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ABSTRACT 
 
Coronary artery disease (CAD) remains the largest single cause of death in Australia. Atherosclerosis is the 

underlying mechanism that leads to CAD and has a dynamic, complex pathophysiology often regarded as a 

chronic inflammatory disorder. Atherosclerosis results in the formation of plaques within the arterial wall. These 

plaques often remain clinically silent until a surface rupture or endothelial erosion occurs that results in 

thrombus formation and potential luminal occlusion. This manifestation of CAD is referred to as an acute 

coronary syndrome (ACS) which is the most hazardous presentation of CAD. There are certain features within 

coronary plaques that are thought to portend future ACS and may represent part of the spectrum of CAD, 

although it remains uncertain what potentiates these high-risk plaques. Intracoronary imaging techniques have 

allowed characterisation of these plaques but is prohibitive for routine application in patients due to their 

invasive nature. The use of non-invasive imaging methods such as computed tomography coronary angiography 

(CTCA) has emerged as a feasible and useful method to evaluate coronary plaque with low risk. Burgeoning 

development in automated software allows CTCA to visualise and quantify coronary plaque characteristics and 

composition with good correlation to invasive methods.   

 

There is growing interest that obesity may influence plaque vulnerability due to a recognised association with 

adiposity and inflammation. Obesity is most often regarded as an elevation in the body mass index (BMI), a 

simple bedside calculation. Commonly used cardiac risk models, such as the Framingham Risk Score, include 

the components of age, hypertension, cholesterol levels, diabetes and smoking. However, elevated BMI and its 

surrogate markers are not included. This may stem from the concept of the obesity paradox, whereby some 

studies have suggested a protective effect of elevated BMI for future prognosis. However, BMI misclassifies 

true body fat percentage and may not be representative of dysfunctional adipose tissue. There are high levels of 

pro-inflammatory adipokines inherent in adipose tissue which are also implicated in atherosclerosis. Epicardial 

adipose tissue (EAT) surrounds the myocardium and coronary arteries and may, through vasocrine or paracrine 

signalling, result in atherosclerotic plaque modulation. EAT is only modestly correlated with BMI and therefore 

may be the suitable culprit linking ‘obesity’ and atherosclerosis.  
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In this thesis, our aims were to assess the use of CTCA to feasibly assess EAT, and its association with coronary 

artery plaque characteristics and composition. 

 

The introductory chapter of this thesis covers a broad outline of the epidemiologic impact of obesity and its 

controversial association with cardiovascular disease. This builds the hypothesis that EAT as a visceral adipose 

tissue store unique to the heart, has prime pathogenic potential for CAD and cardiac dysfunction. We also 

discuss the current lack of standardisation of EAT measurement methods and their respective limitations, as 

well as the current understanding of cardiac disease associations with EAT. A portion of this extensive literature 

review will be submitted for consideration as a review article.  

 

Chapter 2 and 3 are meta-analyses specific to the association between EAT and firstly high-risk plaque features, 

and secondly cardiovascular structure and function. This allows a comprehensive understanding of the current 

evidence pertaining to the widespread effects of EAT both at a coronary and structural level. We demonstrate 

that EAT is significantly associated with high-risk plaque characteristics, although is better demonstrated only 

when full-volume EAT is measured compared to a linear thickness measure on echocardiography. We therefore 

evaluated the effects of volumetric CT studies and their association with myocardial parameters and report that 

there is a definite association with increased EAT and diastolic dysfunction, a moderate effect on chamber 

geometry but little effect on systolic function. In Chapter 4, we present a complex meta-analysis looking at 

qualitative plaque characterisation and its association with prognosis. This importantly describes that there is a 

clear spectrum of coronary plaque with increasing risk based on composition with qualitative high-risk plaques 

and non-calcified plaques presenting the greatest risk, and calcified plaques potentially describing a more 

quiescent coronary tree.  

 

In chapter 5 and 6 we describe original methodologic studies of EAT measurement. In chapter 5 we described 

patients undergoing transthoracic linear thickness measurements of EAT compared to complete volumetric EAT 

on CT and confirm significant superiority and feasibility of EAT measures by CT which should remain the 

preferred imaging strategy. In chapter 6, we review inter-vendor and inter-scan comparisons of CT to assess 

software differences and influence of CT scan parameters (contrast vs. non-contrast) on the EAT volume and 
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density results. This allowed us to understand which software platform is reproducible and reliable to therefore 

be employed for all our other prospective studies.  

 

In chapter 7 we present results of the natural history of EAT in a long-term cohort of patients with non-

obstructive coronary disease. This identified that EAT volume and density significantly increase and decrease 

respectively at approximately 5-year follow-up and no other cardiac risk factors appear to have an influence on 

the change in EAT, in particular BMI. This demonstrates that EAT is a potential independent factor and given 

its association with cardiac disease, may not simply be a surrogate for risk.  

 

In chapter 8, we present the results of a cross-sectional study evaluating EAT volume and density and the 

association with high risk plaque features, both qualitatively and quantitatively. This was performed in patients 

with non-obstructive disease which represent the majority of patients undergoing CTCA. We demonstrate that 

EAT volume, but not density is significantly, independently associated with quantified high-risk plaque features 

of necrotic-core and fibrofatty plaque volumes, but not with more stable phenotypes of fibrous and calcified 

plaque. This lends to the association that EAT may influence the dynamic nature of atherosclerotic plaque.  

 

Finally, we present our future directions whereby we plan to investigate the peri-coronary adipose tissue 

attenuation, a novel potential imaging biomarker of vascular inflammation to further refine association with 

coronary plaque and dysfunctional adipose tissue.  

 

In conclusion, we have demonstrated that EAT may be an independent risk factor for cardiac disease that is not 

modulated by other cardiovascular risk factors. It is reliably and preferably measured using full volumetric CT 

imaging rather than echocardiography and there is a clear relationship between EAT and high-risk plaque 

parameters, qualitatively and quantitatively. Therefore, it may be the culprit linking adiposity, inflammation 

and cardiovascular disease rather than BMI, and represents a potential novel therapeutic target.   
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CHAPTER 1:  
ADIPOSITY AND CARDIOVASCULAR DISEASE: A 
COMPREHENSIVE REVIEW OF THE LITERATURE  
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Adiposity and coronary plaque 

Obesity is often considered to be an elevation in body mass index (BMI), a physical measure that aims to reflect 

body fat. However, patients may have significantly active adipose tissue without a definite elevation in BMI 

which may be influenced by muscle and bone mass1. Therefore, the term obesity should not simply be regarded 

as elevated BMI, but rather as a reflection of potentially pathogenic adipose tissue. Obesity may act as an 

intermediary to affect the development of metabolic disturbances such as hyperinsulinaemia, dyslipidaemia and 

hypertension, all of which are established factors for atherogenesis. However, adipose tissue contains a variety 

of humoral factors that may all contribute to atherogenesis, suggesting that obesity itself may have an effect on 

the development of atherosclerosis. Various cytokines have been isolated to adipose tissue and may have 

deleterious effects on the vascular intima. Increased visceral fat mass results from adipocyte hypertrophy and 

hyperplasia of adipocyte precursors which causes release of chemotactic factors such as monocyte 

chemoattractant protein-1 (MCP-1). This causes migration of monocytes into visceral adipose tissue (VAT) and 

promotes differentiation to macrophages2. Multiple factors result in blood monocyte chemotaxis including 

adipocyte apoptosis, increased lipolysis, local free fatty acids (FFA), reactive oxygen species and tissue 

hypoxia3. Leptin is one of the key cytokines secreted specifically by adipose tissue and several basic science 

studies have demonstrated the influence it has on the promotion of atherosclerosis. Adiponectin is another vital 

cytokine produced abundantly in adipose tissue. This factor is significantly reduced in obese subjects and may 

indeed explain the propensity for obese subjects to have a greater burden of atherosclerosis due to lack of an 

innate protective factor. It has been suggested that TNF-alpha, another cytokine secreted in adipose tissue, may 

cause inhibition of adiponectin leading to these biochemical abnormalities, as well as reduced glucose transport, 

reduced FFA uptake and re-esterification and increased lipolysis4. Other important cytokines released from 

adipose tissue and promote atherosclerosis include Adipocyte Fatty Acid Binding Protein, Plasminogen 

Activator Inhibtor-1 and Resistin (Table 1).  

 
Table 1: Adipokines and association action with atherogenesis (Adapted from Fitzgibbons et al.5) 
 

Adipokine Actions associated with atherosclerosis 
Leptin • Enhanced migration and proliferation of vascular smooth muscle cell 

• Promoting neointimal formation after arterial injury 
• Increased fatty acid oxidation 



 3 

• Increased secretion of inflammatory cytokines 
• Procoagulant and prothrombotic properties 

Adiponectin • Enhanced nitric oxide production 
• Anti-inflammatory effect: inhibition of NF-kB, upregulation of IL-10 and tissue 
inhibitor of metalloproteinase-1 
• Promoting proliferation of smooth muscle cell 
• Improvement of insulin sensitivity 
• Prevention of apoptosis in endothelial cell 

Resistin • Upregulation of inflammatory cytokines and adhesion molecules 
• Promoting proliferation and migration of smooth muscle cell 

Plasminogen 
activator inhibitor-1 

• Decreased fibrinolytic activity through inhibition of urokinase-type plasminogen 
activator and tissue-type plasminogen activator 

TNF-alpha • Recruitment of monocytes 
• Enhanced accumulation of LDL 
• Diminished insulin sensitivity 

Adipocyte fatty-acid 
binding protein 

• Diminished insulin sensitivity 
• Increased secretion of inflammatory cytokines 

Visfatin • Increase in HDL 
• Promoting angiogenesis 
• Promoting proliferation of endothelial cell 
• Promoting growth of smooth muscle cell 

Apelin • Endothelium-dependent vasodilatation by increased NO production 
• Inhibition of inflammatory cytokines 
• Increased cardiomyocyte contractility 
• Reduction of myocardial infarction size 

Omentin • Inhibition of TNF-alpha 
• Inhibition of lymphocyte adhesion to vascular cells 
• Inhibition of endothelial cell migration 
• Inhibition of angiogenesis 

Chemerin • Inducing endothelial angiogenesis 
• Inducing NO synthesis 

 
 

The prevalence of obesity and its cost on the health care system continues to rise with 70% of adult males and 

56% of adult females being in the overweight/obese range6. Obesity increases all-cause mortality and its rising 

prevalence continues to place a large financial burden on national health7. Coronary artery disease (CAD) is the 

single largest cause of death in Australia (representative of 15% of all deaths) and contributes to disability, poor 

quality of life and high health care costs8.  There has been significant improvement in mortality outcomes of 

CAD, especially through the use of prescribed medical therapy and primary care management of typical 

cardiovascular risk factors9. Traditional risk calculators for the development of acute coronary syndromes 

incorporate such risk factors as age, gender, blood pressure, smoking status and lipid biomarkers10; however 
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obesity does not feature as a predictor of CAD in these assessments. There are well-established links with 

overweight/obesity being an independent risk factor for CAD and indeed practice guidelines for those with 

CAD recommend achievement of a BMI (calculated as body weight in kilograms divided by the height in metres 

squared) of less than 25kg/m2 11.  

 

There is a strong association between obesity and cardiovascular mortality12 independent of and in addition to 

the major traditional CAD risk factors. Furthermore, longitudinal studies have shown that obesity independently 

predicts CAD13. In fact, a large retrospective study evaluating the decrease in deaths from CAD in the United 

States revealed that over a 20-year period, the reductions in mortality were offset by significant increases in 

BMI9. 

 

Despite this, there is conflicting data as to whether an elevated BMI confers a greater risk of acute coronary 

syndrome and there may in fact be a protective benefit of an increased BMI in those with CAD for long-term 

mortality. Furthermore, the effect of weight loss in obese patients is controversial with some studies reporting 

worse outcomes – the so called ‘obesity paradox’ – however much of this data is from non-randomized 

observational analyses that don’t differentiate between intentional monitored weight loss and passive changes 

in weight which may occur in the setting of other illness. A large systematic review assessing the effect of 

purposeful weight loss in CAD patients showed a significant reduction in cardiovascular events compared to 

observational loss of weight14. Additionally, at a coronary artery stenosis level a randomised study performing 

serial coronary angiography on patients with established CAD showed significant atherosclerotic regression 

with comprehensive lifestyle management15. 

 

Obesity paradox 

There remains contention of whether obesity alone is a factor for CAD or whether it acts as a mediator by 

contributing to various atherosclerotic risk factors including hypertension, diabetes, the metabolic syndrome 

and dyslipidaemia: 
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Table 2: Mechanisms by which obesity increases CAD risk factors. 
Risk Factor Mechanism 
Hypertension Production of angiotensin 

Increase in circulating blood volume 
Increase in total peripheral resistance 

Diabetes mellitus and 
metabolic syndrome 

Dietary indiscretion that leads to obesity 
Endocrine activity of adipose tissue 
Increased clotting factors: fibrinogen, von Willebrand factor, factors VII and VIII 
Increased leptin 
Increased tumour necrosis factor-alpha 
Endothelial dysfunction 
Decreased insulin-mediated vasodilation 
Increased insulin-mediated renal sodium absorption 
Insulin-related sympathetic nervous system stimulation 
Increased vasoconstriction related to elevated circulating free fatty acids 
Increased risk of dyslipidaemia 
Increased risk of renal dysfunction 

Dyslipidaemia Low levels of high-density lipoprotein cholesterol 
High levels of triglycerides 
High levels of low-density lipoprotein cholesterol 
Elevated total cholesterol 

Reproduced from Jahangir et al with permission16 

 

The obesity paradox also shrouds controversy over the association of obesity and cardiovascular disease. Large 

scale epidemiologic data has demonstrated that despite an increased risk of developing CAD, in those with 

established cardiovascular disease the overweight or mildly obese patients have a reduced or similar prognosis 

compared to normal weight individuals as based on BMI17. This association appears to be present particularly 

in the heart failure and atrial fibrillation population, although data is also seen in those with CAD. The obesity 

paradox has been seen in hospital registry studies, revascularised cohorts, post coronary artery bypass groups, 

emergency department patients and high-risk patients undergoing non-invasive stress imaging. In a 50,000-

patient study of ST-elevation myocardial infarction, patients with BMI 30-35kg/m2 had the lowest mortality 

compared to other BMI groups and in another study with solely acute coronary syndrome (ACS) patients, those 

with BMI >40kg/m2 had a lower mortality than those <40kg/m2 16.  
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Figure 1: Association of mortality by BMI groups 

 
Demonstration of the ‘J’ curve of increasing weight categories by body mass index and a reduction in total mortality – the so-called obesity paradox. 
Values below a RR (relative risk) of 1 represent a relative reduction in the outcome of mortality.  
Adapted from Romero-Corral et al with permission from Elsevier17 

 
And in a large meta-analysis of 250,000 patients, the ‘J’ curve of protective benefit of overweight or obesity for 

all mortality was seen in patients with ACS , undergoing PCI or CABG (Figure 1) 17.  

 
Several potential mechanisms for the obesity paradox have been put forward. Adiposity from a positive caloric 

intake may result in atherogenic adipose tissue resulting cardiac disease. However, in times of negative caloric 

balance as occurs in a cardiovascular effect, adipose tissue may respond with enhanced or protective function 

to improve clinical outcomes. Patients with more adipose tissue generally have a greater muscle strength which 

has been associated with better prognosis. Patients with a high BMI may be more aggressively investigated or 

treated than normal weight counterparts due to perceptions of the negative disease associations with elevated 

BMI. Importantly, BMI may actually be a poor reflection of a patient’s adiposity, particularly adipose tissue 

that is metabolically more active, with up to 60% of patients misclassified when body-fat percentage is used a 

reference marker18.   
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BMI is the most often reported clinical marker for obesity due to its ease of calculation, however, there are 

several studies that demonstrate that it is inaccurate in comparison to markers such as waist circumference, 

waist to hip ratio or body fat percentage. Therefore, body distribution of fat may actually be a more 

representative and appropriate measurement in considering the risk of obesity and subsequent disease. This has 

been demonstrated in patients who are considered to be obese based on an elevated BMI who have no metabolic 

complications, the so-called metabolically healthy obese patient19-24. Therefore, BMI at a population level may 

be beneficial in describing changes in clinical adiposity, but may not discriminate risk at an individual level. As 

mentioned this may be an explanation for the possible results seen in the obesity paradox. In a large 

epidemiologic study of >25000 patients, it was seen that BMI was a poor reflection of future myocardial 

infarction with other markers of obesity including waist-to-hip ratio or waist circumference representing 

independent effects on future ACS adjusted for traditional risk factors, age and sex 25 (Figure 2).  

Figure 2: Association of body fat parameters and risk of myocardial infarction 
 

  
Left panel demonstrates reducing risk of BMI with myocardial infarction risk with adjustment for other cardiovascular risk factors (left panel); Measures 
of body fat distribution waist-hip ratio (middle) and waist quintile (right) demonstrate increasing risk despite adjustment.  
Adapted from Yusuf et al. The Lancet with permission25 

 
These results highlight the possibility of body fat distribution having an independent effect on coronary 

atherosclerosis, in particular abdominal fat which comprises visceral and subcutaneous adipose tissue (Figure 

3). Further metabolic study has demonstrated that VAT is highly metabolically active and there are three major 

theories proposed to explain its effect on metabolic/vascular complications1: 
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1. The portal free fatty acid model suggests that an uninterrupted overflow of FFA from VAT exposes 

the liver to high concentrations (fatty liver) leading to impaired hepatic metabolism, including 

changes in insulin production, reduced degradation of apolipoprotein leading to elevated triglycerides 

and increased glucose production leading to type 2 diabetes.  

2. The endocrine function of VAT with the rich inflammatory milieu of adipokines which are involved 

in atherogenesis and found in ruptured atherosclerotic plaques. This is promoted by a larger number 

of macrophages seen in hypertrophied adipose tissue that are a source of TNF-alpha, interleukins and 

drive C-reactive protein production.  

3. Ectopic adipose tissue: It is suggested that surplus fat may be stored in undesirable sites such as liver, 

heart, pancreas and skeletal muscle and retain the high metabolic function of VAT to result in 

systemic circulation of adipokines and therefore further vascular damage.  

 
Figure 3: Pathophysiologic mechanisms of adipose tissue and plaque 

 
 
 
 
 
 
 
 
 
 
 
 
 
Suggested pathophysiology of obesity (dysfunctional adipose tissue) with abundant adipokines and the effects leading to plaque instability. Reproduced 
from Kataoka et al with permission 5 

 
It is known that the heart has a natural adipose store known as epicardial adipose tissue. It has not been proven 

that this is an ectopic depot from surplus fat, but it may be that it enlarges under such circumstances. EAT is a 

visceral adipose store for the heart and encases the coronaries whilst being in continuum with as well as invading 

the adjacent myocardium26. Therefore, it is suitable anatomic substrate for adipokine migration into the coronary 

vasculature or myocardium to affect coronary atherogenesis, ischaemia and cardiac function.   

 

proliferation and migration of smooth muscle cell, and induce
accelerated formation of foam cells [52,53]. These findings sup-
port the relationship between resistin and atherosclerosis.

Plasminogen activator inhibitor-1
Adipose tissue also expresses plasminogen activator inhibitor-1
(PAI-1), which is another adipocytokine causing thrombosis [54]. Fat
accumulation causes the profound expression of PAI-1 in visceral
adipose tissue [55]. The greater size of fat cell and adipose tissue mass
promotes the production of PAI-1. In addition, visceral adipose tis-
sue has been reported to harbor a higher capacity to produce
PAI-1 compared with subcutaneous adipose tissue [56]. Various cyto-
kines and hormones are considered to affect the production of
PAI-1. Studies in human adipocytes indicate that insulin [57], gluco-
corticoids [58], angiotensin II [59] and some fatty acids [60] upregulate
the synthesis of PAI-1. TNF-a and TGF-b also profoundly stimu-
late the secretion of PAI-1 [61,62], whereas catecholamines reduce
PAI-1 production [63]. Also, weight loss by dietary restriction or life-
style modification effectively lowers PAI-1 plasma levels [64]. As
such, PAI-1 secreted from accumulated visceral adipose tissue might
play an important role in the development of thrombotic disorders.

TNF-a
TNF-a is a proinflammatory cytokine, which is secreted from
endothelial and smooth muscle cells as well as macrophages
and adipose tissue. It contributes to the recruitment of mono-
cytes, leading to the development of atherosclerosis [65]. In one
study using obese mice, obesity was associated with a greater
accumulation of macrophages in adipose tissue, which secrete
TNF-a [66]. Another study has shown the association between
LDL accumulation in rat arteries and TNF-a expression [67].
In addition to its inflammatory property, TNF-a contributes
to the insulin resistance. In obese animal models, TNF-a has
been reported to associate with insulin resistance [68]. Insulin
resistance was improved by lack of TNF-a function in obese
mice [69]. These observations suggest an important link among
obesity, insulin resistance and TNF-a.

Fatty-acid binding protein
The fatty-acid-binding proteins (FABPs) are a family of low-
molecular-weight intracellular lipid-binding proteins, which
regulate the lipid metabolism and inflammation [70]. Of these,
adipocytes express adipocyte FABP (A-FABP) and epidermal
FABP (E-FABP) [71]. Earlier animal studies demonstrated less
development of hyperinsulinemia, hyperglycemia and insulin
resistance in A-FABP-null obese mice [72]. In another studies
using apolipoprotein E-deficient mice, ablation of the A-FABP
gene protected against atherosclerosis, independent of its effects
on glucose and lipid metabolism [73,74].

These results suggest that A-FABP is a major mediator of
atherosclerotic lesion formation in mice. In humans, a genetic
variant associated with increased A-FABP mRNA expression in
adipose tissues was associated with coronary artery disease in
homozygous subjects [75]. As such, A-FABP may also play a
role in the development of atherosclerotic diseases in humans.

E-FABP has a high degree of homology to A-FABP [76]. Grow-
ing evidence from animal studies suggests that, despite being
only a minor form of FABP in adipocytes, E-FABP is also an
important player in obesity-related disorders [76]. E-FABP knock-
out mice exhibited enhanced insulin-stimulated glucose uptake
and increased systemic insulin sensitivity, while transgenic over-
expression of E-FABP aggravated insulin resistance and hypergly-
cemia. A marked compensatory upregulation of adipocyte E-
FABP expression was observed in A-FABP-deficient mice.

Morphological characteristics of atherosclerotic plaques
in obesity
Invasive and non-invasive imaging modalities enable us to char-
acterize atherosclerotic plaques. Visualization of atherosclerotic
plaques contributes to the understanding about the mechanisms
of atherosclerosis in obese patients (TABLE 2).

Computed tomography
Coronary artery calcification

Coronary artery calcification (CAC) is a characteristic of ath-
erosclerosis and readily identified by CT [77]. Recent studies
using CT have shown the relationship between obesity and
the development and progression of CAC. Blaha et al.
reported the significant association between obesity and CAC
in 6760 participants in the Multi-Ethnic Study of Atheroscle-
rosis [78]. One prospective [79] cohort study conducted elec-
tron beam CT imaging to measure CAC in 495 diabetic
patients. In multivariate analysis, the significant association
between waist-to-hip ratio and CAC was observed (r = 3.76;
p = 0.001) [16]. Another multiethnic study evaluated visceral
fat by CT in 439 Type 2 diabetic patients. In this study, vis-
ceral adipose tissue area was significantly associated with
CAC (p = 0.02) [17]. Serial imaging study of CAC revealed
that several indices of obesity such as waist circumference
(p = 0.024), waist-to-hip ratio (p < 0.001), BMI (p = 0.03)
were each significantly positively associated with progression
of CAC in a community-based population without known
cardiovascular disease [17].

