance of plaque components on VH IVUS
	1.2.1.1 Accuracy Of VH IVUS In Identifying Plaque Components
	1.2.1.2 Validation Of Lesion Classification
	Figure 1.6 A representative image of VH-TCFA
	Figure 1.7 Decision tree for lesion classification on VH IVUS


	1.2.2 VH IVUS Characterisation Of Patients With ACS
	1.2.2.1 Serial VH IVUS Studies
	1.2.2.2 The Role Of VH IVUS In Predicting Adverse Outcomes After ACS

	1.2.3 Comparison of VH IVUS With Other Imaging Modalities
	Table 1.4 Comparison of the different modalities of intravascular imaging
	1.2.3.1 Other Radiofrequency Analysis IVUS Algorithms
	1.2.3.2 Optical Coherence Tomography
	Table 1.5 Summary of studies comparing OCT and VH IVUS identification of TCFA/FA

	1.2.3.3 Near-Infrared Spectroscopy
	1.2.3.4 Computed Tomography

	1.2.4 Limitations of VH IVUS
	1.2.5 Conclusion

	1.3 Optical Coherence Tomography In ACS
	1.3.1 OCT Technology
	Figure 1.8 Diagrammatic representation of OCT technologies
	1.3.1.1 OCT Image Features
	Figure 1.9 OCT image examples of plaque composition
	Figure 1.10 Cholesterol crystals on OCT
	Figure 1.11 Red and white thrombus on OCT


	1.3.2 OCT And Vulnerable Plaque
	Figure 1.12 Thin-cap fibroatheroma on multi-modality imaging
	1.3.2.2 Thin-Cap Fibroatheroma in ACS
	1.3.2.3 Effects Of Therapy On TCFA
	1.3.2.4 Plaque Rupture
	1.3.2.5 Plaque Erosion
	1.3.2.6 Calcified Nodules
	1.3.2.7 Macrophage Infiltration
	1.3.2.8 Microchannel Formation
	Figure 1.13 Microchannel

	1.3.2.9 Cholesterol Crystals

	1.3.3 Comparison With Other Intravascular Imaging Modalities
	1.3.3.1 Fractional Flow Reserve
	Table 1.6 Summary of studies comparing OCT and FFR in intermediate coronary lesions

	1.3.3.2 Near-Infrared Spectroscopy
	1.3.3.3 3-Dimensional Reconstruction
	1.3.3.4 Computed Tomography

	1.3.4 Limitations Of OCT
	1.3.5 Conclusion


	CHAPTER 2: HYPOTHESES AND AIMS
	2.1 Hypotheses
	2.2 Aims

	CHAPTER 3: METHODS
	3.1 Author Statement
	3.2 Ethical Approval
	3.3 Patient Screening And Recruitment
	3.3.1 Inclusion And Exclusion Criteria
	Table 3.1 Inclusion and exclusion criteria for the ICON1 study

	3.3.2 Consent And Information
	3.3.3 Study Protocol
	Figure 3.1 Flow diagram of the invasive imaging sub-study protocol


	3.4 Quantitative Coronary Angiography
	3.5 Invasive Coronary Imaging
	3.5.1 Virtual Histology Intravascular Ultrasound
	3.5.1.1 Acquisition
	Figure 3.2 Eagle Eye Platinum catheter (A) and R-100 pullback device (B)

	3.5.1.2 Analysis

	3.5.2 Optical Coherence Tomography
	3.5.2.1 Acquisition
	3.5.2.2 Analysis


	3.6 Frailty Assessment
	3.7 Biomarker Analysis
	3.8 Outcomes
	3.9 Statistical Analysis

	CHAPTER 4: RESULTS – Demographics, Feasibility and Reproducibility
	4.1 Recruitment
	Figure 4.1 CONSORT flow diagram of study recruitment
	Table 4.1 Baseline characteristics by eligibility and recruitment status

	4.2 Baseline Demographics
	Table 4.2 Baseline demographics and past medical history by age
	Table 4.3 Routine baseline blood tests by age
	Table 4.4 Baseline demographics and past medical history by sex
	Table 4.5 Routine baseline blood tests by sex
	Table 4.6 Baseline demographics and past medical history by frailty
	Table 4.7 Routine baseline blood tests by frailty

	4.3 Safety and Feasibility of Three Vessel Intravascular Imaging
	Table 4.8 Feasibility of VH IVUS and OCT imaging
	Table 4.9 Imaged coronary arteries available for analysis
	Figure 4.2 Procedure characteristics for patients undergoing PCI + invasive imaging vs. PCI alone

	4.4 Reproducibility of Measurements
	4.4.1 Quantitative Coronary Angiography
	Figure 4.3 Intra-observer variability in measurements on QCA

	4.4.2 VH IVUS
	Figure 4.4 Intra-observer variability in grayscale IVUS measurements
	Figure 4.5 Intra-observer variability in VH IVUS plaque composition
	Figure 4.6 Intra-observer variability in VH IVUS lesion classification

	4.4.3 OCT
	Figure 4.7 Intra-observer variability in OCT measurements


	4.5 Discussion
	4.5.1 Feasibility of Recruiting Older Patients with ACS to Research Studies
	4.5.2 Three Vessel Invasive Coronary Imaging In Older Patients with ACS


	CHAPTER 5: RESULTS – The Pattern of Coronary Plaque Burden on Multi-Modality Invasive Imaging in Older Patients with Acute Coronary Syndrome
	5.1  Quantitative Coronary Angiography
	5.1.1 Age
	Table 5.1 Angiographic characteristics by age
	Figure 5.1 Median pre and post-PCI QCA measurements by age
	Table 5.2 Lesion characteristics by age