Obesity:
accumulation of adipose tissue 

Adiponectin

Plaque development, progression and vulnerability

Leptin Resistin PAI-1 TNF-α FABP

Insulin sensitivity

Endothelial dysfunction

ThrombosisOxidative stress

Inflammatory activity

Figure 1. Mechanistic insights into atherosclerotic plaques
in obesity.
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Studies evaluating obesity and coronary plaque characteristics have predominantly utilized intracoronary 

imaging techniques. These techniques are considered the reference standard in plaque assessment due to the 

high spatial resolution that allows micrometre characterization of plaque thickness. However routine 

applicability is not possible with this method due to the invasive nature. Computed tomography coronary 

angiography (CTCA) is an alternative non-invasive imaging modality that has shown promise in plaque 

characterization with specific high-risk features that associate with future prognosis 27. There is good diagnostic 

agreement with intracoronary plaque assessment and CT evaluation 28. Hallmarks of higher risk plaques include 

plaques with necrotic core and thin-capped fibroatheromas, both of which have been seen in culprit and non-

culprit vessels of patients presenting with acute coronary syndromes 29. Such high-risk plaques have been sought 

for diagnosis non-invasively as means of risk stratification in patients and include low attenuation plaque, 

napkin ring sign, spotty calcification and positive vessel remodelling 30.  

 
Acute coronary syndrome and Plaque 
 
Histopathologic assessment has demonstrated that the majority of patients with ACS have luminal thrombosis 

most frequently caused by plaque rupture, followed by plaque erosion and finally calcified nodules29.  The 

features of ruptured plaques include large plaque volumes as well as necrotic cores covered by thin fibrous caps 

often inflamed with monocyte-macrophage infiltration31. Plaques prone to rupture share similar characteristics 

except the thin-capped fibroatheromas (TCFA) have yet to rupture and these lesions are referred to as 

“vulnerable” plaques or high-risk plaques (HRP). HRP can be detected invasively using methods such as 

intravascular ultrasound (IVUS) 32 and optical coherence tomography (OCT) 33 or non-invasively with CTCA27.  

 
Pathological analysis has demonstrated that 60% of acute thrombi found in patients who died from sudden 

cardiac death resulted from ruptured TCFAs 34. Additionally, there is robust data to indicate that non-culprit 

arteries in ACS contain vulnerable plaque that is of prognostic significance 35-37 and nascent evidence that obese 

patients are more likely to have a greater proportion of vulnerable plaque than non-obese controls irrespective 

of differing clinical characteristics5, 38. Epicardial fat, the visceral fat depot surrounding the coronary vasculature 

that is abundant in pro-atherogenic cytokines has also shown independent association with the presence of high 

risk plaque in both stable and ACS patients39, 40.  
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Vulnerable plaques however have been shown to change on serial follow up with potential loss of their 

vulnerable characteristics and development of new plaques within adjacent areas suggesting a dynamic 

metabolic process 41. Additionally, there is no evidence demonstrating a benefit of treatment of these individual 

lesions or the patients themselves. However, these high-grade lesions are likely to represent a marker of 

significant atherosclerotic disease burden within the coronary tree for which there is evidence to suggest an 

incremental risk of cardiovascular events 42-44. Coupled with markers of metabolic activity such as high 

sensitivity C-reactive protein, an assessment of plaque volume and vulnerable plaque features and their relative 

change with weight loss may provide insight into the development of further acute coronary events. It has 

recently been demonstrated that the rate of epicardial coronary disease progression is independently associated 

with clinical outcomes in patients undergoing serial IVUS evaluation 45.  

The serial use of modalities such as IVUS and OCT to assess plaque is not feasible given the risks associated 

with an invasive study. In a recent meta-analysis46, compared to IVUS, CTCA was found to only slightly 

overestimate luminal area (0.46mm2 or by 6.7%; p = 0.005), while there were no significant differences in 

plaque area (0.09mm2; p = 0.88) and volume (5.3mm3; p = 0.21). Serial quantification of plaque volume using 

CTCA is also feasible, as shown by one study that compared interval changes in total plaque volume over a 12-

month period in patients receiving lipid-lowering medication with those who did not47.  

 
CTCA has established itself as a non-invasive modality for assessment of suspected CAD with high sensitivity 

and negative predictive value for detecting coronary artery stenosis48. The full scope of CTCA has yet to be 

explored, especially with respect to serial imaging and monitoring the temporal change of coronary 

atherosclerotic plaque. This is partly due to the radiation dose (13-18 millisieverts) of CTCA scans on older 

generation multidetector computed tomography (MDCT). However, the reduction in radiation dose by 

voltage/current modulation, prospective gating, adaptive iterative reconstruction and limited volume scanning 

has now rendered serial imaging more acceptable. Local institutional data demonstrated that image quality 

acquired on a 2nd generation 320-MDCT scanner is excellent when patient heart rate is well-controlled (heart 

rate <65 bpm) with low radiation exposure (mean of 2.1  millisieverts) despite a mean BMI of 28.3 ± 0.849. 

CTCA permits the assessment of coronary atherosclerotic plaque morphology, composition and positive 

remodelling in good agreement with IVUS50. In addition, studies have also demonstrated that qualitative 
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vulnerable plaque features can be detected on CTCA and this has been correlated with IVUS and OCT. These 

features include 1) positive remodelling, 2) low attenuation plaque, 3) spotty calcification and 4) napkin ring 

sign (Figure 4). More recently observational studies have demonstrated that patients with vulnerable plaques 

detected on CTCA are more likely to develop ACS on medium term follow up27. In those with diagnosed ACS, 

the highest risk of a repeat event is within the first 6-12 months with incidence ranging from 6-15%32. 

Figure 4: CT features of high-risk (vulnerable) plaques 

 

Vulnerable plaque features a) Yellow arrow indicating plaque with positive remodelling, low attenuation plaque and spotty calcification b) Napkin ring 
sign. Yellow asterisks indicating low attenuation plaque (lipid pool) surrounded by fibrous plaque 

 
 
Qualitative plaque assessment, particularly with high-risk plaques have a dichotomous assessment and this may 

not be adequate in characterising the overall risk continuum of atherosclerosis which has demonstrated that 

greater plaque volumes and extent associate with worse outcome45. There has been increasing interest in non-

invasive quantifiable characteristics of HRP rather than simply qualitative observations with the rapid 

developments in automated tracking software. Whilst IVUS remains the reference standard, it is not ideal due 

to its invasive nature. Correlation on co-registered datasets of IVUS and CT have identified suitable thresholds 

to describe various plaque subtypes based on specifically derived Hounsfield unit (HU) thresholds 51. As such, 

CTCA can now feasibly and reliably identify traditional IVUS features such as necrotic core and fibro-fatty 

plaque, which are considered to be HRP, and fibrous and calcified plaques which are considered to be of lesser 

risk. The prognostic utility of plaque was recently described a landmark nested case-control study, the 

multicentre ICONIC trial (Incident Coronary Syndromes Identified by Computed Tomography) which reported 

that patients with future ACS had a significantly larger volume of high risk plaque (necrotic core, or fibrofatty 

plaque) compared to non-ACS controls52. No difference was seen in fibrous plaque or calcified plaque volumes. 
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There remains uncertainty as to absolute volumes or indexed volumes in terms of a population normal reference 

range for these parameters. Nonetheless, this enhanced level of plaque interrogation via a non-invasive method 

is likely to become the preferred reporting modality for plaque associations with investigative parameters.  

 
Epicardial Adipose Tissue 

Basic Anatomy 

Visceral adipose tissue is particularly felt to have a strong association with metabolic abnormalities, 

atherosclerosis and subsequent acute coronary syndrome 25, 53-55. Epicardial adipose tissue is the true visceral fat 

depot of the heart and makes up approximately 20% of the total cardiac mass and covers 80% of the cardiac 

surface 56, particularly within the atrioventricular and intraventricular grooves and along the free wall of the 

right ventricle 57, 58. EAT is thought to originate from the splanchnic mesoderm, but some evidence suggests 

development from mesenchymal transformation of cells in the myocardium 59, 60. It shares the same 

microcirculation as the myocardium with supply from the coronary arteries that it encases without any fascial 

barrier. EAT lies above the myocardium and within the visceral pericardial layer. This differentiates it from 

paracardial fat, or intrathoracic fat which lies superior to the parietal pericardium and has a different 

embryologic genesis (Figure 5). Pericardial adipose tissue is regarded as the summation of epicardial and 

paracardial fat. Both EAT and intra-abdominal fat originate from brown adipose tissue during embryogenesis 

61. EAT and VAT have shown strong correlation with each other, rather than with simple clinical measures of 

adiposity alone. Autopsy studies have shown that the ratio of EAT to LV mass is higher in the right ventricle 

and interestingly, the ratio of EAT to ventricular mass is constant in normal, ischaemic and hypertrophied 

hearts57.  
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Figure 5: Epicardial adipose tissue anatomy 

 
Epicardial fat anatomy demonstrating that epicardial fat is directly apposing the myocardium within the pericardial sac; paracardial fat lies above the 
fibrous pericardium and the combination of epicardial and paracardial fat is pericardial fat.  
Reproduced from Wong et al with permission62 

 
 
Function 

There are several potential protective physiologic functions of EAT (Table 3). It is thought to provide 

mechanical support to the coronary arteries during myocardial contraction as well as space for arterial expansion 

during early atherosclerosis 63, 64. EAT has a high rate of lipogenesis and free fatty acid (FFA) metabolism as 

seen in animal models, which may be of benefit in times of increased cardiac stress for extra energy release, or 

indeed act as a storage depot in times of FFA excess, although this has not been robustly investigated. 

Additionally, EAT secretes anti-inflammatory cytokines such as adiponectin, adrenomedullin and omentin 

which have anti-atherogenic effects, as well as regulating vascular tone and cardiac contractility and 

remodelling 65-70. It is hypothesized that due to the thermogenic genes expressed in EAT which are associated 

with brown adipose tissue, it serves to provide direct heat to the myocardium for protection during hypoxia or 
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hypothermia. Interestingly, there is an association of angiogenesis stimulation with resultant development of 

collateral circulation in those with obstructive CAD that is seen in patients with excess EAT 71.  

 
Table 3: Vasoprotective factors from EAT. 

 
Factor Effects 
Adiponectin § Endothelium-independent vasodilation 

§ Inhibition of vascular smooth muscle proliferation in vivo and in vitro via 
an AMPK-dependent pathway 

§ Prevents monocyte adhesion to HAECs 
§ Activation of local eNOS function by stimulatory phosphorylation and 

increased BH4 production 
Leptin § Endothelium-dependent dilation of conduit arteries 
Omentin-1 § EAT and plasma levels of omentin are reduced in diabetic patients 

§ Recombinant omentin prevented the inhibitory effects of CM-EAT-DM 
on contraction of ARVC and insulin-stimulated Akt-Ser473 
phosphorylation 

Nitric oxide § Endothelium-dependent vasodilation 
PAME § Vasodilation via direct stimulation of VSMC potassium channels 
PGI2 § PVAT-derived prostacylin may inhibit endothelial dysfunction by 

impairing acetylcholine-induced vasoconstriction 
EAT indicates epicardial adipose tissue; PVAT, perivascular adipose tissue; AMPK, adenosine monophosphate–activated protein kinase; HAEC, 
human aortic endothelial cell; eNOS, endothelial nitric oxide synthetase; BH4, tetrahydrobiopterin; CM-EAT-DM, conditioned media from epicardial 
adipose of diabetic patients; ARVC, adult rat ventricular cardiomyocyte; PAME, palmitic acid methyl ester; VSMC, vascular smooth muscle cell; 
PGI2, prostacyclin. 
Reproduced from Fitzgibbons et al. (open access) 4 

 

However, the presence of numerous pro-inflammatory and pro-atherogenic cytokines within EAT may lead to 

a potential imbalance of harmful vs. protective cytokines and disruption of myocardial function. EAT is rich in 

inflammatory mediators as compared to subcutaneous tissue as seen in patients referred for coronary artery 

bypass grafting, and the levels seen are higher than that in the systemic circulation 72. Specifically, there were 

higher levels of monocyte chemotactic protein-1, interlukin-1β (IL-1β), IL-6, IL-6sR and TNF-alpha 63). Higher 

levels of these molecules are seen in patients with coronary artery disease or heart failure. It is uncertain whether 

the trigger for the imbalance of cytokines is a cause of the pathology or a consequence, and a potential reciprocal 

or bidirectional role has been proposed (63. Due to its anatomic proximity to the adjacent myocardium and lack 

of fascial barrier with the epicardial coronary arteries, it is postulated that there may be paracrine or vasocrine 

signalling of cytokines between the surrounding fat and the underlying arterial wall 73. This suggested 

pathophysiology is analogous to the visceral intra-abdominal adipose tissue surrounding the portal circulation 
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that is purported to influence the development of hepatic steatosis1. It has been demonstrated that increased EAT 

volume is related to both the extent and lesion severity of coronary stenosis (74 and contains a greater amount 

of inflammatory cytokines compared to serum circulating levels and subcutaneous adipose stores 72). The 

apposition of EAT with the arterial adventitia lends itself to the “outside-in” hypothesis of atherosclerosis, 

whereby the inflammatory milieu of EAT leads to vascular inflammation of the adventitia progressing inward 

to the intima leading to plaque formation. Therefore, it is possible that cellular cross-talk may lead to the 

development of plaque characteristics considered to be of high risk due to their association with major adverse 

cardiovascular events. It has also been reported that high EAT levels are associated with mortality, although it 

remains unclear whether these are specifically related to preceding cardiovascular events75. Furthermore, 

protective adipokines such as adiponectin which has demonstrated anti-inflammatory and anti-atherogenic 

properties are nearly 40% lower in the EAT of patients with CAD compared to healthy controls76.  

 
Table 4: Pathological factors released from EAT. 

 
Factor Effects 
Activin A § Increased fibrosis of rat atrial myocytes treated with conditioned 

media in vitro 
§ Cardiodepressant effect on ARVCs in vitro by reducing expression of 

SERCA2a 
Angiopoietin § Cardiodepressant effect on ARVCs in vitro by reducing expression of 

SERCA2a 
Angptl-2 § Promotes adventitial inflammation in vivo 
Angiotensin II § Increased vasoconstriction of aortic rings, blocked by incubation with 

ATIIR blocker 
Calpastatin/CAST § Protein is a partial agonist for intracellular domains of Cav1.2 

§ Dose-dependently increases coronary arterial contractions like PVAT 
Chemerin/RARRES2 § May directly stimulate vasoconstriction by binding to ChemR23, 

which is found on VSMCs 
Complement 
component 3 

§ Stimulates differentiation and migration of adventitial myofibroblasts 

Leptin § Local leptin levels may promote neointima formation independently 
of obesity or inflammation 

IL-6, MCP-1, PAI-1, 
GROa, 
sICAM-1, sIL-6R, 
RANTES 

§ Conditioned media from patients with CAD increased THP1 
monocyte adhesion and migration in vitro 

Resistin § Stimulates endothelial cell permeability in vitro 
Secretory type II 
phospholipase A2 

§ Promotes formation of inflammatory lipid mediators in EAT 
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TNFa § Loss of vasodilator effect of PVAT; likely due to downregulation of 
NOS by TNFa 

VEGF § VEGF expression was increased in the VAT and EAT of diabetic 
patients and stimulated greater proliferation 

§ of VSMCs in vitro 
Visfatin § Stimulation of vascular smooth muscle proliferation in vitro 

EAT indicates epicardial adipose tissue; PVAT, perivascular adipose tissue; ARVC, adult rat ventricular cardiomyocyte; SERCA2, sarcoplasmic 
reticulum Ca2+ ATPase; ATIIR, angiotensin II receptor; CAST, ; ChemR23, Chemerin receptor 23; VSMC, vascular smooth muscle cell; IL-6, 
interleukin 6; MCP-1, monocyte chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1; GROa, growth-regulated oncogene a; sICAM-1, 
soluble intercellular adhesion molecule 1; sIL-6R, soluble IL-6 receptor; RANTES, Regulated on Activation, Normal T cell Expressed and Secreted; 
CAD, coronary artery disease; THP1, Human acute monocytic leukaemia cell line; TNFa, tumour necrosis factor a; NOS, nitric oxide synthase; VEGF, 
vascular endothelial growth factor; VAT, visceral adipose tissue. 
Reproduced from Fitzgibbons et al. (open access) 4 
 
 

Figure 6: Proposed mechanisms of epicardial adipokines and atherogenesis 
 

   

Proposed mechanisms in which epicardial adipokines may access underlying atheroma to play a role in coronary atherogenesis. (I) Paracrine signalling: 
adipokines directly diffuse through layers of the arterial wall; (II) vasocrine signalling: adipokines transverse through the vessel adventitial vasa 
vasorum to the lumen. The adipokines are transported downstream to react with cells in the intima and media around atherosclerotic plaques. The 
overarching inflammatory nature of these cytokines may explain the inflammation hypothesis of atherosclerosis. 
 
 
The pathophysiology surrounding these adipokines has not been well established. There is belief that radical 

oxygen species are generated in response to regional ischemia and depressed myocardial function, which in turn 

activate oxidant-sensitive inflammatory signals in the adipose tissue 77.  Additionally, the presence of TNF-

alpha may amplify vascular inflammation through apoptosis and neovascularization resulting in plaque 

vulnerability and instability 63. Arterial homeostasis may also be significantly altered by periadventitial presence 
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of cytokines which cause localized vasospasm and coronary intimal thickening 78, 79. Figure 6 represents the 

potential mechanism and inciting adipokines that may result in atherogenesis.  

 
Measurement of EAT 

EAT has been widely studied in cardiovascular research, however there remains no endorsed guideline on the 

approach to measurement. EAT may be measured non-invasively by a linear thickness measure on 

echocardiography, CT or MRI; or volumetrically by CT or MRI. Several studies have utilized transthoracic 

echocardiography, usually in the parasternal long axis view, of the fat adjacent to the right ventricular outflow 

tract in a plane parallel to the aortic annulus80 (Figure 7). This method however is limited by the single plane 

assessment, and the effects of probe angulation on two-dimensional linear measurements. Furthermore, a single 

measurement may under or over-represent the totality of EAT around the heart and therefore even single slice 

area measurements on CT or MRI may be inappropriate. Correlations of EAT thickness vs volume or mass have 

shown modest association at best 81, 82 and intuitively, volumetric assessment of EAT would appear to be the 

most appropriate measurement for complete EAT quantification, despite a longer post-processing time. This 

may be performed by both MRI or cardiac CT. Studies have included both CT-angiography and non-contrast 

cardiac CT scans for EAT measurement, however the contrast administration within the lumen may theoretically 

cause blooming artefact and therefore under-represent the volume of EAT. MRI is limited in its availability and 

patient factors including ability to breath-hold, but provides a radiation free alternative. MRI has reduced 

diagnostic sensitivity for coronary artery disease and therefore EAT by CT may be more appropriate in 

considering associations with CAD. There is no comparative studies of imaging and autopsy measures of EAT, 

possibly because not all EAT can be removed from the myocardium at post-mortem to obtain exact weight 

comparisons. Therefore, wide variability is seen in values obtained from studies, making it challenging for 

clinicians to make decisions with the quantification of EAT.  

 
The Hounsfield unit scale is a quantitative scale to describe radiodensity on CT imaging. In comparison to 

autopsy studies, the mean attenuation of adipose tissue on CT has been reported at a mean of -105 HU. However, 

the true attenuation may be dispersed due to volume averaging and beam hardening with contrast 

administration83, 84. The upper threshold level appears to hold a greater effect on the quantification value, and -
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30 HU has generally been considered a reference standard. Differences in scan protocol, kV, slice measurement 

and post-processing software all may have theoretical influence on the value and within laboratory 

standardization is probably needed. In one study reviewing technical parameters associated with EAT 

measurement, Bucher et al 85 reconstructed CT datasets that had both contrast and non-contrast enhanced CTs 

performed throughout the cardiac cycle. Data was analysed at varying upper level threshold of -15, -30, -45 HU 

in CT at diastole, systole and non-contrast CT. This demonstrated consistently higher non-contrast CT EAT 

values with little difference between cardiac cycle timing for CTCA. The difference in EAT value CTCA and 

non-contrast CT at each threshold reduced with change in the upper limit, ~60mL at -15HU, ~40mL at -30HU 

and ~25mL at -45HU. Interestingly, the -15HU value compared favourably with the -45HU non-contrast CT 

value. However, the use of a -15HU threshold is not adequately justified and may condition the results with 

most studies using -30HU or lower. Furthermore, Bland-Altman analysis for the -30HU values are not reported, 

only for -15HU and demonstrate ~60mL 95% CI difference in values with the smallest bias of 0.6% with CT in 

systole to non-contrast CT at -45HU.  

Therefore, areas that remain uncertain are whether differences exist in post-processing software or in the use of 

contrast or non-contrast CT. Furthermore, several studies continue to publish associations of EAT with disease 

based on echocardiographic linear thickness measurements despite several opponents to this technique. This 

may in part be due to a lack of robust data demonstrating a definite inferiority of linear thickness to volumetric 

assessment.  
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Figure 7: Different measurement methods for EAT:  
A) Depicts echocardiographic measurement B) CT measurement and C) MRI measurement 

 
A) Reproduced with permission from Iacobellis et al (Elsevier) 80; (C) Reproduced from Bertaso et al86.   
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Association with Disease 
 

EAT has been described as a factor for cardiovascular disease including as a mediator through its association 

with several cardiovascular risk factors and the overall metabolic syndrome, as well as independently with the 

presence and extent of coronary atherosclerosis, atrial fibrillation and myocardial function and geometry. 

As EAT is considered a visceral fat depot, it is unclear whether it represents simply an extension or an 

independent source of inflammation driving cardiovascular risk. Clear correlation has been demonstrated with 

EAT and markers of adiposity 87 with the best correlation seen with VAT over and above measures of BMI 

and WC that are traditional clinical markers of obesity in the general population. Further modest correlation is 

seen with other markers of the metabolic syndrome including triglycerides, systolic blood pressure and fasting 

glucose all buttressing the hypothesis of an association of EAT with vascular disease risk. Adjusted models 

have also demonstrated an independent association of EAT with the metabolic syndrome independent of 

obesity. Several of these results are limited by the inclusion of EAT as a linear thickness measurement on 

echocardiography (Table 5). Studies of CT specific assessment of EAT and coronary artery disease 

demonstrate a consistent, independent association of EAT with coronary disease adjusted for age, sex, BMI 

and other potential confounding variables (Table 6).  

 
Table 5: Pooled univariable correlation coefficients of EAT with cardiovascular risk factors and 

markers of adiposity. 87 
Outcome Pooled 

correlation 
coefficient (r) 

p-value Number of 
studies 

Heterogeneity 

BMI 0.469 <0.001 26 Q=82.6 
Waist 
circumference 

0.567 <0.001 20 Q=75.7 

VAT 0.686 <0.001 10 Q=55.9 
SBP 0.204 <0.001 11 Q=22.6 
Triglycerides 0.292 <0.001 15 Q=89.5 
HDL -0.239 <0.001 13 Q=29.9 
Fasting glucose 0.219 <0.001 12 Q=23.2 
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Table 6: Studies of CT derived EAT and association with CAD 
 

Author CT 
 

n 
 

Cohort Exposure 
 

Clinical Variables / 
outcome 

Measure of Association 
 

Ding et al88 
 

4- 
slice 

398 
 

Participants of 
MESA study 

1 SD increment 
in EAT 

 

Calcified coronary 
plaque 

 

OR:1.92(95%CI 1.27 -2.90) † 
 
 

Rosito et al89 
 

8- 
slice 

1155 
 

Participants of 
the Framingham 
Offspring study 

of free CVD 

1 SD increment 
in EAT 

 

CAC score 
 

OR:1.21(95% 1.005 to 1.46) † 
 

Sarin et al.90  64-
slice 

151 
 Suspected CAD 

EAT volume > 
100ml 

 

CAC score 
 

CAC Score - EAT Volume 
<100mls: 67±155 
>100mls: 216±39 

(p=0.03) 
 

Ding et al.91  4- 
slice 998 Participants of 

MESA study 

1 SD increment 
in EAT 

 
Incident CAD HR:1.26 (95%CI 1.01-1.59) † 

Mahabadi et 
al.92 

8- 
slice 1267 

Participants of 
the Framingham 
Offspring study 

of free CVD 

1 SD increment 
in EAT 

 
Presence of CVD OR:1.32(95%CI1.11-1.57) † 

Alexopoulos 
et al.93 

64-
Slice 214 Suspected CAD EAT volume < 

71cm3 
Presence of coronary 

Plaque OR:3.9(95%CI:1.1-13.8) † 

Cheng et al.94  4- 
slice 232 Suspected CAD EAT volume 

>125cm3 
MACE - 4 year follow 

up. OR:1.74(95%CI1.03-2.95) † 

Konishi et 
al.95  

64-
slice 171 Suspected CAD 

1 SD increment 
in EAT 

 

Any plaque 
Non Stenotic plaque 
Non calcified plaque 

OR:2.876 (95%CI:1.614–5.125) † 
OR:3.423 (95%CI:1.764–6.642) † 
OR:3.316 (95%CI:1.435–7.661) † 

Harada et 
al.96  

64-
slice 170 ACS 

EAT volume > 
100ml 

 
Presence of ACS OR:2.84(95%CI:1.17-6.87) † 

Iwasaki et 
al.97  

64-
slice 197 Suspected CAD 

EAT volume > 
100 vs < 100 

mL 

CAC score 
CAD (>50% stenosis) 

 

384.0±782.0 vs 174.8±395.6; P=0.016 
40.2% vs 22.7%; P=0.008 

Schlett et al.98  64-
slice 358 Admitted to ED 

with chest pain EAT Volume 

Presence of high risk 
lesions vs without high 

risk lesions and no 
CAD 

151.9 (109-179)cm3 

vs 
110.0 (81-137)cm3 (p=0.04) 

and 74.8 (58-112)cm3 (p<0.0001) 

Yerramasu et 
al.99  EBCT 333 Type II diabetic 

patients 
Median EAT 

volume 
CAC progression vs 
no CAC progression 

93.1cm3 vs 68.8cm3 (p<0.001) † 
OR 1.12(95%CI1.05-1.19) † 

Ito et al.40  64-
slice 1308 

Symptomatic 
patients with a 
zero calcium 

score 

EAT volume 
per 10cm3 

Obstructive plaque 
Vulnerable plaque 

OR 1.10(95%CI1.04-1.16) † 
OR 1.19(95%CI1.12-1.27) † 

Mahabadi et 
al.100  EBCT 4093 

Participants of 
the Heinz 

Nixdorf Recall 
study. 

Doubling of 
EAT volume 

Increased risk of 
coronary events HR 1.54(95%CI1.09-2.19) † 

Rajani et 
al.101  

Dual 
source 

CT 
402 Suspected CAD EAT Volume 

>70% stenosis 
High risk plaque 

features 
 

OR 3.0(95%CI 1,3-6.6) † 
OR 1.7(95%CI 0.9-3.4) † 

Iwayama et 
al.102  

64-
slice 69 

Non-obese 
patients with 
and without 
severe CAD 

1 SD increment 
in EAT 

 

Incident CAD in non-
obese patients OR 8.27(95%CI1.12-61.60) † 

den Dekker 
et al.103  

Dual 
source 

CT 
65 

Asymptomatic 
patients with a 

history of extra-
cardiac arterial 

disease. 

10 cm3 

increments of 
EAT 

CAD OR 1.21(95%CI1.04-1.39) † 

Kim et al.104  16- 
slice 209 Suspected CAD 1 SD increment 

in EAT 

Any CAD 
Significant CAD 

CAC score 

OR 1.67 (95%CI:1.17-2.37) † 
OR 1.55 (95%CI1.10-2.17) † 
OR 1.85 (95%CI1.15-3.04) † 

CT: computed tomography; MESA: Multi-Ethnic Study of Atherosclerosis; SD: standard deviation; EAT: epicardial adipose tissue; OR: odds ratio; CVD: 
coronary vascular disease; CAC: coronary artery calcium; EBCT: electron beam computer tomography; CAD: coronary artery disease; HR: hazard ratio; 
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MACE: major cardiac adverse event; ACS: acute coronary syndrome; ED: emergency department. † Measurements of association are adjusted for age, 
sex, body mass index and other confounding variables. 
Reproduced from Talman et al. with permission 73 

 
 

Prognosis 

There is also association between EAT and future incident myocardial infarction, with the most robust data 

from the Heinz-Nixdorf recall study. In this large epidemiologic study of 4,093 patients with a mean follow up 

of 8 years, higher quartiles of EAT were associated with a 1.5 times increase in the risk of myocardial infarction 

independent of coronary calcium score and other cardiovascular risk factors100.  

 
Table 7: Summary of studies of CT derived EAT and prognosis 

 
Author n Outcome Events EAT 

aggregation 
OR HR Covariates in 

multivariable model 
Cheng94 232 MACE 58 Log EAT 1.74 (1.03-2.95)  Age, traditional risk 

factors, CAC and FRS 
D'Marco105 95 All-cause 

death 
27 10mL 

increment 
 1.06 (1.01-1.05) Age, gender, race, BMI, 

HDL cholesterol, total 
CAC 

Forouzandeh106 760 MACE 45 >125mL  1.59 (0.81-3.09) FRS, BMI and CAC 

Kunita107 722 MACE 37 >107.2mL  2.65 (1.23-5.7) age, sex, BMI, 
hypertension, diabetes, 
smoking 

Mahabadi100 4093 MACE 130 Doubling of 
volume 

 1.54 (1.09-2.19 Age, gender and traditional 
risk factors 

Shmilovich108 226 MACE 58 >68mL/m2 3.1 (1.4-6.9)   

Reproduced from Spearman et al. with permission 109 

 
Given the purported pathophysiology of EAT on atherosclerosis genesis, and the links to future cardiovascular 

prognosis, it is possible that EAT may modify plaque to develop high risk features that have also been associated 

with future acute coronary syndrome. There has been an influx of new data within this area of EAT research 

from small studies, however no formal systematic review or analyses has been performed to maximize power 

to address the association and assess for potential factors of heterogeneity. In addition, the natural history to 

assess the effect of clinical variables that may modulate EAT is not known as well as the association of EAT 

with quantifiable plaque measurements. The use of CTCA which is employed in symptomatic patients with 

low-intermediate probability of coronary artery disease may allow simultaneous assessment of EAT and 

coronary plaque as well as serial measurement of these with low radiation dose. Importantly, 67% of patients 

who undergo CTCA will have non-obstructive coronary artery disease110 and it is in this group of patients that 

the least knowledge of EAT has been investigated.    
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ABSTRACT 

Background  

Epicardial adipose tissue (EAT) is hypothesized to alter atherosclerotic plaque composition, with 

potential development of high-risk plaques (HRP). EAT may be measured by volumetric assessment 

(EAT-v) or linear thickness (EAT-t). We performed a systematic review and random effects meta-

analysis to assess the association of EAT with HRP, and whether this association is dependent on the 

measurement method used.  

Methods and Results 

Electronic databases were systematically searched until October 2016. Studies reporting HRP by 

computed tomography or intracoronary imaging, and studies measuring EAT-v or EAT-t were 

included. Odds ratios (OR) were extracted from multivariable models reporting the association of EAT 

with HRP and are described as pooled estimates with 95% confidence intervals (CI). Analysis was 

stratified by EAT measurement method. Nine studies (n=3,772 patients) were included with 7 

measuring EAT-v and 2 EAT-t. Increasing EAT was significantly associated with the presence of 

HRP, OR 1.26 (95% CI 1.11-1.43, p<0.001). Patients with HRP had higher EAT-v than those without: 

weighted mean difference 28.3mL (95% CI 18.8-37.8mL, p<0.001). EAT-v was associated with HRP, 

OR 1.19 (95% CI 1.06-1.33, p<0.001), however EAT-t was not, OR 3.09 (95% CI 0.56-17, p=0.2). 

Estimates remained significant when adjusted for small-study effect bias, OR 1.13 (95% CI 1.03-1.28, 

p=0.04).  

Conclusions 

Increasing EAT is associated with the presence of HRP and patients with HRP have higher quantified 

EAT-v. The association of EAT-v with HRP is significant compared to EAT-t however larger scale 

study is still required and further evaluation needed to assess whether EAT may be a potential 

therapeutic target for novel pharmaceutical agents. 
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Clinical trial registration: PROSPERO (Registration number: CRD42017055473). 

https://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42017055473 

 
INTRODUCTION: 

Epicardial adipose tissue (EAT) is a metabolically active fat depot, abundant in pro-inflammatory 

cytokines, and has been correlated with the extent and severity of coronary artery disease74. EAT shares 

the same embryologic origin of omental and mesenteric fat60, 73 and encases the coronary arteries with 

no fascial barrier4. Therefore, it has been postulated that EAT may display vasocrine or paracrine 

effects on the adjacent arterial wall to influence atherosclerotic plaque composition, resulting in the 

development of high-risk plaque (HRP) 89, 91, 111-113. The presence of HRP has shown association with 

future adverse prognosis27, 32, but the management of these patients remains uncertain. HRP may be 

visualised invasively by several methods including intravascular ultrasound (IVUS) and optical 

coherence tomography (OCT), and non-invasively by computed tomography coronary angiography 

(CTCA) with good diagnostic agreement between techniques28, 114, 115  EAT may be measured either 

volumetrically by CTCA or non-contrast CT (EAT-v), or by a linear thickness measurement on 

echocardiography (EAT-t). Both thickness and volume measures have been associated with incident 

CAD74, however linear thickness may underrepresent the totality of EAT.  

 

The objective of this systematic review and meta-analysis is to explore the association between EAT 

and the presence of HRP. The secondary aims are to evaluate whether increasing EAT volume 

associates with HRP presence as well as the strength of association with presence of HRP by EAT 

measurement method.  
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MATERIALS AND METHODS: 

Data sources and search strategy:  

The search was conducted in Medline, Embase and Pubmed databases with no start date until October 

2016. Keywords using Medical Subject Heading included: ‘epicardial adipose tissue’, ‘epicardial fat’, 

‘pericardial adipose tissue’, ‘pericardial fat’, ‘vulnerable plaque’, ‘high risk plaque’, ‘low attenuation 

plaque’, ‘napkin ring’, ‘positive remodelling’, ‘spotty calcification’, ‘coronary artery disease’, ‘plaque 

characteristics’, ‘plaque composition’, ‘plaque vulnerability’, ‘thin cap fibroatheroma’, ‘intravascular 

ultrasound’, ‘optical coherence tomography’, and ‘angioscopy’. The reference lists of eligible articles 

were hand-searched for additional articles. Searches were restricted to human studies. We conducted 

this systematic review in accordance with the PRISMA statement and the trial was registered with 

PROSPERO (Registration number: CRD42017055473). A flow chart describing the study search is 

presented in Figure 1, and example search term strategy in Supplement Table S1. 

 

Study selection 

The inclusion criteria for the study were: patients undergoing either intracoronary imaging or CTCA 

evaluation with reported HRP features; non-invasive measurement of epicardial adipose tissue by 

either CT derived volume (on contrast or non-contrast CT), or linear thickness by CT or 

echocardiography; fully published in peer-reviewed journals. For intracoronary imaging studies, HRP 

was defined as the presence of thin-cap fibroatheroma (TCFA). For CT studies, HRP included plaques 

either with one or more of the following features, including low attenuation plaque (LAP), positive 

remodelling (PR), spotty calcification and the napkin ring sign (NRS). Study specific definitions of 

HRP are reported in Supplementary Table S2. 

 

 

 



 27 

Data extraction: 

Odds ratios (OR) and their respective 95% confidence intervals (95% CI) for association of EAT with 

HRP were extracted. Where possible, odds ratios from multivariable models that adjusted for other 

coronary artery disease risk factors were used, and covariates within the model were recorded. Mean 

and standard deviation of EAT volume between groups with and without HRP were entered. Studies 

reporting medians with interquartile ranges were converted to means as previously recommended 116.  

 

Endpoints 

The primary endpoint was the pooled association of EAT with the presence of HRP. Secondary 

endpoints included the pooled quantitative difference of EAT-v in patients with and without HRP, as 

well as the association of EAT with HRP stratified by EAT measurement method (EAT-v or EAT-t). 

  

Statistical analysis 

Statistical analysis was performed using StataMP 14.0 (Stata Corp LP, College Station, TX). OR were 

examined on the log scale and transformed for graphical presentation with 95% CI reported. In cases 

where multiple outcomes were reported i.e. by individual plaque feature or by grouped features, the 

analysed estimate was the association of EAT with any HRP if specified. Random effects modelling 

was used with the method of DerSimonian and Laird117. The weighted mean difference (WMD) for 

EAT between groups with and without HRP was calculated. Statistical heterogeneity was evaluated 

by the I2 statistic and quantified as low (<25%), moderate (25-75%) or high (>75%)118. Sensitivity 

analysis was performed by EAT measurement method (volumetric or thickness based, by pooled 

estimates of similarly defined EAT covariate parameters i.e. when EAT was included as a continuous 

variable or assessed in 10mL increments and for individual plaque features where possible). Additional 

sensitivity analysis using random effects with the Hartung-Knapp-Sidik-Jonkman approach was used 

to explore effect sizes when 2 studies were grouped 119, 120. Exploratory meta-regression was performed 
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to assess the influence of independent variables (mean study ages, mean EAT volume, mean study 

body mass index, and proportion of HRP). Publication bias was assessed by the Egger and Begg test. 

The Duval and Tweedie’s trim and fill method was also used to investigate publication bias as well as 

systematic exclusion of individual studies to assess for changes in the pooled estimate. A two-sided p-

value of <0.05 was considered significant.  

 

RESULTS: 

There were a total of 90 publications reviewed with 9 studies included for final analysis (3,772 

subjects) (Figure 1). One study was excluded as it presented the association of EAT with plaque lipid 

percentage rather than specified numbers of patients with HRP121. Seven studies reported CT-HRP 40, 

98, 101, 122-126 (n=3,573) and 2 studies, invasive-HRP39, 127 (n=199). Seven studies measured EAT-v 39, 

40, 98, 101, 122, 124, 125, 128 (n=3,284), and 2 studies measured EAT-t 126, 127 (n=488). All study designs were 

cross-sectional. All patients were from suspected coronary artery disease cohorts with 2 studies 

evaluating patients with suspected acute coronary syndrome98, 122. Study characteristics are presented 

in Table 1 and 2 and regression modelling outcomes and model covariates presented in Table 3. 

Individual study EAT measurement characteristics and HRP definitions are presented in Supplement 

Table S2.  

 

The prevalence of HRP ranged widely, from 4-59% at a per-patient level (Table 1). The primary 

endpoint demonstrated a significant association of increasing EAT with the presence of HRP: pooled 

odds ratio (OR) 1.26 (95% CI 1.11-1.43, p<0.001, I2=81%) (Figure 2).  

 

Analysis to assess quantitative differences in EAT between patients with and without HRP 

demonstrated a weighted mean difference of +28.3mL in those patients with HRP (95% CI 18.8-

37.8mL, p<0.001, I2=58%) based on 4 studies (Figure 3). 
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When stratified by EAT measurement method, in the 7 studies measuring EAT-v, the pooled OR was 

significantly associated with HRP presence: OR 1.19 (95% CI 1.06-1.33, p<0.001, I2=78%). However, 

there was no significant association observed with the two EAT-t studies and presence of HRP: OR 

3.09 (95% CI 0.56-17, p=0.20, I2=90%) (Figure 4). This remained statistically non-significant on 

sensitivity analysis with the HKSJ method (Table 4).  

 

Sensitivity analysis was performed to assess pooled estimates of studies using EAT as a similarly 

measured covariate. Two studies analysed EAT-v in 10mL increments and demonstrated a pooled OR 

1.18 (95% CI 1.12-1.24, p<0.001, I2=0%) which however became non-significant when analysed with 

the HKSJ method (OR 1.18 (95% CI 0.84-1.64, p=0.10).  In the two studies that analysed EAT-v as a 

continuous variable the pooled OR 1.18 (95% CI 0.77-1.81, p=0.44, I2=52%) which remained non-

significant after analysis with HKSJ (Table 4). EAT measured in the remaining studies were modelled 

as per standard deviation or by a dichotomous threshold level and not formally pooled.  

Further sensitivity analysis was performed to assess the association between specific HRP subtypes 

with information obtainable from 2 studies. There was an association demonstrated between increasing 

EAT and low attenuation plaque, (OR 2.79, 95% CI 1.71-4.53, p<0.001, I2=0%), positive remodelling, 

(OR 1.93, 95% CI 1.25-2.99, p=0.003, I2=0%) and when both features were present (OR 2.58, 95% CI 

1.55-4.28, p=0.001, I2=0%). However, both the results for LAP and PR became statistically non-

significant after application of the HKSJ method, but presence of both features remained significantly 

associated with increasing EAT (Table 4).  

 

Exploratory meta-regression demonstrated no significant influence of varying study-level predictors 

on the overall effect size: mean BMI (OR 0.95, 95% CI 0.79-1.14, p=0.55); mean age (OR 1.03, 95% 

CI 0.96-1.10, p=0.38); population proportion of HRP (OR 0.99, 95% CI 0.98-1.00, p=0.42) and mean 

EAT volume (OR 1.00, 95% CI 0.97-1.03, p=0.99).  
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There was evidence of publication bias by calculation of the Egger test for small-study effects, 

p=0.005. Using the trim and fill method, the overall estimate remained significant for the association 

of EAT and HRP, pooled estimate 1.13 (95% CI 1.03-1.28, p=0.04, I2=81%) (Supplementary figure 

S1). Analysis to assess the influence of single studies on the effect estimate demonstrated that there 

was a persistent significant association of increasing EAT with HRP. The lowermost pooled estimate 

OR 1.16 (95% CI 1.06-1.27, p=0.001, I2=74%) occurred with the exclusion of Tachibana et al, and the 

upper most pooled estimate OR 1.27 (95% CI 1.12-1.45, p<0.001, I2=70%) with the exclusion of Lu 

et al (Supplementary Table S3).  

 

DISCUSSION 

The results from this meta-analysis of 9 observational studies demonstrate three important findings. 

Firstly, increasing EAT is significantly associated with the presence of HRP features. Secondly, 

patients with HRP have a significantly increased volume of EAT compared to those without HRP. 

Finally, EAT associates with HRP presence ideally when measured by complete volumetric analysis 

rather than linear EAT thickness measurements.  

 

EAT is a visceral adipose tissue depot rich in pro-inflammatory and pro-atherogenic cytokines 

including monocyte chemotactic protein-1, interleukin (IL)-6. IL-1β, IL-6sR and tumour necrosis 

factor alpha63. Due to its anatomic proximity to the adjacent myocardium and lack of fascial barrier 

with the epicardial coronary arteries, it is postulated that there may be paracrine or vasocrine signalling 

of cytokines between the surrounding fat and the underlying arterial wall73. This suggested 

pathophysiology is analogous to the visceral intra-abdominal adipose tissue surrounding the portal 

circulation that is purported to influence the development of hepatic steatosis129. It has been 

demonstrated that increased EAT volume is related to both the extent and lesion severity of coronary 

stenosis130 and contains a greater amount of inflammatory cytokines compared to serum circulating 
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levels and subcutaneous adipose stores72. The apposition of EAT with the arterial adventitia lends itself 

to the “outside-in” hypothesis of atherosclerosis, whereby the inflammatory milieu of EAT leads to 

vascular inflammation of the adventitia progressing inward to the intima leading to plaque formation. 

Therefore, it is possible that cellular cross talk may lead to the development of plaque characteristics 

considered to be of ‘high risk’ due to their association with major adverse cardiovascular events. It has 

also been reported that high EAT levels are associated with mortality, although it remains unclear 

whether these are specifically related to preceding cardiovascular events75. Our results indicate a 

uniform association of increasing EAT with HRP, but further study is needed to establish the influence 

and interaction of these parameters with prognosis. Importantly, we aimed to use risk estimates from 

multivariable models, which suggests an incremental effect of EAT with HRP presence beyond 

traditional cardiovascular risk factors.  

 

As there is no guideline advocated technique for EAT quantification, individual studies are subject to 

authors’ discretion and experience. The inter-observer variability for EAT-t has shown mixed results131 

and a measure of linear thickness by 2-dimensional assessment may under or over-represent total EAT 

volume due to changes in probe angulation. It has been suggested that a threshold of 7mm confers 

elevated EAT-t which is significantly higher than our included studies which may also influence 

interpretation. Only one previous study has evaluated EAT-t vs. EAT-v in 71 patients reporting a 

modest correlation (r=0.595)81. However, EAT-v also has limitations, with differing values measurable 

with the use of contrast media85, and possible differences related to vendor specific software 

algorithms. In our analysis of EAT-v vs. EAT-t, we demonstrated that EAT-t had a decidedly wide 

confidence interval for the association with HRP and failed to reach statistical significance, although 

this is only based on 2 studies with a total of 488 patients. On the contrary, EAT-v displayed a 

significant association with HRP with more precise confidence limits. We attempted to explore the 

association further by analysing the modelling method of EAT which demonstrated uncertainty in 
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estimates for differing techniques which highlights the need for a standardised and consistent approach 

when incorporating EAT into models to assess disease outcomes.  

  

In our subgroup analysis of EAT association with HRP subtype, we noted that there was a strong 

association individually with LAP and positive remodelling as well as with the presence of both 

features after adjustment for conventional cardiovascular risk factors. However, association with 

individual plaque features types diminished due to imprecision in 95% confidence intervals, but 

remained for presence of both high-risk features. The largest study to date of 3,158 patients by 

Motoyama et al reported that these high-risk plaque characteristics, defined as the presence of either 

or both these features, is strongly associated with future ACS development (adjusted Hazard Ratio 

8.24, 95% CI 5.26-12.96, p<0.001) 27. EAT was not measured in this study and it remains unclear of 

its contribution to prognosis.  

 

It is notable that some observational studies have demonstrated a lack of relationship between EAT 

and significant CAD 132, 133 and similar to our included studies, all of which are observational, are 

prone to significant bias. These include selection and ascertainment bias and the variable use of 

predictors in regression modelling that may alter reported estimates and contribute to between study 

heterogeneity. To assess study quality, we evaluated the GRADE classification 134-136 (Supplemental 

Table S4 and S5), which apportions an overall study quality assessment. As none of the trials are by 

definition of high quality given they are not randomised controlled trials, the overall information 

quality is regarded as low and should therefore be interpreted as such without drawing firm conclusions 

that may alter clinical decision making. Despite the inconsistency of CAD association, given the 

association of HRP with cardiac prognosis, it remains plausible that EAT may influence plaque 

composition that may not be diagnosed as functionally or anatomically significant. Rigorous 

prospective study to assess EAT role in atherogenesis is still warranted.  
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The management of HRP features is uncertain. EAT is currently only measured for research purposes, 

however the importance of assessing EAT and its association with HRP relates to a potential target for 

therapeutic intervention. EAT has demonstrated temporal changes in plaque and cardiovascular risk. 

In a study of non-obese patients undergoing serial CT over 4 years, an increase in EAT volume was 

associated with HRP as well as future acute coronary syndrome despite optimal management of 

cardiovascular risk factors 30. Calorie restriction and bariatric surgery rather than exercise have shown 

promise as methods for reduction in EAT as recently explored in a meta-analysis by Rabkin et al. 137 

and animal data has demonstrated that selective surgical excision of EAT slows the progression of 

atherosclerosis138. It remains to be seen if targeted EAT reduction may improve dynamic 

atherosclerosis in human subjects and randomised controlled trial data are lacking.    