	5.1.2 Sex
	Table 5.3 Angiographic characteristics by sex
	Figure 5.2 Median pre and post PCI QCA measurements by sex
	Table 5.4 Lesion characteristics on QCA by sex

	5.1.3 Frailty
	Table 5.5 Angiographic characteristics by frailty
	Figure 5.3 Median pre and post PCI QCA measurements by frailty
	Table 5.6 Lesion characteristics on QCA by frailty

	5.1.4 Key Findings From Angiographic Sub-Study

	5.2 Virtual Histology Intravascular Ultrasound
	5.2.1 Age
	Table 5.7 Grayscale and VH IVUS parameters by age
	Figure 5.4 Proportion of plaque components by age
	Figure 5.5 Lesion classification by age

	5.2.2 Sex
	Table 5.8 Grayscale and VH IVUS parameters by sex
	Figure 5.6 Proportion of plaque components by sex
	Figure 5.7 Lesion classification by sex

	5.2.3 Frailty
	Table 5.9 Grayscale and VH IVUS parameters by frailty
	Figure 5.8 Proportion of plaque components by frailty
	Figure 5.9 Lesion classification by frailty

	5.2.4 Culprit vs. Non-Culprit Artery
	Table 5.10 Grayscale and VH IVUS parameters by culprit vs. non-culprit vessel

	5.2.5 VH-TCFA
	Table 5.11 Multiple regression analysis for VH-TCFA
	Table 5.12 Association of VH-TCFA with other vessel characteristics

	5.2.6 Liverpool Active Plaque Score
	Table 5.13 Multiple regression analysis for LAPS
	Table 5.14 Association of LAPS with other vessel characteristics
	Figure 5.10 ROC curve for LAPS in predicting culprit artery

	5.2.7 Key Findings From VH IVUS Sub-Study

	5.3 Optical Coherence Tomography
	5.3.1 Age
	Table 5.15 OCT parameters by age

	5.3.2 Sex
	Table 5.16 OCT parameters by sex

	5.3.3 Frailty
	Table 5.17 OCT parameters by frailty

	5.3.4 Plaque Rupture
	Table 5.18 Association of plaque rupture with other vessel characteristics

	5.3.5 Macrophage Accumulation
	Table 5.19 Association of macrophage accumulations with other vessel characteristics

	5.3.6 Microchannel Formation
	Table 5.20 Multiple regression analysis for microchannels
	Table 5.21 Association of microchannels with other vessel characteristics

	5.3.7 Cholesterol Crystals
	Table 5.22 Association of cholesterol crystals with other vessel characteristics

	5.3.8 OCT-TCFA
	Table 5.23 Association of OCT-TCFA with other vessel characteristics

	5.3.9 Key Findings From OCT Sub-Study

	5.4 Discussion
	5.4.1 Patient-Level Factors And Pattern Of Plaque Burden
	Figure 5.11 Atherosclerotic plaque progression with age

	5.4.2 Vulnerable Plaque In The Older Patient With ACS


	CHAPTER 6: RESULTS – Multi-Modality Assessment of Coronary Calcification
	6.1 Angiographic Calcification
	Table 6.1 Multiple regression analysis for angiographic calcification
	Figure 6.1 Pre-PCI QCA measurements by lesion calcification

	6.2 VH IVUS Dense Calcium
	Figure 6.2 Association of %NC with %DC
	Table 6.2 Multiple regression analysis for %DC
	Figure 6.3 Proportion of plaque components by vitamin D status
	Table 6.3 Association of %DC with other vessel characteristics
	Figure 6.4 Association of DC area at MLA with remodeling index

	6.3 Discussion
	6.3.1 Predictors Of Coronary Calcification
	Figure 6.5 Biphasic dose response curve for adverse effects of vitamin D

	6.3.2 The Vascular Effects Of Coronary Calcification
	Figure 6.6 Acoustic shadow of calcium obscures the EEM border
	Figure 6.7 Relationship between calcium surface area and total mass



	CHAPTER 7: RESULTS – Primary Outcomes at One Year
	7.1 Major Adverse Cardiovascular Events
	Figure 7.1 Kaplan-Meier curves of MACE by patient-level factors
	Figure 7.2 Kaplan-Meier curves of MACE by vessel-level factors
	Table 7.1 Clinical outcomes at 1 year by overall proportion of dense calcium
	Figure 7.3 MACE event rate for all lesions with MLA ≤4mm2 + plaque burden ≥70% + VH-TCFA

	7.2 Discussion

	CHAPTER 8: FINAL SUMMARY AND CONCLUSIONS
	8.1 Final Summary
	8.1.1 Engaging Older Patients In Invasive Cardiovascular Research Is A Positive Experience
	8.1.2 Increasing Burden Of Atheroma Is Associated With Age And Male Sex, But Frailty Is Associated With Changes In Plaque Composition
	8.1.3 Moderate Coronary Calcification Is Associated With Positive Remodeling And Adverse Outcomes
	8.1.4 Clinical Relevance

	8.2 Strengths and Limitations
	8.3 Future Directions
	Figure 8.1 Varying features of a plaque component’s distribution on VH IVUS

	8.4 Conclusions

	APPENDICES
	Appendix A – ICON1 Study Case Report Form
	Appendix B – ICON1 Quantitative Coronary Angiography Manual
	Appendix C – ICON1 VH IVUS Analysis Manual
	Appendix D – ICON1 Study Follow up Case Report Form

	REFERENCES