 

Study limitations 

Our analysis is limited by the observational nature of included studies, as well as a lack of access to 

patient level data to allow adjustment for other covariates that may influence EAT including sex 

differences, as well as stratification and assessment by other population features such as traditional 

cardiovascular risk factors of hypertension, hyperlipidaemia and diabetes. We attempted to account 

for this by using model estimates that adjusted for several of these variables. The majority of studies 

were also performed in Japanese centres and may limit the generalizability of our findings to other 

ethnic populations. A further important limitation is the inclusion of only 2 studies evaluating EAT-

thickness and other subgroup parameters. This limits the interpretation of results with this 

methodology due to potential lack of power and firm conclusions cannot be drawn. Importantly, we 

note that when more robust statistical methods were applied when few studies were pooled, statistical 

significance was reversed highlighting the need for more data in these areas. We noted a significant 

degree of heterogeneity, a limitation that has been demonstrated in other published EAT meta-analyses 
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that report I2 values >90% 74, 87. This is probably in part representative of variable EAT quantification 

methods, and differing measures of EAT as a covariate in regression analyses. We attempted to adjust 

for this heterogeneity by systematic exclusion of studies that did not significantly attenuate the 

summary estimates from statistical significance, as well as sensitivity analysis by sub-group analysis 

and exploratory meta-regression.  

 

CONCLUSION: 

Increasing EAT is associated with the presence of HRP, ideally when measured by complete 

volumetric analysis. Further investigation is still required to establish the role of EAT-t in evaluating 

HRP, as well as consistent methods for modelling EAT as a variable for disease outcomes and the 

effect of EAT on individual high-risk plaque features. Incorporating the measurement of EAT on 

clinically performed CTCA has potential to improve patient risk stratification and further prospective 

studies are needed to confirm this finding which holds potential as a novel therapeutic target for 

atherosclerotic treatment.  
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Table 1: Demographic, EAT and HRP parameters of included studies 

Author EAT method Population Sample size EAT value HRP proportions 
Lu et al.122 EAT-v 

(CACS) 
Suspected ACS 467 Median EAT: 

108.5 cc (IQR 76.4-140.6cc) 
 
With HRP 
123 cc (IQR 93-156cc) 
 
Without HRP 
98 cc (IQR 68-127cc) 
 

HRP in 167 (36%) patients 
 
NRS in 15% 
PR in 32.3% 
LAP in 23.4% 
SpC: in 91% 

Schlett et al.98 EAT-v 
(CTCA) 

Suspected ACS 358 Median EAT: 
95.2 
(IQR 66-130.1) cm3 
 
With HRP: 
151.9 (IQR 10.-179.4) cm3 
 
Without HRP 
110 (IQR 81.5-137.4) cm3 

Any HRP in 13 (4%) patients 

Rajani et al.101 EAT-v 
(CACS) 

suspected CAD  402 Mean EAT: 
103 ± 51 cm3 

 

With any HRP 
116 ± 53 cm3 
 
Without HRP 
99 ± 57cm3 

Any HRP in 113 (59%) patients  
 
LAP in 67 (35%)  
PR in 93 (48%)  

Oka et al.124 EAT-v 
(CACS) 

suspected CAD 357 Mean EAT: 
125 ± 44 mL 
 

87 (24%) with all three HRP 
 
LAP 
EAT<100mL: 52% 
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EAT analysis threshold of 
100mL 

EAT≥100mL: 27% 
 
PR 
EAT<100mL: 58% 
EAT≥100mL: 37% 
 
LAP + PR 
EAT<100mL: 46% 
EAT≥100mL: 25% 
 

Ito et al.40 EAT-v 
(CACS) 

Suspected CAD 
(symptomatic) with zero 
CACS 

1308 Mean EAT: 
98.1 ± 41.3 cm3 

 

With HRP 
133 ± 40.2 cm3 

 

Without HRP 
95.1 ± 40.3cm3 

Any HRP in 63 (5%) patients 

Nakanishi et al.125 EAT-v 
(CTCA) 

suspected CAD in 
patients with CKD 

275 Mean EAT: 
CKD 111 ± 41 mL (n=110) 
 
No CKD 81 ± 29 mL (n=165) 

Any HRP in 44 (16%) patients 

Ito et al.39 EAT-v 
(CTCA) 

Scheduled for PCI and 
underwent CT in 
addition to OCT 

117 (244 
plaques) 

EAT-v Tertiles: 
 
Tertile 1 (T1):  
<104.1cm3 

(n=39) 
Tertile 2 (T2):  
104.1 – 130.7 cm3 
(n=39) 
Tertile 3 (T3):  
>130.7 cm3 
(n=39) 

Total TCFA: 51 (21%) plaques  
 
TCFA: 
T1: Single TCFA n=6 (15%) 
      Multiple TCFA n=1 (3%) 
T2: Single TCFA n=7 (18%) 
      Multiple TCFA n=3 (8%) 
T3: Single TCFA n=12 (31%) 
      Multiple TCFA n=8 (21%) 
 
Minimum fibrous cap thickness 
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T1: 102.7±69.2µm 
T2: 102.5±56.5µm 
T3: 78.2±43.9µm 
 
Maximal lipid arc 
T1: >2 quadrants 13 (33%) 
T2: >2 quadrants 14 (36%) 
T3: >2 quadrants 25 (64%) 
 
CT characteristics: 
T1: LAP 4 (10%) PR 8 (21%) 
T2: LAP 14 (36%) PR 13 (33%) 
T3: LAP 16 (41%) PR 21 (54%) 

Park et al.127 EAT-t (Echo) Angiographically 
significant CAD 
undergoing PCI ± IVUS 

82  
 

Mean EAT-t 
3.4 ± 2.2mm 
 
EAT-t 3.5mm threshold 
EAT <3.5mm (n=21) 
EAT ≥3.5mm (n=39) 
 
 

TCFA (n): 
EAT <3.5mm: 3.3 ± 2.2 
EAT ≥3.5mm: 2.1 ± 1.6 
 
Mean volume index necrotic core (mm3/mm): 
EAT <3.5mm: 0.3 ± 0.2 
EAT ≥3.5mm: 0.6 ± 0.4 
 
Plaque volume (mm3): 
EAT <3.5mm: 1360.1 ± 492.1 
EAT ≥3.5mm: 1048.5 ± 398.2 

Tachibana et al.126 EAT-t (Echo) Suspected CAD 406 EAT-t 5.8mm threshold  
 
EAT ≥5.8mm (n=238) 
EAT <5.8mm (n=168) 
 
  

HRP in 45 (11%) patients 
 
LAP 
EAT <5.8mm: 4% 
EAT ≥5.8mm: 24% 
 
PR 
EAT <5.8mm: 39% 
EAT ≥5.8mm: 60% 
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LAP+PR 
EAT <5.8mm: 3% 
EAT ≥5.8mm: 17% 
 

ACS – acute coronary syndrome, CACS – coronary artery calcium score (non-contrast CT), CAD – coronary artery disease, CKD – chronic kidney 
disease, CTCA – computed tomography coronary angiography, EAT – epicardial adipose tissue, EAT-t – epicardial adipose tissue thickness, EAT-v – 
epicardial adipose tissue volume, HRP – high risk plaque, IQR – interquartile range, IVUS – intravascular ultrasound, LAP – low attenuation plaque, NRS 
– napkin ring sign, OCT – optical coherence tomography, PCI – percutaneous coronary intervention, PR – positive remodeling, RI – remodeling index, 
SAP – stable angina pectoris, SpC – spotty calcification, TCFA – thin-cap fibroatheroma 
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Table 2: Study demographic data 
 

Author Diabetes 
(%) 

Hypertension 
(%) 

Hyperlipidaemia 
(%) 

BMI Ethnicity Age Sex (%) 

Lu et al.122 17 53 45 29 ± 5 Not specified 54 ± 8 53 
Schlett et al.98 10 39 37 28(25-32) Not specified 51(45-59) 62 
Rajani et al.101 14 54 63 27 ± 4 Not specified 66(23-92) 56 
Oka et al.124 31 68 50 24 ± 5  Japanese institution 66 ± 11 63 
Ito et al.40 8 33 26 23 ± 4  Japanese institution 59 ± 12 46 
Nakanishi et al.125 38 65 59 24 ± 4 Japanese institution 65 ± 10 66 
Park et al.127 29 61 20 25 ± 3 Korean Institution 59 ± 11 54 
Ito et al.39 24 61 44 24 ± 3 Japanese institution 66 ± 9 82 
Tachibana et al.126 27 58 31 23 ± 4 Japanese institution 68 ± 13 57 

  
BMI – body mass index. Values represent total study cohort proportions (%), or expressed as mean ± standard deviation or median (IQR).   
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Table 3: EAT modelling outcomes and model covariates  
 

Author EAT modelling Regression outcomes Covariates in multivariable model Threshold / ROC AUC values 
Lu et al.122 Indexed EAT and 

Absolute EAT 
Any HRP  
OR 1.04 (95% CI 1-1.08, p=0.04) with indexed 
EAT-v 
 
Any HRP  
OR 1.02 (95% CI 1-1.03, p=0.046) with absolute 
EAT-v 

Age, sex, number of cardiovascular risk 
factors, log CACS, >50% stenosis 

Optimal threshold 62.3 cc/m2 with sensitivity 
48.5%, specificity 72.7%.  
No ROC AUC specified 

Schlett et al.98 EAT per SD 
(49.8mL) 

Presence of HRP  
OR 1.79 (95% CI 1.13-2.76, p=0.008)  

Not specified Not reported 

Rajani et al.101 Log EAT-v Any HRP  
OR 1.7 (95% CI 0.9-3.4, p=0.038) 
LAP  
OR 2.4 (95% CI 1.1-5.1, p=0.02) 
PR 
OR 1.8 (95% CI 1.0-3.4, p=0.07) 
Both HRP features 
OR 2.6 (95% CI 1.1-6.2, p=0.03) 
  

Age, BMI, Diabetes, hypercholesterolaemia, 
smoking, family history, hypertension 

ROC AUC 0.756 for any HRP presence with 
sensitivity 62%, specificity 84% 
 
Optimal threshold of EAT <74.07cm3 
excluded any HRP 

Oka et al.124 High EAT-v vs Low-
EAT-v (100mL 
threshold) 

LAP  
OR 3.08 (95% CI 1.66-5.83, p<0.001)  
PR 
OR 2.08 (95% CI 1.12-3.88, p=0.02) 
SpC 
OR 1.11 (95% CI 0.61-2.04, p=0.73) 
LAP+PR  
OR 2.56 (95% CI 0.81-3.44, p=0.003) 
All 3 features 
OR 1.65 (95% CI 0.17, p=0.17) 
 

Age, sex, hypertension, diabetes, smoking, 
BMI, VAT area, CACS 
 

Using a threshold of 100mL, sensitivity for 
LAP + PR 80%, specificity 41% 
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Ito et al.40 EAT-v per 10cm3 Any HRP  
OR 1.19 (95% CI 1.12-1.27, p<0.01) 

Male, Diabetes, hypertension, BMI 
 

ROC AUC 0.75 for any HRP presence at 
optimal threshold 127.1cm3 with sensitivity 
64%, specificity 81% 

Nakanishi et al.125 EAT-v per 10mL Presence of HRP  
OR 1.15 (95% CI 1.05-1.26, p=0.003) 

Age per 10y, sex, hypertension, diabetes, 
hyperlipidaemia, smoking, BMI 
 

 

Ito et al.39 Highest tertile of EAT Presence of TCFA  
OR 2.92 (95% CI 1.13-7.55, p=0.027) 
 
Correlation of EAT with fibrous cap thickness  
r= -0.400, p<0.01 
 

ACS, BMI 
 

ROC AUC 0.721 for detection of TCFA with 
optimal threshold 126.7cm3, sensitivity 69% 
specificity 71% 

Park et al.127 High EAT-t vs Low-
EAT-t (3.5mm 
threshold) 

Total TCFAs in symptom related vessel  
β-coefficient 0.106 (95% CI 0.004-0.208, p=0.043) 

BMI, diabetes, dyslipidaemia, metabolic 
syndrome 
 
 
 
 

 

Not specified 

Tachibana et al.126 High EAT-t vs Low-
EAT-t (5.8mm 
threshold) 

Presence of HRP  
OR 7.98 (95% CI 2.77-22.98, p<0.01)  

Age, sex, BMI, VAT, hypertension, 
dyslipidaemia, diabetes, smoker, CACS>100, 
stenotic vessel number, renal insufficiency, 
statins 
 

ROC AUC 0.77 for HRP (combination of 
LAP + PR) at threshold of 5.8mm with 
sensitivity 83%, specificity 64% 
 
 

ACS – acute coronary syndrome, BMI – body mass index, CACS – coronary artery calcium score (non-contrast CT), CI – confidence interval, EAT – epicardial adipose tissue, EAT-t 
– EAT thickness, EAT-v – volumetric EAT, HRP – high risk plaque, LAP – low attenuation plaque, OR – odds ratio, PR – positive remodelling, ROC AUC – receiver operating 
characteristic area under the curve, SpC – spotty calcification, VAT – visceral adipose tissue  
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Table 4: Sensitivity analysis of random effects meta-analysis with alternative methods when pooled estimates were from combination of 2 studies. 

Variable Random effects 
method Pooled OR 95% CI p-value 

EAT Measurement Method 

EAT thickness 126, 

127 
DL  3.09 0.56-17.01 0.20 

HKSJ 3.09 0-19 0.49 

Covariate Modelling Method 

EAT continuous 101, 

122 
DL  1.18 0.77-1.81 0.44 

HKSJ 1.18 0.08-18.5 0.58 

EAT per 10mL 40, 

125 
DL  1.18 1.12-1.24 <0.01 

HKSJ 1.18 0.96-1.45 0.06* 

HRP subtype 

LAP101, 124 
DL  2.79 1.71-4.53 <0.01 

HKSJ 2.79 0.59-13.2 0.08* 

PR101, 124 
DL  1.93 1.25-2.99 0.003 

HKSJ 1.93 0.77-4.84 0.07* 

Both LAP and PR 
101, 124 

DL  2.58 1.55-4.28 <0.01 

HKSJ 2.58 2.34-2.83 0.005 
References indicate studies that were pooled. Odds ratios (OR) are presented using DerSimonian and Laird (DL) and Hartung-Knapp-Sidik-Jonkman (HKSJ) methods. *signifies 
when there was a change in p-value resulting in statistical non-significance (p>0.05) after applying HKSJ method. CI – confidence interval, EAT – Epicardial adipose tissue, HRP – 
high risk plaque, LAP – low attenuation plaque, PR – positive remodelling 
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Figure 1: Search strategy  
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Figure 2: Association of EAT with presence of HRP 

 
Forest plot displays summary odds ratio and 95% confidence intervals (CI) for the increasing association of EAT with HRP. Method represents radiologic method of calculating EAT. 

This demonstrates a significant association of increasing EAT with HRP.   

CACS – coronary artery calcium score (non-contrast CT); CTCA – computed tomography coronary angiography; EAT – epicardial adipose tissue; Echo – echocardiography; HRP – 

high risk plaque 
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Figure 3: Difference in quantitative EAT 

 
Forest plot displays weighted mean difference (WMD) and 95% confidence intervals (CI) for difference between patients with and without HRP. This indicates that patients with HRP 

have a significantly higher volume of EAT (28.3mL (18.8-37.8mL) compared to those patients without HRP.  

EAT – epicardial adipose tissue; HRP – high risk plaque; mL – milliliters; SD – standard deviation 
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Figure 4: Pooled estimates by EAT measurement method 

 
Forest plot displays odds ratio (OR) and 95% confidence intervals (CI) for the association of increasing EAT with HRP stratified by measurement method of EAT measurement, either 

by volume or thickness. This demonstrates that increasing EAT volume has a significant association with HRP, however increasing EAT thickness is not significantly associated with 

HRP and has a markedly wide confidence interval crossing the line of unity. 

CACS – coronary artery calcium score (non-contrast CT); CTCA – computed tomography coronary angiography; EAT – epicardial adipose tissue; Echo – echocardiography; HRP – 

high risk plaque
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SUPPLEMENTAL MATERIAL 

The Association of Epicardial Adipose Tissue and High Risk Plaque Characteristics: a 

Systematic Review and Meta-Analysis. 
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Supplemental Table S1. Example search strategy (Embase) 

# Searches Results 
1 Epicardial adipose tissue.mp. 1249 
2 Epicardial fat.mp.  

 

1481 
3 Pericardial adipose tissue.mp 161 
4 Pericardial fat.mp 550 
5 Vulnerable plaque.mp 2196 
6 High risk plaque.mp 288 
7 Low attenuation plaque.mp 101 
8 Napkin ring.mp 94 
9 Positive remodelling 125 
10 Spotty calcification 170 
11 Plaque characteristics 1228 
12 Plaque composition 1734 
13 Plaque vulnerability 1745 
14 Thin cap fibroatheroma 773 
15 Necrotic core 2091 
16 Exp intravascular ultrasound/ 12695 
17 Exp optical coherence tomography/ 36156 
18 Exp computer assisted tomography/ 778928 
19 Computed tomography coronary angiography.mp 1140 
20 Cardiac computed tomography.mp 2526 
21 Exp coronary artery calcium score 3230 
22 Exp coronary angiography/ 2916 
23 1 or 2 or 3 or 4 2877 
24 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 7800 
25 16 or 17 or 22 51500 
26 18 or 19 or 20 or 21  779979 
27 23 and 24 and 25 26 
28 23 and 24 and 26 57 
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Supplemental Table S2: Study EAT measurement parameters and HRP definitions 
 

Author EAT measure method Definition of HRP features 

Lu et al.122 EAT definition:  fat within pericardial sac. 
Method: Semi-automated. 
Software: Volume Viewer, Siemens Medical Solutions, Germany 
Interval: 1cm 
Superior border: mid-level RPA 
Inferior border: diaphragm 
HU range: -195 to -45 HU 

PR: RI of >1.1 maximal outer vessel diameter at plaque divided by 
average of the proximal and distal normal vessels 
LAP: <30 HU 
SpC: <3mm CP extending <1.5mm long-axis vessel diameter & 
two-thirds vessel circumference 
NRS: ring of peripheral high attenuation surrounded by core of low 
attenuation in a non-calcified plaque 

Schlett et al.98 EAT definition: fat within pericardial sac.  
Method: Manual 
Software: Leonardo, Siemens Medical Solutions 
Interval: 1cm 
Superior border: mid-level RPA. 
Inferior border: not specified. 
HU range: -190 to -30 HU 

PR: >1.05 remodelling index 
LAP: <30 HU 
SC: <3mm diameter CP 
 
HRP defined as at least 2 characteristics in lesions>50% luminal 
narrowing 

Rajani et al.101 EAT definition: fat within pericardial sac. 
Method: Semi-automated 
Software: QFAT, Cedars-Sinai Medical Centre 
Interval: 3mm (total 20-40 slices per pt.) 
Superior border: RPA take-off 
Inferior border: First slice where PDA visualised 
HU range: -190 to -30 HU 

LAP: <30 HU 
PR: >1.05 (maximal outer arterial wall diameter along plaque 
exceeding proximal reference by 5% 

Oka et al.124 EAT definition: adipose tissue between epicardial surface of 
myocardium and pericardium 
Method: Manual 
Software: Not specified. VAT measured with Virtual Place, AZE 
Inc., Japan 
Interval: 1cm 
Superior border: 1cm above left main coronary artery (atrial 
appendage) 
Inferior border: cardiac apex  
HU range: -250 to -30 HU 

CT-low density plaque: < 39 HU 
PR: remodelling index >1.05 
SpC: calcium burden length <3/2 vessel diameter and width <2/3 
vessel diameter 

Ito et al.40 EAT definition: adipose tissue within the visceral epicardium 
Method: Manual 
Software: Not specified  
Interval: Not specified. 8-12 slices per patient 
Superior border: Mid left atrium 
Inferior border: left ventricular apex 
HU range: -190 to -30 HU 

LAP: <30 HU 
PR: RI >1.1 (ratio of outer vessel area of lesion to outer vessel area 
of proximal reference site 

Nakanishi et 
al.125 

EAT definition: adipose tissue within the pericardial sac 
Method: Semi-automated 
Software: Synapse Vincent, Japan 
Interval: not specified. 7-10 planes 
Superior border: bifurcation pulmonary artery 
Inferior border: last slice containing any portion of the heart 
HU range: -250 to -30 HU 

LAP: <30 HU 
PR: RI >1.1 

Ito et al.39 EAT definition: adipose tissue within the visceral epicardium 
Method: Manual 
Software: Not specified. CT with Aquarius NetStation, USA  
Interval: not specified.  
Superior border: not specified 
Inferior border: not specified 
HU range: -250 to -40 HU 

CT: 
LAP: <30 HU 
PR: RI >1.1 (ratio of outer vessel area of lesion to outer area of 
proximal reference site) 
 
OCT:  
Necrotic lipid pools quantified as number of quadrants 
Cap thickness measured at thinnest section of distance from lumen 
to inner border of lipid pool. 
TCFA = plaque with necrotic lipid pool in ≥2 quadrants within a 
plaque and fibrous cap <=65µm 
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Park et al.127 Method: 2D parasternal long-axis view; point on the free wall of 
RV to assess anterior echo-lucent space between linear echo-dense 
parietal pericardium and RV epicardium 
Cardiac cycle timing: End-diastole.  
Thickest point of EAT in each of 3 cycles measured and average 
value used 
 
 

Plaque components:  
Fibrous – areas of dense collagen 
Fibrofatty – fibrous tissue with interspersed lipid in collagen 
Dense calcium – calcium with no adjacent necrosis 
Necrotic core – necrotic regions containing cholesterol clefts, foam 
cells, microcalcification �
TCFA: necrotic core ≥10% plaque area without overlying fibrous 
tissue and having >40% plaque burden in 3 consecutive frames 

Tachibana et 
al.126 

Method: 2D parasternal long-axis view; point on the free wall of 
RV along midline of ultrasound beam perpendicular to aortic 
annulus 
Cardiac cycle timing: End-systole.  
Average of three cardiac cycles used 

PR: RI >1.05 (cross sectional lesion vessel area divided by 
proximal reference vessel area) 
LAP: <30 HU 

CT – computed tomography, CP – calcified plaque, EAT – epicardial adipose tissue, HRP – high risk plaque, HU – 
Hounsfield units, LAP – low attenuation plaque, NRS – napkin ring sign, OCT – optical coherence tomography, PDA – 
posterior descending artery, PR – positive remodelling, RPA – right pulmonary artery, SpC – spotty calcification, TCFA 
– thin-cap fibroatheroma. VAT – visceral adipose tissue 
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Supplemental Table S3: Sensitivity analysis displaying pooled odds ratios and 95% confidence intervals 
with systematic exclusion of individual studies. 
 

Excluded study Pooled OR Lower 95% CI Upper 95% CI I2 p-value 
Lu et al122 1.27 1.12 1.45 70%                 <0.001 
Schlett et al.98 1.17 1.06 1.30 80% 0.003 
Rajani et al.101 1.19 1.07 1.33 82% 0.001 
Oka et al.124 1.20 1.07 1.33 82% 0.001 
Ito et al.40 1.24 1.08 1.43 78% 0.003 
Nakanishi et al.125 1.24 1.09 1.42 82% 0.002 
Park et al.127 1.25 1.09 1.43 83% 0.001 
Ito et al.39 1.19 1.07 1.32 81% 0.001 
Tachibana et al.126 1.16 1.06 1.27 74% 0.001 
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Supplemental Table S4: Newcastle-Ottawa Scale (NOS) Evaluation of Study Quality 
 

STUDY SELECTION COMPARABILITY OUTCOME 
Lu et al.122 **** ** *** 
Schlett et al. 98 **** ** *** 
Rajani et al. 101 ***** ** *** 
Oka et al.124 **** ** *** 
Ito et al.40 **** ** *** 
Nakanishi et al.125 *** ** *** 
Park et al.127 **** ** *** 
Ito et al.39  *** ** *** 
Tachibana et al 126 **** ** ** 
The Newcastle-Ottawa Scale (NOS) evaluates the included studies based on selection, comparability and outcome. The 
maximum score for each criteria is 5, 2 and 3, respectively, with the maximum total score equalling 10 
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Supplemental Table S5: GRADE quality assessment 
 

STUDY INITIAL 
GRADE 

BIAS ASSESSMENT FINAL 
GRADE 

Lu et al.122 Low Bias: Low; Applicability: Low; Imprecision: Low Low 
Schlett et al.98 Low Bias: Low; Applicability: Low; Imprecision: High Low 
Rajani et al.101  Low Bias: Low; Applicability: Low; Imprecision: Low Low 
Oka et al. 124 Low Bias: Unclear; Applicability: Low; Imprecision: High Low 
Ito et al. 40 Low Bias: Unclear; Applicability: Low; Imprecision: Low Low 
Nakanishi et al125 Low Bias: Unclear; Applicability: High; Imprecision: Low Low 
Park et al.  Low Bias: Unclear; Applicability: Unclear; Imprecision: Unclear Low 
Ito (2012) et al.  Low Bias: Unclear; Applicability: Low; Imprecision: Unclear Low 
Tachibana et al  Low Bias: High; Applicability: Unclear; Imprecision: High Very Low 

 
GRADE classification adapted from the GRADE Handbook 134-136 to evaluate quality of evidence in observational 
studies. All studies are observational and therefore considered of low quality. Assessment based on bias (factors 
including eligibility criteria, control of confounding), applicability (assessment of intervention) and imprecision 
(assessment of modelling methods and outcomes). Assessment is graded as either a low risk of bias, high risk of bias or 
unclear risk of bias.  
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Supplement Figure S1: Funnel plot 

 
 

Egger’s test for small study effects: p = 0.005 
Overall summary estimate using trim and fill method: 1.13 (95% CI 1.03-1.28, p=0.04, I2=81%) 
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ABSTRACT 

Background: Epicardial adipose tissue (EAT) is in immediate apposition to the underlying 

myocardium and therefore has the potential to influence myocardial systolic and diastolic function or 

myocardial geometry, through paracrine or compressive mechanical effects. We aimed to review the 

association between volumetric epicardial adipose tissue (EAT) and markers of myocardial function 

and geometry. 

Methods and Results: PubMed, Medline and Embase were searched from inception to May 2018. 

Studies were included only if complete EAT volume or mass was reported and related to a measure of 

myocardial function and/or geometry. Meta-analysis and meta-regression were used to evaluate the 

weighted mean difference (WMD) of EAT in patients with and without diastolic dysfunction (DD). 

Heterogeneity of data reporting precluded meta-analysis for systolic and geometric associations. In the 

22 studies included in the analysis, there was a significant correlation with increasing EAT and 

presence of DD, mean e’ and E/e’ but not E/A ratio, independent of adiposity measures. There was a 

greater EAT in patients with DD (WMD 24.43ml [95% CI 18.5-30.4], p<0.001) and meta-regression 

confirmed the association of increasing EAT with DD (p=0.001). Reported associations of increasing 

EAT with increasing LV mass, and the inverse correlation of EAT with LVEF were inconsistent, and 

not independent from other adiposity measures.  

Conclusions: EAT is associated with diastolic function independent of other influential variables. 

EAT is an effect modifier for chamber size but not systolic function.   

Prospero Registration: PROSPERO CRD 42017038400 
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INTRODUCTION: 

Epicardial adipose tissue (EAT) has been widely studied as a potential contributor to cardiovascular 

pathology. Much of this research has focused on its effect on coronary atherosclerosis139, but there are 

unique properties of EAT that may lead to an effect on myocardial function. EAT shares direct 

anatomic contact with the myocardium without fascial interruption63 and therefore may exhibit local 

compressive forces resulting in alteration of myocardial function and geometry. Additionally, the 

shared blood supply of the coronary circulation to both the myocardium and surrounding EAT may 

predispose paracrine effects on the neighbouring myocardium with such inflammatory cytokines as 

MCP-1, interleukin (IL)-beta, IL-6, TNF-alpha and leptin63. Persisting inflammation may lead to 

collagen deposition and subsequent impaired left ventricular (LV) relaxation and further effects on 

diastolic and systolic function. Furthermore, there is an association between EAT and release of free 

fatty acids, as well as their myocardial consumption140. The relationship between obesity, visceral fat 

and EAT may also explain effects on myocardial function, chamber size and mass.  

 

A number of methods have been used for measurement of EAT, including echocardiography, 

computed cardiac tomography (CT) and cardiac magnetic resonance imaging (MRI). 

Echocardiography may over- or under-estimate total EAT volume, due to single plane assessment and 

the effects of probe angulation on linear measurement. Single-slice area measurements on CT or MRI 

are also limited by being only single-plane measures. Recently, we have demonstrated the superiority 

of volumetric EAT assessment in comparison to 2-dimensional linear echocardiographic EAT 

thickness141. We therefore sought the association of full volume quantification of epicardial adipose 

tissue (assessed by cardiac CT or cardiac MRI), with myocardial function as assessed by transthoracic 

echocardiography, full R-R interval cardiac CT or cardiac MRI. 
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METHODS 

Search methodology.  We conducted this systematic review in accordance with the PRISMA 

statement and the trial was registered with PROSPERO (CRD 42017038400). The search was 

conducted in MEDLINE, EMBASE and PubMed databases, ending in March 2018. References of 

eligible articles were hand-searched for additional articles. Searches were restricted to human studies 

and conference abstracts were included. A study search flow-chart is presented in Figure 1, and 

specific search term strategy in Supplementary Table S1. The data, analytic methods, and study 

materials will not be made available to other researchers for purposes of reproducing the results or 

replicating the procedure. 

Our inclusion criteria were: patients undergoing cardiac CT (CT-angiography or calcium score) or 

MRI with volumetric assessment of EAT (either volume or mass), with cardiac imaging for assessment 

of myocardial function parameters (full cardiac cycle cardiac CT or MRI or echocardiography), or 

measurement of myocardial geometry (LV mass, LV volumes, LA size) by validated methods. 

Assessment of diastolic function was restricted to studies utilizing echocardiography. Exclusion 

criteria included: any study with linear measurement of EAT thickness, single slice area measures of 

EAT, measures of myocardial lipid content not differentiated from EAT, measurement of paracardial 

adipose tissue i.e. fat beyond the parietal pericardium. Two authors (NN and RGM) independently 

reviewed the abstracts from the search to meet the inclusion criteria and discrepancies were resolved 

by consensus. Probable overlap of the patient cohort with a similar study led to exclusion of the smaller 

study142.  

Evaluation of full volume EAT: EAT was regarded as adipose tissue enclosed within the visceral 

pericardium and mean values (indexed and non-indexed) were recorded. 

Evaluation of cardiac function. Included studies measured myocardial performance based on 

echocardiography or MRI. Measures of diastolic function included: transmitral flow for peak early (E) 
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and late (A) inflow velocities and their ratio (E/A), deceleration time; septal, lateral and or average 

myocardial annular velocities on tissue Doppler imaging (e’), early inflow to annular velocity ratio 

(E/e’); pulmonary vein flow to calculate the time difference between the atrial reversal wave and mitral 

A-wave duration; and the isovolumic relaxation time. Diastolic class grade was recorded if reported – 

normal, grade I (impaired relaxation), grade II (pseudonormal), grade III (restrictive). Measures of 

systolic performance assessed included LV ejection fraction, cardiac output, stroke volume and global 

longitudinal strain if recorded. Measures of cardiac structure included LV mass, LV end-diastolic and 

end-systolic volume and left atrial size.  

Statistical analysis. Data regarding univariable correlations are presented as this was the most 

consistent measure seen in included studies. Where multivariable regression was performed, adjusted 

study estimates and model covariates are reported. Meta-analysis was performed for the weighted 

mean difference (WMD) in EAT volume between groups with and without diastolic dysfunction. 

Meta-regression of WMD as an effect size and the combined mean EAT in included studies was 

performed with the moment based estimate of between-study variance and a permutation test using 

1000 Monte Carlo simulations to moderate for potentially spurious results as previously described143. 

Precision of pooled estimates is reported as 95% confidence intervals (CI) and heterogeneity by the I2 

statistic. The Newcastle Ottawa Scale was used to assess risk of bias (Table S2) Statistical analysis 

was performed using StataMP 14.0 (StataCorpLP, College Station, TX).  

 

RESULTS 

Study selection. A brief outline summary of the 22 studies (18 published and 4 conference papers) 

included in this review is presented in Table 1140, 144-165. 

 

Association of EAT with LV diastolic function. There were 11 studies that investigated the 

relationship between EAT and diastolic parameters, with 5 specifying adherence to an iteration of the 
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American Society of Echocardiography diastolic guidelines166. EAT was associated with diastolic 

parameters, including peak mitral annular tissue Doppler velocities (e’ septal, e’ lateral or e’ mean) 

and transmitral flow (early [E] and late (A) diastolic peak flow velocities and their ratio (E/A) (Table 

2)146, 150-153, 155, 157-161, 166-169. Whilst some studies did perform comprehensive Doppler measures such 

as isovolumic relaxation times, deceleration times and pulmonary vein Doppler, the association with 

EAT individually with each parameter was not described. The classification of patients with diastolic 

dysfunction was available in 5 studies. Most patients (26-38% of total cohort) had grade 1 diastolic 

dysfunction, with fewer qualifying as grade 2 or above (2-28%).  

 

In the 5 studies that measured differences in EAT between groups, EAT was significantly greater in 

the diastolic dysfunction group compared to normal diastolic function patients: (weighted mean 

difference 24.4 mL, 95% CI (18.5-30.4 mL), p<0.001, I2=28%)) (Figure 2)152, 153, 157, 158, 160, 163. Meta-

regression performed evaluating the weighted mean difference (effect size) against the mean EAT 

volume, demonstrated a nominally increasing presence of diastolic dysfunction with increasing EAT 

values (β=0.17, standard error=0.09, p=0.06). This was statistically significant after Monte Carlo 

permutation testing, p=0.001 (Figure 3). 

 

Mean E/e’ values were positively correlated with EAT (r-value range 0.21-0.34, p<0.05) and mean e’ 

values were inversely correlated (r-value range -0.26 to -0.44, p<0.05), and in all but one study but no 

consistent association was seen with the E/A ratio (r-value range -0.40 to 0.08). Increasing EAT was 

an independent predictor of diastolic dysfunction, e’ and E/e’ independent of age, sex and measures of 

adiposity (Table 2). No independent association was identified with the E/A ratio. In 6 studies, 

hypertension was also an adjusted co-variate in the model and increasing EAT remained a predictor of 

altered diastolic parameters. 
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Association of EAT with systolic function.  

Of 10 studies describing the association of EAT with systolic parameters, LV function was evaluated 

with MRI in 5 and echocardiography in 4 (Table 3)140, 147, 148, 153, 155, 156, 159, 164. One study reported 

associations between EAT and global longitudinal strain, a subclinical measure of myocardial 

function161. Only one described an independent effect of EAT on LVEF by echocardiography156. No 

univariable correlation with LVEF was reported in the MRI studies147-149. Of the 6 studies reporting 

multivariable regression analysis, an independent association with LVEF was observed in 2 studies – 

one in patients with established CAD stratified by LVEF and compared to normal controls (hazard 

ratio 148 0.48, 95% CI 0.28-0.68, p<0.01)148 and the other in patients undergoing investigation for 

suspected CAD with reduced LVEF compared to normal LVEF (values not reported)156.  

 

The only consistent feature across all studies appeared to be a relative decrease in EAT as LVEF 

decreased. In studies that included control groups (i.e. normal LVEF), no association of EAT with EF 

was identified in the control group. One study demonstrated a significant inverse correlation with EAT 

(normalized to LV mass) with cardiac output and stroke volume (but not LVEF) 140 in obese patients 

(r-value -0.46) but not in corresponding controls.  

 

In studies focusing specifically on patients with reduced LVEF, EAT was reduced compared to those 

with preserved LVEF. Of note, Doesch et al148 demonstrated that patients with CAD and preserved 

LVEF had greater EAT (36±11g/m2) than normal controls without CAD (31±8g/m2), and both had 

greater EAT than CAD patients with LVEF<50% (28±8g/m2, p<0.01). A population of presumed 

ischaemic cardiomyopathy (CAD with reduced LVEF) also reported a stepwise decrease in EAT 

volume with reducing grades of LVEF 156. This stepwise decrease was not found in a different study 

by Doesch et al149 in patients with dilated cardiomyopathy against normal controls, although EAT was 

reduced overall compared to normal controls.  
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In the study related to strain analysis161, there was a positive correlation with EAT and impaired 3-

dimensional global longitudinal strain (r=0.601, p<0.001) that remained significant on multivariable 

regression (standardized β=0.512, p<0.001), independent of markers of obesity and diabetes. 

 

Association of EAT with chamber measures.   

There were 14 studies with data relating to a measure of myocardial geometry. All modalities of 

echocardiography, CT and MRI were represented, with most values indexed to body surface area 

unless otherwise specified. Some studies avoided indexation as body weight or other adiposity 

measures were used in regression models and therefore raw measures were used to prevent collinearity.  

The most often reported univariable correlation coefficient was for EAT and LV mass or indexed mass 

and was always statistically significantly positively correlated in the diseased patient group (not 

controls) with ranges from r=0.19 to r=0.42, p<0.05. Only studies by Doesch et al measured LV end 

diastolic diameter and found a consistent association with EAT (r-value ranges 0.22 to 0.42, p<0.05). 

Similar findings were seen for LV end-diastolic and end-systolic volume. Left atrial size was measured 

either as volume or diameter and demonstrated significant univariable associations with EAT (Table 

4)140, 144-149, 154, 155, 157, 159, 161, 162, 165.  

An inconsistent association was seen with measures of adiposity in relation to EAT and cardiac 

structure. In patients with reduced LVEF, indexed EAT appears to be associated with indexed LV end 

diastolic mass independent of BMI (Table 4)147-149. One study assessing patients with suspected CAD 

and normal LVEF demonstrated that EAT correlated best with LV mass (non-indexed) in the non-

obese cohort only (β=0.23, p<0.001)145. Finally, in two observational studies, an independent 

association of EAT with LV mass (non-indexed) adjusted for body weight was only seen in women 

(Table 4)154, 159.  
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DISCUSSION 

This review of 21 studies has demonstrated the emerging body of work relating EAT to myocardial 

structure and function. Increasing EAT is associated with: 1) an increasing prevalence of diastolic 

dysfunction; 2) a concomitant increase in LV mass; 3) no consistent association with markers of 

systolic function. However, these correlations were no more than moderate - no coefficient exceeded 

0.50. 

 

Protective functions of EAT.  

EAT has a very high fatty acid content and can both release and scavenge excess free fatty acids to 

regulate myocardial energy production63. Additionally, EAT secretes anti-inflammatory cytokines 

such as adiponectin, adrenomedullin and omentin which have anti-atherogenic effects, as well as 

regulating vascular tone and cardiac remodelling4. There is a thermogenic role for EAT in providing 

heat for the myocardium in times of hypoxic or ischemic stress4. However, the presence of numerous 

pro-inflammatory cytokines within EAT may lead to a potential imbalance of harmful vs. protective 

cytokines and disruption of myocardial function. Higher levels of these molecules (e.g. TNF-alpha, 

IL-6, IL-1 and MCP-1) are seen in patients with CAD or heart failure. It is uncertain whether the trigger 

for the imbalance of cytokines is a cause of the pathology or a consequence, and a potential reciprocal 

or bidirectional role has been proposed63.  

 

EAT and diastolic dysfunction.  

Adipose tissue can modulate the cardiovascular system by mechanisms including sympathetic 

activation, adipokine secretion and myocardial oxidative stress65, 66. EAT is regarded as a visceral fat 

depot. Visceral fat is metabolically active and is a determinant of diastolic function67. The adipokines 

within EAT can all affect diastolic function through persistent inflammation and subsequent collagen 
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turnover68, impaired microvascular relaxation or a direct toxic effect on the myocardium69, 70. The loss 

of protective effects of adiponectin can also modify diastolic function170. 

Mechanical effects may arise from myocardial compression of EAT as it lies within a fixed pericardial 

sac154 inducing a similar mechanism as pericardial constriction. Hachiya et al demonstrated an 

independent correlation of EAT with aortic pulse pressure as another mechanism of diastolic 

dysfunction which may be mediated by the association of EAT with aortic stiffness, and therefore 

increased pulse wave velocity and early wave reflection155. Increased pressure in late systole may cause 

slower LV relaxation and subsequent diastolic dysfunction, as well as compromise coronary perfusion, 

especially if there is underlying CAD leading to impaired LV relaxation171. 

 

EAT is associated with obesity, which itself is independently associated with diastolic dysfunction172. 

Obese patients often have elevated EAT volumes154, and indexed EAT has modest incremental value 

for diastolic dysfunction over traditional covariates such as metabolic syndrome, subclinical CAD and 

LV mass index146. While the results from our analysis demonstrate that EAT had an independent effect 

on diastolic function parameters over adiposity measures, it should be noted that adiposity measures 

varied considerably and included BMI, bioimpedence testing and area VAT or SAT, or indexed EAT 

was used which accounts for body weight. This heterogeneity needs further explanation to adequately 

isolate the effect of obesity and EAT on diastolic function. The lack of an association of EAT with 

E/A ratio may be confounded by the effects of age, proportion of CAD patients, measurement in 

patients with normal LVEF and the U-shaped relationship of E/A ratio with diastolic function that 

makes it difficult to assess without the addition of other variables173. 

 

The evaluation of diastolic function is challenging and influenced by a patient’s filling status, the 

presence of CAD, diabetes and obesity as well as ‘normal’ changes seen in the ageing patient. Whilst 

most studies aim to account for these in multivariable regression models, no more than association can 



 65 

be interpreted and causality cannot be proven. Statistically, there may be implications of collinearity 

of obesity measures and EAT in multivariable models.  

 

EAT and systolic dysfunction.  

Our study noted weak and inconsistent associations of EAT and systolic parameters. In the single study 

that evaluated EAT and longitudinal strain as a marker of subclinical myocardial dysfunction, there 

was a strong association noted independent of confounders such as obesity and diabetes161. This is a 

notable finding, however causality remains unproven and requires further assessment in larger scale 

studies as a possible marker of the syndrome of heart failure with preserved ejection fraction. Various 

hypotheses have developed to relate EAT and systolic function. In studies of patients with ischaemic 

and dilated cardiomyopathy, there has been a consistent signal of reducing EAT with reducing LVEF 

with less EAT also seen compared to normal controls, or those with normal LVEF147-149, 156. As 

myocardium becomes progressively dysfunctional, the role of EAT as a source of energy or cytokine 

homeostasis may become less necessary, contributing to EAT depletion. Conversely, in obese patients, 

there was no association with EAT (normalised to cardiac mass) and LVEF, and there was a negative 

correlation with MRI-derived cardiac output as EAT increased140. The proposed mechanism is from 

mechanical restriction of myocardial expansion from EAT in diastole that may lead to less ventricular 

filling and therefore reduced cardiac output140. A further mechanism may involve the effects of a direct 

cytokine release as seen in patients with decompensated heart failure, but no studies have applied this 

in the context of EAT volume.  

 

EAT and chamber measures.  

Post-mortem and experimental studies57, 58 have demonstrated a constant ratio of epicardial fat to 

ventricular myocardium, regardless of underlying pathology of hypertrophy, ischemia or normal 

muscle. Furthermore, the increase in fat mass parallels LV hypertrophy, although healthy controls have 
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higher quantities of EAT147. Similar findings are seen when evaluating the LV remodelling index 

(LVRI, ratio of mass to end-diastolic volume) where an inverse correlation is noted with LVEF and 

the EAT/LVRI ratio. LVEF is inversely correlated with EAT and linearly with LVRI, suggesting that 

remodelling is not compensated by an adequate increase in EAT147.  

 

Obesity has shown a positive relationship with increased LV mass and EAT yet the impact of obesity 

on myocardial geometry may outweigh the local effects of ectopic fat as associations attenuated after 

adjustment for other adiposity measures including body weight154. From a mechanistic perspective, 

the association of EAT with central obesity and VAT might result in greater LV afterload, subsequent 

increased LV output and therefore lead to LV remodelling145. As LV remodelling progresses, LV 

diameter, volume and mass increase which may then deplete EAT stores149 and result in a vicious cycle 

of reduced protective benefits on the heart and further dysfunction. However, the independent 

association of EAT with LV mass is limited to non-obese subjects145. Associations of EAT with the 

incidence of CAD has been described in the non-obese174, and could contribute to the so called obesity 

paradox175.  

 

Limitations:  

We acknowledge several limitations in our study. EAT measurement by different modalities may lead 

to differences between studies. Some reported EAT indexed to BSA (therefore accounting for weight) 

and some report raw values using weight as a covariate in multivariable models. Such normalization, 

as opposed to normalization to height, may obscure the contribution of obesity to differences in 

chamber volumes and mass, which is associated with EAT. Not all studies adjusted for hypertension 

in multivariable models which is also associated with obesity and diastolic function. Variations in the 

reference literature regarding measures of diastolic function also leads to difficulties with comparing 

studies. The differences in regional location of EAT was not available in most studies and therefore 
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the effect of EAT distribution was not assessable. The level of heterogeneity and variable study end-

points precluded detailed meta-analysis.  

 

Conclusions:  Despite small and heterogeneous studies, there is clear evidence of a consistent effect 

of volumetric EAT upon myocardial diastolic function and chamber measurements, however robust 

data is lacking to make causal inferences. These findings are observed despite adjustment for 

common confounders such as adiposity. No consistent effect is seen with respect to systolic 

parameters. Further longitudinal studies are necessary in order to generate quantitative summary 

measures as well as develop potential targets for treatment. 
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Table 1: Study characteristics 

First Author Year Country Study type Population Sample 
size 

EAT 
method EAT value 

Bakkum145 2015 Netherland
s 

Cross-
sectional Suspected CAD 208 PET-CT  113.8 ± 48.1 cm3 

Cavalcante146 2012 USA Cross-
sectional 

Self referred 
screening 110 MDCT  Men 101 ± 51cm3  

Women 67 ± 40cm3 

Chekakie144 2010 USA Case-
control AF and controls 273 MDCT Sinus Rhythm 76.1±36.3mL  

AF 101.6 ± 44.1mL 

Doesch148 2012 Germany Case-
control 

Established 
CAD 

158 cases 
40 
controls 

MRI 

control(31 ± 8g/m2);  
CAD(29 ± 10g/m2) 
CAD-EF<50 (26 ± 8g/m2) 
CAD-EF>50 (36 ± 11g/m2) 

Doesch149 2013 Germany Case-
control DCM 

112 cases   
48 
controls 

MRI 

control (62.1 ± 14.4g) ; DCM (47.2 ± 15.2g) 
control (66 ± 15.3mL); DCM (50.2 ± 16.2mL) 
control (31.7 ± 5.6g/m2); DCM (24 ± 7.5g/m2) 
control(33.5 ± 6.4mL/m2); DCM (25.5 ± 8mL/m2) 

Doesch147 2010 Germany Case-
control 

CHF 
(LV<35%)  
(ICM=36; 
DCM=30) 

66 case  
31 
controls 

MRI 

control(71 ± 13mL); CHF (46 ± 11mL) 
control(36 ± 5mL/m2); CHF(24 ± 5mL/m2) 
control(67 ± 13g); CHF(43 ± 11g) 
control(34 ± 4g/m2); CHF(22 ± 5g/m2) 

Ede150 2014 Turkey Cross-
sectional Suspected CAD 106 MDCT 38 ± 31cm3 

Faustino¥151 2011 Portugal Cross-
sectional Not specified 78 MDCT 

Threshold of 44.1mL defined by ROC  
(72% sensitivity, 50% specificity) for diastolic 
dysfunction 

Fernando¥152 2015 USA Cross-
sectional 

AF prior to 
ablation 20 MRI 125.7 ± 56.7mL 

Fontes-
carvalho153 2014 Portugal Cross-

sectional 
Post myocardial 
infarction 225 MDCT 113.6 ± 43.2 cm3 

Fox154 2009 USA Cross-
sectional 

Sub study of 
Framingham 997 MDCT Women (108 ± 41cm3);  

Men (136.5 ± 54.4cm3) 

Hachiya155 2014 Japan Cross-
sectional Suspected CAD 134 MDCT  77.1 ± 29.6cm3/m2   
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Khawaja156 2011 USA Cross-
sectional Suspected CAD 381 MDCT Normal LVEF 114.5 ± 98.5cm3 

LVEF <55% 83.5 ± 67.1cm3 

Konishi157 2012 Japan Cross-
sectional Suspected CAD 229 MDCT Diastolic dysfunction 184 ± 61cm3 

Normal function 154 ± 58cm3 

Lai158 2015 Taiwan Cross-
sectional 

Self referred 
screening 318 MDCT 80.6 ± 33mL 

Liu159 2011 USA Cross-
sectional 

African 
Americans 1402 MDCT Men (79.8 ± 37.1mL)  

Women (67.1 ± 29.0)  

Longenecker¥

160 2016  Cross-
sectional HIV patients 46 HIV+ 

23 HIV- MDCT 

HIV+ with DD median 120(74-143)mL 
HIV+ with normal function median 72(54-
100)mL 
HIV- not specified 

Ng161 2016 Australia Cross-
sectional Suspected CAD 130 MDCT 

Total 97.5 ± 43.7cm3 
Men 103.7 ± 39.5 cm3 

Women 90.9 ± 47.4 cm3 

Ruberg140 2010 USA Cross-
sectional 

Obese with 
metabolic 
syndrome  

28 cases 
18 
controls 

MRI controls (85 ± 66mL); Subjects (161 ± 88mL)  
controls (1.1 ± 0.7 ml/g); subjects (2.0 ± 1.1 ml/g)   

Vanni¥162 2015 Italy Case-
control Not specified 

19 
NAFLD 
9 controls 

MRI NAFLD: 228.1 ± 112.9mL 
Controls: 66.8 ± 25.2mL 

Vural163 2014 Turkey Case-
control Suspected CAD 63 CACS 137 ± 56cm3 

Wu164 2015 Taiwan Cross-
sectional 

Compensated 
CHF  

50 cases 
20 
controls 

MRI 
control (45.8 [39.4-50.3]mL);  
CHF + VT/VF (51.5 [46.6-59.8]mL);  
CHF no VT/VF (44.0 [33.9-48.3]mL) 

Yamashita¥165 2012 Japan Cross-
sectional Suspected CAD 286 MDCT EAT: 71.6 ± 37.9 (range 10.5-179.9)mL  

¥ indicates this is a conference abstract 
AF – atrial fibrillation, CACS – coronary artery calcium score, CAD – coronary artery disease, CHF – congestive heart failure, DCM – dilated cardiomyopathy, EAT – epicardial adipose tissue, ICM – ischaemic cardiomyopathy, 
LVEF – left ventricular ejection fraction, MDCT – multi-detector computed tomography, MRI – magnetic resonance imaging, NA – not applicable, NAFLD – non-alcoholic fatty liver disease, VT/VF – ventricular 
tachycardia/ventricular fibrillation. Values are mean±SD or mean [range]  
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Table 2: EAT and diastolic function 

First Author Diastolic 
function 
reference 

Subgroup characteristics Diastolic parameter 
correlations 

Multivariable regression comments 

  Diastolic dysfunction Normal function E/A e’ E/e’  

Cavalcante146 ASE 166 Grade 1 (n=29, 26%) 
Grade 2 (n=11, 10%) 

n=70, 64%  averaged 
0.44* 

0.34* Multivariate model outcomes of ≥grade 1 DD, mean e’ and 
mean E/e’: EAT was an independent predictor (model 
included 10 year Framingham Risk Score, Metabolic 
syndrome, subclinical CAD, LV mass index), β range -
0.02 to 0.04, all p<0.05.   
Indexed EAT was found to increase clinical model for 
prediction of DD (adjusted R2 0.16 vs 0.24, p=0.004) and 
mean e’ (adjusted R2 0.17 vs 0.27, p=0.001) i.e. indexed 
EAT represents 8-10% of the variation of predictors for 
DD.  

Ede150 Lang et al169 Grade 1 (n=39, 37%) 
Grade 2 (n=10, 9%) 
Grade 3 (n=2, 2%) 

n=55, 52% -0.404       

Faustino¥151 Not specified 46 patients with DD 
and EAT>44.1mL 

32 patients with no 
DD and EAT<44.1mL 

   EAT not significant on multivariable regression (results 
and covariates not reported).  
Relationship of EAT with DD by ROC AUC 0.66, p=0.02 

Fernando¥152 Not specified EAT = 164 ± 118 
(E/E’>15) 

EAT = 114 ± 54  
(E/E’<15) 

  -0.48* 0.22 On multivariable regression adjusted for age, BMI, LA 
volume, hypertension and CAD, EAT associated with 
abnormal myocardial relaxation (OR not specified, 
p=0.04) 

Fontes-
Carvalho153 

ASE 166 EAT =116.7 ± 
67.9cm3 

Grade 1 (n=57, 28%)  
Grade 2 (n=58, 28%) 
Grade 3 (n=10, 5%) 

EAT = 93.0±52.3cm3  
n=80 (39%) 

  e’ septal  
(-0.26)* 
e’ lateral 
(-0.28)* 

0.25* On multivariable regression adjusted for hypertension, age 
and sex as well as other markers of adiposity (SAT, VAT, 
Waist-height ratio, Fat mass %) EAT remained 
significantly predictive of E/e’ (β 0.19 (0.06-0.32, p<0.01), 
as did e’ septal and e’ lateral.  
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Hachiya155 ASE 166     -0.05 -0.31* 0.24* Definition of diastolic dysfunction not specified. On 
different multivariate models e’ inversely correlated with 
EAT (Standardized β range -0.30 to -0.36, all p<0.05) but 
not E/e’ (Standardized β 0.23, p=0.06) except when 
adjusted for age, sex and BMI (model 1) and medication 
use (model 2) – Standardized β range 0.25 to 0.31, all 
p<0.05. 

Konishi157 Defined as 
E/e’>10 

EAT = 184 ± 61cm3 

n=141 (62%) 
EAT = 154 ± 58cm3  

n=88 (38%) 
    0.21* On multivariable regression with age, hypertension, male 

sex, diabetes and abdominal obesity there was an 
independent effect of EAT on DD: OR 2.09 (1.15-3.79, 
p=0.02) for EAT per 100cm3 

Lai158 Lang et al169 EAT = 86.79 ± 31.77  
n=100 

EAT = 67.32 ± 31.95  
n=218 

  -0.38* 0.284* On multivariable regression adjusted for age, gender, BMI, 
systolic blood pressure, LV mass index, hypertension, 
diabetes, hyperlipidaemia, smoking, EAT was significantly 
associated with E/A (β -0.002)*, E’ (β -0.02)*, E/E’ (β 
0.02)* and diastolic dyssynchrony (β 0.197)*. ROC 
derived optimal cut off for DD was 67.3mL (ROC 0.712) 
(sensitivity 73% specificity 62%)  

Liu159 Gottdiener et al168     Men  
(-0.12)* 
Women  
(-0.12)* 

    On multivariable linear regression adjusted for age, height, 
smoking, alcohol, blood pressure, eGFR, haemoglobin, 
total physical activity score, medications, VAT and 
weight, E/A no longer became significant (regression co-
efficient -0.01±0.02, p=0.41 in women and -0.0±0.02 
p=0.64 in men) – note described as pericardial fat volume. 

Longenecker¥160 Not specified Grade 1 (n=29  
(HIV+ n=19, HIV- 
n=10)) 
Grade 2 (n=2  
(HIV+ n=1, HIV- 
n=2)) 

n=38  
HIV+ n=26 
HIV- n=12 

-0.392*     On multivariable regression adjusted for age, BMI and 
gender, EAT remained independently associated with 
diastolic dysfunction (OR 1.35 95% CI 1.02-1.79) per 
10mL increase – note described as pericardial fat volume 

Ng161 Not specified    e’ septal 
(-0.263)* 
e’ lateral 
(-0.285)* 
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Vural163 Alnabhan et al167 EAT = 164.4 ± 54cm3 

Grade 1 (n=24, 38%) 
Grade 2 (n=4, 6%) 
Grade 3 (n=1, 1.5%) 

EAT = 114.1±46.6 
cm3 

n=34 (56%) 

  -0.437*   On multivariable regression adjusted for Age, blood 
pressure, BMI, waist circumference, cholesterol, EAT was 
independent predictor of DD (OR 1.03 (1.01-1.06), 
p=0.006). ROC derived optimal cut-off for DD 129.6cm3 
(ROC 0.758).  

* Denotes p-value for univariate correlation is significant at <0.05 
¥  Denotes study is a conference abstract 
 (BMI – body mass index, CAD – coronary artery disease, DD – diastolic dysfunction, eGFR – estimated glomerular filtration rate, HIV – human immunodeficiency virus, OR – odds ratio, ROC – receiver operator characteristic, 
SAT – subcutaneous adipose tissue, VAT – visceral adipose tissue) 
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Table 3: EAT and systolic function 

First Author Method Group EAT value Systolic 
measure 

r-value 
(univariate) 

Multivariable regression comment 

Doesch148 MRI CAD and EF>50%(n=44) 
CAD and EF<50% (n=114) 
Combined CAD (n=158) 
Controls (n=40) 

36 ± 11g/m2 

26 ± 8g/m2 
29 ± 10g/m2 
31 ± 8g/m2 

LVEF 0.171 
0.137 
0.574* 
Not specified 

On multivariable regression adjusted for BMI, NYHA class I 
and III, atrial fibrillation, LV-EDVI, LV-ESVI, LV-EDD, 
LVRI and LGE%, LVEF was an independent predictor of 
indexed EAT (HR 0.478 (0.28-0.675, p <0.01))# 

Doesch149 MRI Control (n=48) 
DCM (n=112) 

31.7 ± 5.6 g/m2  

24 ± 7.5 g/m2 
LVEF 
LVEF 

0.069 
0.085 

No correlation with LVEF and EAT (p=0.37) 

Fontes-
Carvalho153 

Echo     LVEF -0.07   

Hachiya155 Echo   LVEF 0.22* Significant association on multivariate regression models 
adjusted for hypertension, diabetes, dyslipidaemia, previous 
CAD or revascularisation, medication use (standardized β 
ranges 0.16 to 0.22, all p<0.05) but not adjusted for age, sex, 
BMI (standardized β 0.13 p>0.05).  

Khawaja156 Echo Normal (n=321) 
EF<55% (n=60) 
EF 35-55% (n=43) 
EF<35% (n=17) 

114.5 ± 98.5cm3 
83.5 ± 67.1cm3 
96.0 ± 73.9cm3 
52.2 ± 29.7cm3 

    Multivariate analysis revealed LVEF and triglyceride levels 
predicted EAT (values and covariates not reported) 

Liu159 Echo Women 
Men 

  LVEF 
LVEF 

-0.04 
0.03 

Not significant on multivariable regression in either sex 
(adjusted for age, height, smoking, alcohol, blood pressure, 
eGFR, haemoglobin, total physical activity score, 
medications, VAT and weight – regression coefficient -
0.3±0.4 p=0.51 in women and 0.2±0.6 p=0.72 in men). Note 
described as pericardial fat volume. 
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Ruberg140 MRI Obese    CO 
SV 
LVEF 

 
-0.46* 
inverse* 
not correlated 
 

Values are normalised to LV mass (mL/g).  

Control CO 
SV 
LVEF 

not correlated 
not correlated 
not correlated 

Wu164 MRI     LVEF not correlated   

 
*Denotes p<0.05 
¥Denotes study is a conference abstract 
#Directly quoted values from source manuscript. 
 
BMI – body mass index, CAD – coronary artery disease, DCM – dilated cardiomyopathy, eGFR – estimated glomerular filtration rate, HR – hazard ratio, LGE% - percentage of late gadolinium enhancement, LV-EDVI – left 
ventricular end diastolic volume index, LV-EDD – left ventricular end diastolic diameter, LV-ESVI – left ventricular end systolic volume index, LVEF – left ventricular ejection fraction, NYHA – New York heart association, 
VAT – visceral adipose tissue 
 
Values are mean ± SD or r-value correlation coefficients unless otherwise stated 
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Table 4: EAT and chamber geometry 

Author Modality Subgroup LVEDD LA size  
(diameter / 

volume) 

LVEDMi LVEDVi LVESVi LVRI Comment 

Bukkam145 CT       0.42*#       On multivariable regression adjusted for 
traditional cardiovascular risk factors, 
CACS and BMI, EAT was not a 
significant predictor of LV mass in 
obese patients, but only in non-obese 
patients (β=0.23, p<0.001).  

Cavalcante146 Echo       0.41*       Measure not included in multivariate 
analysis 

Chekakie144 CT and 
Echo 

    0.25 / 0.24           

Doesch148 MRI EF<50 (n=44) 
EF>50 (n=114) 
Combined 
(n=158) 

0.076 
0.011 

0.272* 

  0.336* 
0.305* 
0.019 

0.201* 
0.043 
0.16* 

0.089 
0.056 

0.262* 

0.137 
0.202 

0.344* 

On multivariable regression including 
LVEF, BMI, NHYA I and III, atrial 
fibrillation, LV-EDVI, LV-ESVI, LV-
EFF, LVRI, LGE% - best correlates to 
indexed EAT were LVEF, BMI, LV-
ESVI (HR 0.48, p<0.01), LVEDD (HR 
-0.238, p=0.01). In subgroup analysis 
by EF <50 or >50%, full model not 
described however no association with 
LVEDMI in LVEF>50 but association 
seen in LVEF>50 (HR 0.105, p-0.01). 

Doesch149 MRI Control (n=48) 
DCM (n=112) 

0.01 
0.22* 

  0.346* 

0.417* 
0.007 

0.251* 
0.0001 
0.239* 

0.204 
0.116 

Increased EAT mass with increasing 
LVEDMI in DCM, but less values than 
healthy control group. Greater mass 
seen in DCM with hypertrophy vs. non-
hypertrophy (31.7 ± 5.6 g/m2 vs. 24.4 ± 
7.1g/m2, p=0.01). On multivariable 
regression only LVEDMI 
independently correlated with indexed 
EAT, as was seen in healthy controls 
(adjusted for age and BMI – value not 
reported). 
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Doesch147 MRI Control 
CHF 

NR 
0.42* 

 0.36* 

0.59* 
   Increased EAT mass in CHF with 

increasing LVEDM however higher 
levels of EAT in controls compared to 
CHF (34 ± 4g/m2 vs 22 ± 5g/m2, 
p<0.01). On multivariate regression 
adjusted for LVEF, LVEFF, RVEF, 
LVEDMI, only LVEDMI 
independently associated with indexed 
EAT (p=0.0001). 

Fox154 MRI Women 
Men 

  0.28* 

0.37* 
ø0.35* 

ø0.19* 
ø0.2* 

ø0.07 
    On multivariable regression adjusted for 

age, height, smoking, alcohol, 
menopause, hormone replacement 
therapy, blood pressure, hypertension 
therapy and weight, only in women 
LVM (adjusted regression co-efficient 
1.66, p=0.01) and in men LA diameter 
(adjusted regression co-efficient 0.8, 
p=0.002) were independent predictors 
of pericardial fat volume. 

Hachiya155 Echo       0.28*       Measure not included in multivariate 
analysis 

Konishi157 Echo     0.32* 0.23*       Measure not included in multivariate 
analysis 

Liu159 Echo Women 
Men 

  0.3* 

0.11 
ø0.24* 

ø0.21* 
      On multivariable regression adjusted for 

age, height, smoking, alcohol, blood 
pressure, eGFR, haemoglobin, total 
physical activity score, medications, 
VAT and weight, only in women LVM 
(adjusted regression co-efficient 4.1 ± 
1.8, p=0.03) and LA diameter (adjusted 
regression co-efficient 0.4 ± 0.2, 
p=0.03) were independent predictors of 
pericardial fat volume. 

Ng161 Echo     -0.09 0.08   

Ruberg140 MRI         Not       
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Vanni¥162 MRI Cases         ^0.46*   Inversely correlated with EF 
No other analysis specified 

Yamashita¥165 CT     0.25*           
 

# value is for LV mass on CT, non-indexed and time in cardiac cycle not specified 
ø represents a non-indexed measure 
^ value is for end systolic LV diameter 
¥Denotes study is a conference abstract 
 
BMI – body mass index, CAD – coronary artery disease, CHF – congestive heart failure, DCM – dilated cardiomyopathy, eGFR – estimated glomerular filtration rate, HR – hazard ratio, LGE% - percentage of late gadolinium 
enhancement, LV-EDVI – left ventricular end diastolic volume index, LV-EDD – left ventricular end diastolic diameter, LVEDMI – left ventricular end diastolic mass index, LVEDVI – left ventricular end diastolic volume 
index, LV-ESVI – left ventricular end systolic volume index, LVEF – left ventricular ejection fraction, NR – not reported, NYHA – New York heart association, VAT – visceral adipose tissue 
 
Values are mean ± SD or r-value correlation coefficients unless otherwise stated 
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Figure 1: Search strategy 
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Figure 2: Mean difference of EAT volume in patients with and without Diastolic Dysfunction. 

 
Forest plot demonstrates the weighted mean difference (in mL) of EAT in studies with and without diastolic dysfunction according to a random effect 
model. Those with diastolic dysfunction have significantly greater EAT volumes. There is mild heterogeneity as seen by the I2 statistic of 28%. WMD– 
weighted mean difference, CI– confidence interval  
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Figure 3: Meta-regression of the effect of increasing EAT volume on the weighted mean difference (effect size) of EAT in patients with and 
without diastolic dysfunction 
 

 
Meta-regression bubble-plot depicts increasing differences in mean EAT volume in patients with diastolic dysfunction as EAT increases.  Circles 
represent the weight of each study. β– beta coefficient from meta-regression with associated standard error (SE) p-value is from Monte-Carlo testing 
(1000 simulations) and demonstrates a significant association, p=0.001.   
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SUPPLEMENTAL MATERIAL: 

Association of Volumetric Epicardial Adipose Tissue Quantification and Cardiac 

Structure and Function  
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Table S1: Example MEDLINE search strategy 
 

# Searches Results 

1 exp Adipose Tissue/ or epicardial fat.mp. 79789 

2 epicardial adipose tissue.mp. 417 

3 epicardial fat volume.mp. 56 

4 pericardial adipose tissue.mp. 58 

5 pericardial fat.mp. 242 

6 pericardial fat volume.mp. 31 

7 1 or 2 or 3 or 4 or 5 or 6 79916 

8 exp Myocardial Contraction/ or exp Heart Failure/ or exp Heart 

Ventricles/ or exp Echocardiography, Doppler/ or exp Ventricular 

Dysfunction, Left/ or exp Diastole/ or exp Ventricular Function, Left/ or 

diastolic function.mp. 

260853 

9 diastolic dysfunction.mp. 6262 

10 systolic function.mp. 9152 

11 exp Myocardial Contraction/ or myocardial function.mp. 75943 

12 myocardial performance.mp. 2269 

13 mitral annular velocities.mp. 154 

14 ejection fraction.mp. 44097 

15 8 or 9 or 10 or 11 or 12 or 13 or 14 282014 

16 exp Tomography, X-Ray Computed/ or cardiac ct.mp. 337987 

17 coronary calcium score.mp. or exp Tomography, X-Ray Computed/ 337983 

18 exp Multidetector Computed Tomography/ or ccta.mp. 4630 

19 16 or 17 or 18  338169 

20 exp Magnetic Resonance Imaging/ 346308 

21 cardiac mri.mp. 1739 

22 ectopic fat.mp. 396 

23 7 or 22 80055 

24 20 or 21 346580 

25 15 and 19 and 23 53 

26 15 and 23 and 24 78 

27 25 or 26 122 
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Table S2a: Newcastle - Ottawa Scale for Assessment of Cross-sectional Studies 
 

First Author Year 
Selection Comparability  Outcome 

Total Representativeness 
of the sample Sample size Ascertainment 

of exposure 
Non - 

respondents 
Outcome groups 

comparable 
Assessment 
of outcome 

Correct 
statistical test  

Bakkum145 2015 * - ** * * * * 7 
Cavalcante146 2012 * - ** * ** ** * 9 

Ede150 2014 * - ** * ** ** * 9 
Faustino¥151 2011 * - ** - ** * * 7 
Fernando152 2015 * - ** - ** * * 7 

Fontes-
carvalho153 2014 * - ** * ** ** * 9 

Fox154 2009 * * ** * ** ** * 10 
Hachiya155 2014 * - ** * * * * 7 
Khawaja156 2011 * - ** - ** ** * 8 
Konishi157 2012 * - ** * - * * 6 

Lai158 2015 * - ** * ** * * 8 
Liu159 2011 * * ** * ** * * 10 

Longenecker160 2016 * - ** * ** * * 8 
Ng161 2016 * - ** * ** * * 8 

Ruberg140 2010 * - ** * * ** * 8 
Wu164 2015 * - ** * * ** * 8 

Yamashita165 2012 * - ** * ** * * 8 
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Table S2b: Newcastle - Ottawa Scale for Assessment of Case Control Studies 
 

First Author Year 

Selection Comparability  Exposure 

Total 
Representativeness 

of the sample  

Adequate 
case 

definition? 

Selection of 
controls 

Definition 
of controls 

Controls and 
cases comparable  

Ascertainment 
of exposure 

Same method of 
ascertainment for 
cases and controls 

Non-
response 

rate 
Chekakie144 2010 * * * * ** * * * 9 
Doesch148 2012 * * * * ** * * * 9 
Doesch149 2013 * * * * ** ** * * 10 
Doesch147 2010 * * * * ** ** * * 10 
Vanni162 2015 * * * * * * * * 8 
Vural163 2014 * * * * ** ** * * 10 
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Section/topic  # Checklist item  Reported 
on page #  

TITLE   
Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 
ABSTRACT   
Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, 

participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and 
implications of key findings; systematic review registration number.  

2 

INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of what is already known.  4 
Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, 

outcomes, and study design (PICOS).  
4 

METHODS   
Protocol and registration  5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide 

registration information including registration number.  
4 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, 
language, publication status) used as criteria for eligibility, giving rationale.  

5 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 
additional studies) in the search and date last searched.  

4 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it could be 
repeated.  

Supp 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 
included in the meta-analysis).  

5 

Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 
for obtaining and confirming data from investigators.  

5 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and 
simplifications made.  

5 
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Risk of bias in individual 
studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 
done at the study or outcome level), and how this information is to be used in any data synthesis.  

6 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  6 
Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures of consistency 

(e.g., I2) for each meta-analysis.  
6 

 

Page 1 of 2  

Section/topic  # Checklist item  Reported 
on page #  

Risk of bias across studies  15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective 
reporting within studies).  

6 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating 
which were pre-specified.  

6 

RESULTS   
Study selection  17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at 

each stage, ideally with a flow diagram.  
6 

Study characteristics  18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and 
provide the citations.  

6 

Risk of bias within studies  19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).  Supp 
Results of individual studies  20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each 

intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.  
6-8 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  6-8 
Risk of bias across studies  22 Present results of any assessment of risk of bias across studies (see Item 15).  Supp 
Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]).  6-8 
DISCUSSION   
Summary of evidence  24 Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to 

key groups (e.g., healthcare providers, users, and policy makers).  
9-11 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 
identified research, reporting bias).  

12 
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Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future research.  12 

FUNDING   
Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the 

systematic review.  
13 

 
From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. 
doi:10.1371/journal.pmed1000097  

For more information, visit: www.prisma-statement.org.  
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ABSTRACT 

Background 

Computed-tomography coronary angiography (CTCA) is a non-invasive imaging modality that 

permits identification and characterization of coronary plaques. Despite consensus statements 

supporting routine reporting of CTCA plaque characteristics, there remains uncertainty whether these 

data convey prognostic information. We performed a systematic review and meta-analysis assessing 

the strength of association between CTCA-derived plaque characterization and major adverse 

cardiovascular events (MACE). 

Methods and Results 

Electronic databases were searched for studies reporting CTCA plaque characterization and MACE. 

Data were gathered on plaque morphology (non-calcified, partially-calcified and calcified) and high-

risk plaque (HRP) features, including low attenuation plaque, napkin-ring sign, spotty calcification 

and positive remodelling. Of 5,496 citations, 13 studies met inclusion criteria. 552 (3.9%) MACE 

occurred in 13,977 patients with mean follow-up ranging between 1.3-8.2yrs. In terms of plaque 

morphology, the strongest association was observed for non-calcified plaque (Hazard Ratio (HR) 1.45, 

95%CI 1.24-1.70, p<0.001), with weaker associations found for partially-calcified (HR 1.37, 95%CI 

1.18-1.60, p<0.001) and calcified plaques (HR 1.23, 95%CI 1.16-1.30, p<0.001). All HRP features 

were strongly associated with MACE, including napkin-ring sign (HR 5.06, 95%CI 3.23-7.94, 

p<0.001), low-attenuation plaque (HR 2.95, 95%CI 2.03-4.29, p<0.001), positive remodelling (HR 

2.58, 95%CI 1.84-3.61, p<0.001) and spotty calcification (HR 2.25, 95%CI 1.26-4.04, p=0.006). The 

presence of ≥2 HRP features had highest risk of MACE (HR 9.17, 95%CI 4.10-20.50, p<0.001). 

Conclusion  

These data demonstrate HRP is most likely an independent predictor of MACE, which supports the 

inclusion of HRP reporting in clinical practice. However, at this point, it remains unclear whether HRP 

reporting has clinical implications.  
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INTRODUCTION 

Coronary artery disease (CAD) remains a significant healthcare concern despite improvements in 

preventative strategies and therapeutic possibilities. The majority of sudden ischemic coronary events 

are precipitated by rupture of a bulky, lipid-rich atheromatous plaque, resulting in the development of 

intraluminal thrombosis and downstream myocardial injury. Precursor lesions that share similar 

morphological features to ruptured plaques can be reliably identified using intravascular imaging 

modalities176. Studies using intravascular ultrasound have demonstrated a consistent association 

between baseline plaque morphology and the occurrence of future major adverse cardiovascular events 

(MACE) 177-179. However, the invasive nature of intravascular imaging limits widespread uptake and 

precludes use in the vast majority of patients with CAD. 

 

Computed tomography coronary angiography (CTCA) is an established, non-invasive imaging 

modality that can readily identify the presence and distribution of CAD180. CTCA allows for 

qualitative assessment of plaque morphology, classifying lesions either as calcified, non-calcified or 

partially-calcified type (containing both calcified and non-calcified plaque tissue). Interest in CTCA-

derived plaque characteristics has led to identification of specific “high risk” plaque (HRP) features, 

namely the presence of low attenuation plaque, napkin-ring sign, spotty calcification and positive 

remodeling180. Although prospective observational studies have demonstrated that a number of CTCA-

defined plaque features may predict the occurrence of subsequent events27, the overall strength of the 

association between individual plaque features and MACE remains unknown. This has led to physician 

uncertainty as to whether CTCA-defined plaque characteristics should be stated in clinical reports for 

patients with suspected CAD181. 

We therefore conducted a systematic review and meta-analysis to assess the association between 

baseline CTCA-defined plaque characteristics and subsequent MACE in patients undergoing imaging 

for suspected stable CAD.  
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METHODS 

The data, analytic methods, and study materials will be made available to other researchers for 

purposes of reproducing the results or replicating the procedure. This material can be obtained by 

contacting the corresponding author. 

 

Data Sources and Search Strategy 

A digital literature search was performed through the MEDLINE, EMBASE and PubMed databases 

for the period up to January 2017. Keywords using Medical Subject Heading (MeSH), where available, 

included ‘coronary artery disease’ ‘atherosclerosis’, ‘multidetector computed tomography’, ‘coronary 

CT angiography’, ‘vulnerable plaque’, ‘high-risk plaque’, ‘low attenuation plaque’, ‘spotty 

calcification’, ‘napkin ring’, ‘positive remodelling’, ‘prognosis’ and ‘major adverse cardiovascular 

events’. The search was not limited by language nor date of publication. Reference lists of eligible 

articles were reviewed for further potential citations. The study protocol was prospectively registered 

with the PROSPERO international register (CRD42016044003) and adhered to the PRISMA statement 

(Preferred Reporting Items for Systematic Reviews and Meta-Analyses)182. An example search 

strategy is presented in Supplemental Table S1. 

  

Study Selection 

Study characteristics for inclusion were as follows: (1) patients with stable cardiovascular disease, (2) 

assessment of plaque characteristics, including plaque morphology (calcified, non-calcified and 

partially-calcified) and/or assessment of individual HRP features, including low attenuation plaque, 

napkin-ring sign, spotty calcification and positive remodelling, (3) evaluation of the association 

between plaque characteristics and future MACE, (4) clinical follow-up of at least one year after 

CTCA, and (5) fully published status. We excluded studies that included patients presenting with acute 
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coronary syndrome (ACS) undergoing CTCA assessment, studies evaluating coronary artery calcium 

score without specific lesion assessment, studies including asymptomatic patients and studies that 

included elective revascularization as part of their definition of MACE. Details on the clinical 

indication for CTCA for each included study are presented in Supplemental Table S2. Where multiple 

studies reported on the same cohort of patients, we only included articles with the longest clinical 

follow-up and/or largest cohort size. 

  

Data Items and Collection Process 

Data items to be collected were specified prior to conducting the literature search. Items for data 

extraction included study design, clinical rationale for CTCA, patient baseline characteristics and 

definitions of plaque morphology, HRP features and MACE. We defined plaque morphology and HRP 

features according to the definitions adopted by each individual study. For HRP features, low 

attenuation plaque was most commonly defined as plaque with density ≤30 HU, although 1 study used 

a threshold of ≤38 HU183. Napkin ring sign was generally defined as the presence of a plaque core with 

low CT attenuation surrounded by a rim-like area of higher attenuation. Spotty calcification was either 

defined as a limit in visualized calcification (<2-3mm) or as a proportion of the vessel dimensions 

(length of calcium deposit <3/2 of vessel diameter and width of <2/3 of vessel diameter). Full 

definitions of plaque morphology and HRP features across studies are detailed in Supplemental 

Tables S3 and S4, respectively. Data were also collected on CAD burden at baseline as determined 

by coronary artery calcium score184 and proportion of patients with obstructive CAD (≥50% luminal 

stenosis), follow-up completion and clinical outcomes. Two investigators (N.N. and F.J.H.) 

independently conducted the literature search and three investigators (F.J.H, C.C. and H.R.) performed 

the data extraction. Eligible studies and extracted data were verified by the senior author (A.J.B) with 

any discrepancies resolved by consensus. Risk of bias within individual studies were evaluated 

according to the Newcastle-Ottawa scale (Supplemental Table S5)185. 
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Clinical end points 

The primary end point of this study was the association between plaque composition (calcified, non-

calcified, partially-calcified) and subsequent MACE. Study specific definitions of MACE were used 

for all analyses. In four studies, MACE was defined as the composite of cardiac death and non-fatal 

MI186-189, with nine studies also including unstable angina requiring either hospitalization183, 190-193 or 

revascularization30, 194-196 in their MACE definition. One study did not include death from any cause 

in their MACE definition30 (i.e. composite of non-fatal MI and UA), while another study used all-

cause death instead of cardiac death194. Secondary end points included the associations between 

specific HRP features on CTCA and subsequent MACE.  

 
Statistical analysis  

Data concerning hazard ratio (HR) and 95% confidence intervals (CI) of plaque characteristics and 

risk of future MACE were extracted and log-transformed, with preference for the HR from the most 

adjusted model. Full details on the extracted HR and variables used within each model are provided in 

Supplemental Table S6. Data were analysed by random-effects modelling for the primary end point 

and individual secondary end points to produce overall summary estimates with 95% confidence 

interval (CI). Statistical heterogeneity was quantified using the I2 statistic and quantified as low 

(<25%), moderate (<50%) or high (>75%)118. Publication bias was assessed visually by funnel plots 

and by the Egger test. Sensitivity analyses was performed to explore the effect of systematic exclusion 

of individual studies to assess for changes in the pooled estimates. Subgroup analysis was performed 

with studies stratified by clinical endpoints (studies including and excluding revascularization), Asian 

vs. non-Asian subjects and using a 64-detector row threshold. A 2-sided p-value of <0.05 was 

considered significant. All statistical analyses were conducted using StataMP 14.0 (Stata Corp LP, 

College Station, TX).  
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RESULTS 

A total of 5,496 potential citations were screened, with 72 studies identified for potential inclusion and 

further evaluation. Of these, 59 studies were excluded as they did not specifically evaluate CTCA 

plaque morphology or HRP features (38 studies), the study patients underwent CTCA for suspected 

ACS (7 studies), the outcomes reported did not include MACE (7 studies), the definition of MACE 

included elective coronary revascularization (5 studies), or studies failed to report hazard ratios for 

individual HRP components or reported on the same patient cohort (2 studies). Full identification and 

process of study exclusion are detailed in the PRISMA flow diagram (Figure 1). 

 

Thirteen studies with a total of 13,977 patients met the pre-specified inclusion criteria and were 

included in the final quantitative analysis30, 183, 186-196. The study period ranged from 2002 to 2011 with 

9 prospective studies and 4 studies of retrospective design. The reason for undergoing CTCA was 

predominantly for suspected CAD (11 studies), although patients with known CAD (e.g., post-

coronary intervention excluding bypass grafting) were included in 2 studies30, 190. Further details of 

study design and baseline demographics are presented in Table 1.  

 

The slice capability on multi-detector computed tomography (MDCT) varied between studies, with 12 

studies using 64-slice MDCT, 2 studies using 16-slice and 1 study using 4-slice (some studies used 

multiple, different MDCT scanners with different slice capability). The presence of obstructive CAD 

identified by CTCA ranged from 0-38% in individual study cohorts. Further details of CT 

characteristics can be found in Table 2 and Supplemental Table S7. 

 

Clinical outcomes 

In total, 552 (3.9%) MACE occurred in 13,977 patients with mean study follow-up ranging from 1.3 

to 8.2 years. MACE involved cardiac death in 112 patients, non-fatal MI in 330 patients, and unstable 
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angina requiring hospitalization or revascularization in 110 patients. Full MACE breakdown for each 

study are presented in Table 3. 

 

Plaque morphology and MACE 

Nine studies reported outcome data on the association between CTCA plaque morphology and MACE, 

with 8 studies reporting data on non-calcified plaque, 7 on calcified plaque and 8 on partially-calcified 

plaque subtypes. The strongest association between CTCA plaque morphology and MACE was 

observed in non-calcified plaque with an overall HR of 1.45 (95% CI, 1.24-1.70, p<0.001, I2=63%). 

Similarly significant, albeit less strong, associations were found both for partially-calcified (HR 1.37, 

95% CI, 1.18-1.60, p<0.001 I2=73%) and calcified plaque (HR 1.23, 95% CI, 1.16-1.30, p<0.001, 

I2=13%). Corresponding forest plots illustrating the association between CTCA defined plaque 

morphology and MACE are presented in Figure 2. 

 

In sensitivity analyses, there were no marked differences in the pooled HR for each plaque subtype 

when the analysis was stratified by those studies including revascularization in their MACE definition, 

studies using <64 slice multi-detector CT, nor when considering Asian versus non-Asian patient 

populations (Supplemental Figures S1-S3, respectively). Similarly, systematic exclusion of 

individual studies did not alter the corresponding pooled HR for each plaque subtype (Tables S8-S10 

in Data Supplement).  There was no evidence of small-study effects on the Egger test for non-calcified 

(p=0.07), partially-calcified (p=0.31) or calcified plaque type (p=0.42).  

  

HRP features and MACE 

Six studies assessed the secondary end points of the presence of specific HRP features and risk of 

future MACE, with 6 studies reporting outcomes on low attenuation plaque, 5 on napkin ring sign, 2 

on spotty calcification and 6 on positive remodelling. Full details of the included studies are provided 
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in Table 2, with the prevalence of individual HRP features summarized in Table 4. Of the four 

predefined HRP features, napkin-ring sign was associated with the highest risk of future MACE (HR 

5.06, 95% CI, 3.23-7.94, p<0.001, I2=0%). Low attenuation plaque and positive remodelling 

demonstrated an overall HR of 2.95 (95% CI, 2.03-4.29, p<0.001, I2=40%) and 2.58 (95% CI, 1.84-

3.61, p<0.001, I2=70%), respectively. Spotty calcification demonstrated the lowest, although still 

significant, association with risk of future MACE (HR 2.25, 95% CI, 1.26-4.04, p=0.006, I2=0%). 

Corresponding forest plots for individual HRP features are presented in Figure 3. The significant 

association between HRP features and MACE remained in sensitivity analyses stratifying studies 

including Asian versus non-Asian patient populations (Supplemental Figure S4). In addition, there 

remained a significant association between HRP features and MACE when the analysis was limited to 

studies that included stenosis severity and/or plaque burden in multivariate models (Supplemental 

Figure S5). There was evidence of small-study effects specific to low-attenuation plaque (p=0.003) 

and positive remodelling (0.01), but not for napkin-ring sign (p=0.13). The presence of ³2 individual 

HRP features exhibited the strongest association with MACE (HR 9.17, 95% CI 4.10-20.50, p<0.001, 

I2=0%) (Figure S6 in the Data Supplement).  
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DISCUSSION 

To our knowledge, this is the first meta-analysis to evaluate the association between CTCA-defined 

plaque characteristics and subsequent MACE. For plaque morphology, we find that the strongest 

association occurred with non-calcified plaque, with the risk of subsequent clinical events reducing as 

plaque calcification increases. We also find that all established HRP features are associated with 

MACE, with the strongest association observed for lesions with the napkin-ring sign. These results 

demonstrate that the reporting of CTCA-defined plaque characteristics has potential to inform 

clinicians in the risk stratification of patients. 

 

Pathological studies have established that lipid-rich fibroatheroma are responsible for the majority of 

ischaemic coronary events through plaque rupture and subsequent intra-luminal thrombosis197. 

Prospective human studies have reaffirmed this observation, demonstrating an independent association 

between the presence of thin-cap fibroatheromas and future MACE177. Our study is consistent with 

these observations and again highlights that the risk of MACE is highest in non-calcified plaques, 

which are generally composed of a mixture of lipid-rich and fibrous material. Although detailed 

analysis of plaque composition is challenging within the spatial resolution of CTCA, lower plaque 

attenuation values have previously correlated with necrotic core and fibrofatty tissue on virtual-

histology intravascular ultrasound imaging198. Thus, low attenuation plaques should theoretically have 

a high proportion of extracellular lipid content. Our data would again be consistent with this, as we 

find a stronger association between low attenuation plaques and MACE, when compared with non-

calcified plaque. Taken together, these data suggest that interpretation of CTCA-defined plaque 

morphology may impart important prognostic information independent of established calcium scoring 

algorithms. 
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Our data again highlights a potentially discrepant relationship between coronary calcification and 

future cardiovascular risk. On one hand, previous observational studies have consistently demonstrated 

that the risk of future cardiovascular events is progressively increased with higher coronary artery 

calcium scores199. However, our pooled results suggest that calcified plaques have the weakest 

association with MACE, while the risk of future events was more than doubled if a lesion displayed 

evidence of spotty calcification. These data would therefore suggest that the pattern and extent of 

intimal calcification may be an important determinant of risk. Biomechanical models have suggested 

that small, microscopic calcific deposits in the fibrous cap and plaque architecture can act to amplify 

plaque structural stress, acting as a possible driver for plaque rupture200, 201. However, as calcification 

becomes more extensive, the macroscopic plates of calcification can act as a stress shield, protecting 

the plaque from high mechanical loading202. Support for this theory has also emerged from recent data 

highlighting that statins may promote plaque stabilization through progressive macroscopic intimal 

calcification203. Further studies are now required to ascertain the role of calcification in plaque 

destabilization and to assess whether the mechanisms that promote intimal calcification can be induced 

in an effort to improve clinical outcomes. 

 

We find that each pre-specified HRP feature in our analysis was strongly associated with MACE and 

that there was an incremental risk when ≥2 HRP features were present within the same plaque. While 

the presence of multiple HRP features in individual lesions was only evaluated in two studies183, 192, 

similar results were reported by a large prospective study27.  In this study, plaques with either low-

attenuation, positive remodelling or both features, were a significant predictor of the development of 

future acute coronary syndrome (adjusted HR 8.24, 95% CI 5.26-12.96). These data imply that future 

cardiovascular risk could be higher in patients that demonstrate multiple HRP features or even multiple 

plaques with HRP features. Further prospective studies are now required to assess whether CT-defined 
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HRP features can be used to guide pharmacological strategies in an effort to improve clinical outcomes 

in a manner that is economically viable. 

 

Positive predictive value (PPV) was not uniformly reported by the studies in our analysis, and when it 

was described, estimates were at a segmental-level and the inference at a patient-level remains unclear. 

In addition, the quoted PPV for individual plaque characteristics were quite discrepant between studies 

and were likely influenced by the low prevalence of HRP features in patients with stable symptoms, 

as PPV is influenced by disease prevalence such that, when prevalence is low, so too is PPV. For 

example, in the study by Otsuka et al.196, the prevalence of HRP segments was 24% and the associated 

PPV for MACE was 86%. Conversely, in another analysis by the same group191, the prevalence of 

NRS was 0.4% yielding a PPV of 22%. Currently there is no recommendation on the management of 

individual HRP features, or whether these patients require more aggressive risk factor treatment. 

Plaque burden and stenosis severity are well-established markers of prognosis and it is hypothesized 

that HRP may simply be a marker of greater atherosclerotic burden204. While no studies have reported 

HRP significance over plaque extent, in our pooled sensitivity analysis of studies that adjusted for 

‘obstructive’ stenosis, HRP presence was independently associated with MACE. These results should 

encourage the requirement for a uniform reporting system such as CAD-RADS that incorporates HRP, 

however should also include plaque morphology and disease extent as well181. Application of these 

parameters both in clinical practice and the research literature will overcome inconsistencies 

encountered in pooling data and allow future studies to ascertain the true independent effect of HRP 

on patient prognosis.   

 

Study limitations 

There are certain limitations to our analysis that should be considered when interpreting the findings. 

First, the included studies have used variable definitions for plaque morphology and specific HRP 
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features that will have introduced a degree of heterogeneity into the analysis. However, the differences 

in definitions were modest and are unlikely to affect the overall biological association between plaque 

characteristics and clinical outcomes. Second, CT technology also varied between studies, which may 

have affected the inter-study reliability for the assessment of plaque morphology and influenced the 

prevalence of HRP identified. Although the majority of our studies reported outcomes at a patient-

level, segment-based risk estimates were utilized for two studies191, 196 and inclusion of these data may 

have had subtle effects on the overall pooled estimates. We had no access to patient- or segment-level 

data and were therefore unable to directly quantify any incremental prognostic information provided 

by plaque characterization over other known CTCA-derived markers of risk, including stenosis 

severity and atheroma volume. Unstable angina requiring either revascularization or hospitalization 

was also part of the MACE definition in nine included studies, which may limit ascertainment of the 

relative prognostic value of HRP versus stenosis severity. Finally, while some studies suggest that 

HRP is a predictor of MACE, independent of stenosis, the data do not demonstrate that HRP is a 

stronger predictor than significant stenosis and most data suggest that it may not be. Given this 

limitation and the fact that the PPV is low, it remains unclear whether HRP reporting may have 

management implications. 

 

CONCLUSIONS  

Our data demonstrate that HRP is most likely an independent predictor of MACE, which supports the 

inclusion of HRP reporting in clinical practice. However, at this point it remains unclear whether HRP 

reporting may have clinical implications.  
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CLINICAL SUMMARY 

Computed-tomography coronary angiography (CTCA) is an established non-invasive imaging 

modality that permits identification and characterization of atherosclerotic coronary plaques. Despite 

consensus statements supporting routine reporting of CTCA plaque characteristics, there remains 

clinical uncertainty on whether such features convey important prognostic information. We therefore 

performed a systematic review and meta-analysis to assess the strength of association between CTCA-

derived plaque characterization and major adverse cardiovascular events (MACE). Of the 5,496 

potential citations, 13 studies encompassing 13,977 patients met inclusion criteria. Data were gathered 

on plaque morphology (non-calcified, partially-calcified and calcified) and high-risk plaque (HRP) 

features, including low attenuation plaque, napkin-ring sign, spotty calcification and positive 

remodelling. Overall, 522 (3.9%) of patients sustained MACE with mean follow-up ranging between 

1.3-8.2yrs. We find that the strongest association between CTCA-defined plaque morphology and 

MACE was observed from non-calcified plaque, followed by partially-calcified and then calcified 

plaque subtypes.  All high-risk plaque features were strongly associated with MACE, with the 

strongest association found for plaques with napkin-ring sign. The presence of ≥2 HRP features within 

the same plaque conferred the highest risk of MACE. Importantly, sensitivity analysis demonstrated 

that HRP features had an independent effect on prognosis beyond stenosis severity alone. These data 

reinforce that routine reporting of CTCA-defined plaque morphology and HRP features have potential 

to improve patient risk stratification.  
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Table 1. Baseline characteristics of included studies 
Author Publication 

year 

Study 

period 

Location Design Reason for CTCA No. of 

patients 

Male,  

% 

Age,  

yrs 

HTN,  

% 

Dyslipida

emia,  

% 

DM,  

% 

Matsumoto et al.190 2007 2002-2006 Japan R Suspected and known CAD 810 59 58±11 37 40 19 

van Werkhoven et al. 194 2009 NR Europe P Suspected CAD 432 59 58±11 57 39 28 

Chow et al.186 2010 2006-2008 Canada P Suspected CAD 2172 76 59±11 51 53 14 

Andreini et al.187 2012 2005-2008 Italy P Suspected CAD 1196 62 62±11 59 45 11 

Hou et al.188 2012 2007-2008 China R Suspected CAD 4425 62 60±11 57 28 15 

Miszalski-Jamka et 

al.189 
2012 2003-2004 Poland R Suspected CAD 494 52 58±10 78 63 11 

Petretta et al.195 2012 2006-2008 Italy P Suspected CAD 326 68 62±12 51 38 12 

Otsuka et al.191 2013 2007-2010 Japan P Suspected CAD 895 66 66±10 66 55 49 

Yamamoto et al.183 2013 2006-2009 Japan R Suspected CAD 453* 63 66±11 61 53 41 

Nakanishi et al.30 2014 2005-2013 Japan P Suspected and known CAD 517 71 66±10 77 58 37 

Otsuka et al.196 2014 2007-2011 Japan P Suspected CAD 543 63 65±10 63 53 44 

Conte et al.192 2016 2004-2007 Italy P Suspected CAD 245 70 63±9 60 48 9 

Feutchner et al.193 2016 2005-2011 Austria P Suspected CAD 1469 56 66 51 51 10 

*Data presented on original cohort of 511 patients 

CAD, Coronary artery disease; CTCA, Computed tomography coronary angiography; DM, Diabetes mellitus; HTN, Hypertension; P, Prospective; R, Retrospective 
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Table 2. Plaque characteristics and MACE definitions 
Author Year MDCT 

Slice 

CACS Obstructive 

CAD, % 

Plaque characteristics analysed MACE definition F/U 

duration, 

years 

F/U 

completion Analysis Morphology Vulnerable features 

CP NCP PCP LAP NRS SC PR/RI 

Matsumoto et al.190 2007 4/16 NS NS PP N Y N N N N N Cardiac death, MI, UA 2.9±1.5 87% 

van Werkhoven et 
al.194 

2009 64 290±730 25 PP Y Y Y N N N N All-cause death, non-fatal 
MI, UA requiring revasc. 

1.8 (IQR 
1.1-2.5) 

93% 

Chow et al.186 2010 64 NS 30 PP Y Y Y N N N N Cardiac death, non-fatal MI 1.3±0.7 96% 

Andreini et al.187 2012 64 151 
(range 0-
380) 

38 PP Y Y Y N N N N Cardiac death, non-fatal MI 4.3±1.8 97% 

Hou et al.188 2012 64 NS 20 PP N Y Y N N N N Cardiac death, MI 3.0 (IQR 
2.6-3.3) 

98% 

Miszalski-Jamka et 
al.189 

2012 64/16 NS 28 PP Y Y Y N N N N Cardiac death, non-fatal MI 3.6±0.9 98% 

Petretta et al.195  2012 64 87±127 34 PP Y N Y N N N N Cardiac death, non-fatal MI, 
UA requiring revasc. 

2.2±1.0 99% 

Otsuka et al.191 2013 64 NS NS PS N N N Y Y N Y Cardiac death, MI, UA 2.3±0.8 100% 

Yamamoto et al.183 2013 64 NS 27 UK Y Y Y Y N Y Y Cardiac death, non-fatal MI, 
UA requiring urgent hosp. 

3.3±1.2 89% 

Nakanishi et al.30 2014 64 NS NS PP N N N Y Y N Y MI, UA requiring immediate 
revasc. 

4.1±1.8 NS 

Otsuka et al.196 2014 64 NS 30 PS Y Y Y Y Y N Y Cardiac death, non-fatal MI, 
UA requiring revasc. 

3.4 (range, 
1-5.4) 

96% 

Conte et al.192 2016 64 NS 0 PP N N N Y Y N Y Cardiac death, MI, UA 8.2±1.7 94% 

Feutchner et al.193  2016 64 143±359 NS PP N N N Y Y Y Y Cardiac death, MI, UA 7.8 (range, 
4.8-9.8) 

49% 

CACS, Coronary artery calcium score; CAD, Coronary artery disease; CP, Calcified plaque; F/U, Follow-up; Hosp., Hospitalization; IQR, Interquartile range; LAP, Low-

attenuation plaque; MACE, Major adverse cardiovascular events; MDCT, Multi-detector computed tomography; MI, Myocardial infarction; N. No; NCP, Non-calcified plaque; NRS, 

Napkin-ring sign; NS, Not specified; PCP, Partially-calcified plaque; PP, Per patient; PR, Positive remodelling; PS, Per segment; Revasc., Revascularization; RI, Remodelling index; 

SC, Spotty calcification; UA, Unstable angina; UK, Unknown
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Table 3. Individual study breakdown of MACE  

Author Year 

MACE 

Total Cardiac death Non-fatal MI 
UA requiring 

hosp./revasc. 

Matsumoto et al.190 2007 28 6 7 15 

van Werkhoven et al.194 2009 21 6 8 7 

Chow et al.186 2010 34 11 23 N/A 

Andreini et al.187 2012 136 18 118 N/A 

Hou et al.188 2012 127 40 87 N/A 

Miszalski-Jamka et 

al.189 

2012 17 9 8 N/A 

Petretta et al.195 2012 34 13 9 12 

Otsuka et al.191 2013 24 1 4 19 

Yamamoto et al.183 2013 15 2 7 6 

Nakanishi et al.30 2014 43 0 13 30 

Otsuka et al.196 2014 24 1 4 19 

Conte et al.192 2016 8 2  6 N/A 

Feutchner et al.193 2016 41 3 36 2 

 
Hosp, Hospitalization; MACE, Major adverse cardiovascular events; MI, Myocardial Infarction; N/A, Not 
applicable; NR, Not recorded; Revasc., Revascularization; UA, Unstable angina;  
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Table 4. Prevalence of high-risk plaque features 
Author LAP  PR  NRS SC  

Plaque level  

Otsuka et al.*191 107/1174 (9.1%) 130/1174 (11%) 45/1174 (3.8%) N/A 

Yamamoto et al.183 NS NS NS NS 

Nakanishi et al.*30 113/864 (13%) 108/864 (13%) 26/864 (3%) N/A 

Otsuka et al.*196 133/1107 (12%) 183/1107 (16%) 30/1107 (2.7%) N/A 

Patient level  

Conte et al.†192 8/245 (3.3%) 196/245 (80%) 3/245 (1.2%) 51/245 (21%) 

Feutchner et al.†193 55/1469 (3.7%) NS 66/1469 (4.4%)  231/1469 (16%) 

 

*Proportion of total coronary plaques  

†Proportion of total patients 

HRP, High-risk plaque; LAP, Low-attenuation plaque; N/A, Not applicable; NRS, Napkin-ring sign; NS, Not 

specified; PR, Positive remodelling; SC, Spotty calcification 
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Figure 1.  Study flow chart 

 

PRISMA flow diagram illustrating the study selection process for the systematic review and meta-

analysis. 
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Figure 2.  Plaque morphology and risk of major adverse cardiovascular events 

 

Forest plot displays summary hazard ratio (HR) and 95% confidence intervals (CI) for future MACE 

stratified by (A) calcified plaque, (B) non-calcified plaque, and (C) partially-calcified plaque subtypes.  

A) 

C) 

B) 
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Figure 3.  High-risk plaque features and risk of major adverse cardiovascular events 

 

Forest plot displays summary hazard ratio (HR) and 95% confidence intervals (CI) for future MACE stratified by (A) low-attenuation plaque, (B) napkin-

ring sign, (C) spotty calcification, and (D) positive remodelling. 

A) B) 

D) C) 



 109 

 
 
 
 
 
 
 
 
 
 

SUPPLEMENTAL MATERIAL: 
 

Computed tomography coronary angiography derived plaque characteristics 

predict major adverse cardiovascular events 
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Table S1. Example search strategy for Medline 

# Searches Results 
1 Coronary Artery Disease/ 54096 
2 Coronary Stenosis/ 10503 
3 Atherosclerosis/ 33413 
4 Acute Coronary Syndrome/ 11741 
5 Non-obstructive coronary artery disease.mp 57 
6 Coronary Vessels/ 57645 
7 Multidetector Computed Tomography/ 5403 
8 Tomography, X-Ray Computed/ 389198 
9 Tomography, Spiral Computed/ 7435 
10 Coronary CT angiography.mp 1249 
11 Vulnerable plaque.mp 1057 
12 High-risk plaque.mp 145 
13 Plaque, Atherosclerotic/ 6422 
14 Low-attenuation plaque.mp 44 
15 Napkin ring.mp 47 
16 Spotty calcification.mp 82 
17 Positive remodeling.mp 370 
18 Prognosis/ 457689 
19 Myocardial Infarction/ 168210 
20 Myocardial Revascularization/ 10933 
21 Kaplan-Meier Estimate/ 51833 
22 Major adverse cardiovascular events.mp 1561 
23 1 or 2 or 3 or 4 or 5 or 6 153520 
24 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 407784 

25 18 or 19 or 20 or 21 or 22 655305 
26 23 and 24 and 25 1804 
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Table S2. Indications for CTCA for each included study 

Author Year Indications for CTCA  
Matsumoto et al. 2007 - Evaluation of chest pain (61%) 

- Post-coronary intervention status (9%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (15%) 
- Not specified (15%) 

van Werkhoven et al. 2009 - Suspected CAD referred for further assessment because of chest 
pain, positive exercise ECG test, or high-risk profile for CVD 
(100%) 

Chow et al. 2010 - Evaluation of chest pain (58%) 
o Typical angina (16%) 
o Atypical angina (15%) 
o Non-anginal chest pain (28%) 

- Evaluation of dyspnoea (16%) 
- Evaluation of palpitations (1%) 
- Evaluation of syncope (1%) 
- Asymptomatic  

o Rule out CAD/CVD risk factors (11%) 
o Equivocal/abnormal stress test (6%) 
o Pre-cardiac surgery (4%) 
o LV dysfunction (0.6%) 
o Other, not specified (2%) 

Andreini et al. 2012 - Evaluation of chest pain (43%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (28%) 
- Equivocal/abnormal stress test (29%) 

Hou et al. 2012 - Evaluation of chest pain (69%) 
o Typical angina (6%) 
o Atypical angina (16%) 
o Non-anginal chest pain (47%) 

- Evaluation of CAD in asymptomatic patients with ≥1 CVD risk 
factors (NS %) 

- Evaluation of ECG abnormalities (NS %) 
- Evaluation of prior revascularization (NS %) 

Miszalski-Jamka et al. 2012 - Evaluation of chest pain (100%) 
o Typical angina (40%) 
o Atypical angina (30%) 
o Non-anginal chest pain (30%) 

Petretta et al. 2012 - Evaluation of chest pain 
o Typical angina (32%) 
o Atypical angina (63%) 
o Non-anginal chest pain (5%) 

Otsuka et al. 2013 - Evaluation of chest pain (60%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors and abnormal findings on exercise-stress 
echocardiography or single-photon emission computed 
tomography (40%) 
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Yamamoto et al. 2013 - Evaluation of chest pain (54%) 
- Asymptomatic with ischemic findings (25%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (22%) 
Nakanishi et al. 2014 - Evaluation of chest pain (77%) 

o Typical angina (27%) 
o Atypical angina (34%) 
o Non-anginal chest pain (16%) 

- Evaluation of CAD in asymptomatic patients with multiple CVD 
risk factors, PAD, cerebrovascular disease, abnormal findings 
ECG or echocardiography (23%) 

Otsuka et al. 2014 - Evaluation of chest pain (62%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (38%) 
Conte et al.  2017 - Evaluation of chest pain (50%) 

o Typical angina (6%) 
o Atypical angina (44%) 

- Evaluation of dyspnoea (10%) 
- Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (40%) 
Feuchtner et al. 2017 - Evaluation of chest pain (NS %) 

- Evaluation of CAD in asymptomatic patients with multiple CVD 
risk factors (NS %) 
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Table S3. Definitions of plaque morphology  

Author Year Plaque Morphology Definition 

Calcified plaque Non-Calcified plaque Partially-calcified 

Matsumoto et al.190 2007 N/A Low-density plaque defined as <68 HU N/A 

van Werkhoven et 

al.194 

2009 High-density plaques Lower density than contrast-enhanced lumen Both calcified and non-calcified components 

Chow et al.186 2010 NS NS NS 

Andreini et al.187 2012 High-density plaques Density less than contrast-enhanced vessel lumen Both calcified and non-calcified components 

Hou et al.188 2012 Exclusively high-density material >130 HU Exclusively material of density ≤130 HU Both calcified and non-calcified components 

Miszalski-Jamka et 

al.189 

2012 Density greater than contrast-enhanced 

lumen 

Lower density than contrast-enhanced lumen Both calcified and non-calcified components 

Petretta et al.195 2012 Exclusively high-density material >130 HU Exclusively material of density ≤130 HU Both calcified and non-calcified components 

Yamamoto et al.183 2013 CT density >130 HU or greater than that of 

the contrast-enhanced coronary lumen 

Low-density area <1 mm2 in size with CT density 

≤130 HU 

N/A 

Otsuka et al.196 2014 Predominantly calcification Density less than contrast-enhanced vessel lumen 

without any calcification 

Small amount of calcification elements within 

a single plaque 

CT, Computed tomography; HU, Hounsfield unit; N/A, Not applicable; NS, Not specified; PR, Positive remodelling; RI, Remodelling index  
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Table S4. Definitions of specific high-risk plaque features 

Author Year HRP Features Definition 

LAP NRS SC PR 

Otsuka et al.191 2013 <30 HU Presence of a plaque core with low CT attenuation surrounded by a 

rim-like area of higher attenuation 

N/A RI>1.1 

Yamamoto et 

al.183 

2013 ≤38 HU N/A Length of calcium deposit 

<3/2 of vessel diameter and 

width <2/3 of vessel diameter 

RI ≥1.05 

Nakanishi et al.30 2014 <30 HU Presence of a plaque core with low CT attenuation surrounded by a 

rim-like area of higher CT attenuation 

N/A RI >1.1 

Otsuka et al.196 2014 <30 HU Plaque core with low attenuation surrounded by rim-like area of 

higher attenuation. CTCA attenuation of the ring presenting higher 

than those of adjacent plaque and no >150 HU 

N/A RI >1.1 

Conte et al.192 2017 <30 HU Presence of semicircular thin enhancement around the plaque along 

the outer contour of the vessel 

Calcification <2mm RI >1.1 

Feutchner et al.193 2017 <130 HU, 

although specify 

<30 HU, <60 

HU and <90 HU 

Outer high-density rim (<200 HU) with inner hypodense area 

(<130 HU) not adjacent to calcification and present in ≥2 adjacent 

axial 1mm slices 

Calcification <3 mm No specific limit set – 

analysed as continuous 

variable) 

HRP, high-risk plaque; HU, Hounsfield Units; LAP, Low-attenuation plaque; N/A, Not applicable; NRS, Napkin-ring sign; PR, Positive remodelling; RI, Remodelling index; SC, 
Spotty calcification  
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Table S5. Assessment of study quality using the Newcastle-Ottawa scale 

Author Year Study quality 

Selection Comparability Outcome/exposure Total 

score 

Matsumoto et al.190  2007 *** - ** 5 

van Werkhoven et al.194  2009 **** - ** 5 

Chow et al.186  2010 **** - *** 7 

Andreini et al.187  2012 **** - *** 7 

Hou et al.188  2012 **** * ** 7 

Miszalski-Jamka et al.189  2012 **** - *** 7 

Petretta et al.195  2012 **** - ** 6 

Otsuka et al.191  2013 **** - *** 7 

Yamamoto et al.183  2013 **** - *** 7 

Nakanishi et al.30  2014 **** - *** 7 

Otsuka et al.196  2014 *** - *** 6 

Conte et al.192  2017 **** - ** 6 

Feutchner et al.193  2017 **** - ** 6 
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Table S6. Individual hazard ratios for plaque characteristics and variables included in 
multivariable modelling 

Author Year Plaque  Hazard Ratio  
(95% CI) 

Variables included in adjusted model 

Matsumoto et al. 2007 NCP 2.53 (1.08-5.92) Diabetes, previous MI* 
van Werkhoven 
et al. 

2009 CP 1.09 (0.9-1.3) Age, sex, calcium score ≥1000 
NCP 1.3 (1.1-1.4) 
Mixed 1.2 (1-1.4) 

Chow et al. 2010 CP 1.15 (1.01-1.31) Patient baseline characteristics (not 
further specified), CAD severity, LVEF  NCP 1.11 (0.93-1.33) 

Mixed 1.13 (1-1.27) 
Andreini et al. 2012 CP 1.31 (1.22-1.42) Unadjusted  

NCP 1.41 (1.28-1.54) 
Mixed 1.48 (1.34-1.64) 

Hou et al. 2012 NCP 3.01 (1.34-4.24) Unadjusted 
Mixed 4.23 (1.58-7.57) 

Miszalski-Jamka 
et al. 

2012 CP 1.7 (1.27-2.28) Plaque morphology (non-calcified, 
partially calcified, calcified)* NCP 1.74 (1.26-2.41) 

Mixed 1.27 (1.07-1.5) 
Petretta et al. 2012 CP 1.21 (1.1-1.33) Calcium score, significant CAD, plaque 

morphology (non-calcified, partially 
calcified, calcified), segment involvement 
score, segments-at-risk score* 

Mixed 1.21 (1.03-1.41) 

Otsuka et al. 2013 LAP 3.75 (1.43-9.79) Patient baseline characteristics (not 
further specified), obstructive plaque NR 5.55 (2.1-14.7) 

PR 5.25 (2.17-12.69) 
Yamamoto et al. 2013 CP 1.96 (0.62-8.59) Age, sex, diameter stenosis >50% 

NCP 1.27 (0.39-4.46) 
Mixed 1.54 (0.5-5.0) 
LAP 8.23 (2.41-37.7) 
PR 8.3 (2.83-26.7) 
SC 2.41 (0.8-7.5) 
HRP 11.2 (3.71-36.7) 

Nakanishi et al. 2014 LAP 1.82 (1.04-3.09) Previous revascularization, Δ LDL-C  
NRS 3.64 (1.72-7.81) 
PR 1.24 (0.73-2.03) 

Otsuka et al. 2014 CP 0.66 (0.18-2.42) Hypertension, CT luminal stenosis, 2 or 3 
vessel disease, calcified plaque, 
obstructive plaque, PR, LAP, NRS* 

NCP 2.3 (0.97-5.44) 
Mixed 1.76 (0.77-4.01) 
LAP 2.78 (0.98-7.9) 
NRS 4.63 (1.54-13.9) 
PR 5.12 (1.84-14.27) 

Conte et al. 2017 LAP 8.45 (2.22-32.21) Beta-blocker use 
NRS 12.5 (1.51-103.9) 
PR 3.31 (1.11-9.91) 
HRP 7.54 (2.43-23.34) 
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Feutchner et al. 2017 LAP 4.5 (1.4-14.8) Age, gender, arterial hypertension, 
nicotine, positive family history, BMI, 
dyslipidaemia, diabetes, CT stenosis 
severity, CT plaque type 

NRS 7 (2-13.6) 

SC 2.2 (1.1-4.3) 

PR 2.8 (1.09-7.4) 
 
*Only variables which reached significance (p<0.05) in the univariable model where included in the 
multivariable, adjusted model 
CAD, Coronary artery disease; CP, Calcified plaque; CT, Computed tomography; HRP, High risk plaque (≥2 
features) LAP, Low attenuation plaque; LDL-C, Low density lipoprotein – cholesterol; LVEF, Left ventricular 
ejection fraction; MI, Myocardial Infarction; NCP, Non calcified plaque; NRS, Napkin ring sign; PR, Positive 
remodelling; SC, Spotty calcification 
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Table S7. Characteristics of computed tomography coronary angiography 

Author Year CT scanner mA kV Software 

Matsumoto et al.190 2007 SOMATOM Volume Zoom (4 slice) 320 140 3D Virtuoso 

Aquilion 16 400 140 M900 Quadra 

van Werkhoven et al.194  2009 Aquilion 64 200-250 120 Vitrea2 

GE Lightspeed VCT (64-slice) Advantage 

Chow et al.186 2010 GE Volume CT (64-slice) 400-800 120 GE Advantage Volume 

Share Workstation 

Andreini et al.187 2012 GE Volume CT (64-slice) NS NS CardioQ3 package 

Hou et al.188 2012 Light Speed VCT (64-slice) 200-550 120 Deep Blu, ADW 4.3 

Miszalski-Jamka et al.189  2012 Somatom Sensation 64 350-400 120 3D Leonardo 

Somatom Sensation 16 400-500 120 3D Leonardo 

Petretta et al.195 2012 Lightspeed VCT (64-slice) 600 100-120 Advantage Workstation 

Otsuka et al.191 2013 Somatom 64 770-850 120 NS 

Yamamoto et al.183 2013 Lightspeed VCT (64-slice) 300 120 NS 

Nakanishi et al.30 2014 Somatom Sensation 64 770-850 120 Synapse Vincent 

Otsuka et al.196 2014 SOMATOM 64 770-850 120 NS 

Conte et al.192 2017 GE Volume CT (64-slice) NS NS NS 

Feutchner et al.193 2017 Sensation 64 

Definition FLASH 128 

NS NS SyngoVia 

CT; Computed Tomography; NS, Not specified 
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Table S8. Calcified plaque and risk of MACE: Sensitivity Analyses with systematic exclusion of 
individual studies 

 
Excluded study Year Pooled Hazard 

Ratio 

Lower 95% CI Upper 95% CI 

Van Werkhoven et 

al.194 

2009 1.25 1.19 1.32 

Chow et al.186 2010 1.25 1.18 1.33 

Andreini et al.187 2012 1.19 1.11 1.27 

Miszalski-Jamka et 

al.189 

2012 1.22 1.14 1.31 

Petretta et al.195 2012 1.23 1.13 1.33 

Yamamoto et al.183 2013 1.23 1.15 1.30 

Otsuka et al.196 2014 1.23 1.16 1.30 

All studies included 1.23 1.16 1.30 
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Table S9. Non-calcified plaque and risk of MACE: Sensitivity Analyses with systematic 
exclusion of individual studies 

 
Excluded study Year Pooled Hazard 

Ratio 

Lower 95% CI Upper 95% CI 

Matsumoto et al.190 2007 1.42 1.22 1.66 

Van Werkhoven et al.194 2009 1.58 1.26 1.98 

Chow et al.186 2010 1.54 1.31 1.82 

Andreini et al.187 2012 1.56 1.23 1.98 

Hou et al.188 2012 1.36 1.20 1.55 

Miszalski-Jamka et al.189 2012 1.41 1.20 1.67 

Yamamoto et al.183 2013 1.46 1.25 1.72 

Otsuka et al.196 2014 1.43 1.22 1.67 

All studies included 1.45 1.24 1.70 
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Table S10. Partially-calcified plaque and risk of MACE: Sensitivity Analyses with systematic 
exclusion of individual studies 

 
Excluded study Year Pooled 

Hazard Ratio 

Lower 95% CI Upper 95% CI 

Van Werkhoven et al.194  2009 1.43 1.19 1.72 

Chow et al.186 2010 1.44 1.22 1.70 

Andreini et al.187 2012 1.34 1.13 1.60 

Hou et al.188 2012 1.31 1.15 1.49 

Miszalski-Jamka et al.189 2012 1.33 1.13 1.56 

Petretta et al.195 2012 1.43 1.19 1.72 

Yamamoto et al.183 2013 1.37 1.17 1.61 

Otsuka et al.196 2014 1.36 1.17 1.60 

All studies included 1.37 1.18 1.60 
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Figure S1. Forest plots of pooled hazard ratio estimates in studies grouped by the inclusion or 
exclusion of unstable angina requiring revascularization. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) calcified plaque, (B) partially-calcified plaque and (C) non-calcified plaque  
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Figure S2. Forest plots of pooled hazard ratio estimates grouped in studies using either <64 
versus ³64 detector row scanners 

 
 (A) calcified plaque, (B) partially calcified plaque and (C) non-calcified plaque  
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Figure S3. Forest plots of pooled hazard ratio estimates stratified by Asian vs. non-Asian 
subjects for plaque morphology. 

 
(A) calcified plaque, (B) partially calcified plaque and (C) non-calcified plaque.  
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Figure S4. Forest plots of pooled hazard ratio estimates stratified by Asian vs. non-Asian 
subjects for HRP features  

 
(D) low attenuation plaque, (E) napkin ring sign and, (F) positive remodelling. 
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Figure S5. Forest plots of pooled hazard ratio estimates limited to studies that included stenosis severity and/or plaque burden in multivariable 
modelling.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) low attenuation plaque, (B) napkin ring sign, (C) positive remodelling and, (D) spotty calcification.
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Figure S6. Forest plot of overall hazard ratio for the presence of 2 or more high-risk plaque 
features 
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INTRODUCTION 

Epicardial adipose tissue (EAT) is the natural visceral adipose tissue depot layer that lies within the pericardial 

cavity and is in direct continuity with the myocardium as well as encasing the epicardial coronary vessels. It is 

considered an ectopic visceral fat depot and as such has been widely investigated as a potential marker of 

cardiovascular risk due to its potential inflammatory nature. It has been associated with coronary artery disease 

and myocardial dysfunction139, 205, and remains a burgeoning subject of research due to its potential as a 

therapeutic target. No endorsed guidelines exist on the measurement of EAT with studies predominantly 

reporting linear thickness by transthoracic echocardiography (EAT-TTE) or area/volume measures by cardiac 

computed tomography (EAT-CT) or cardiac MRI. TTE is advantageous in its rapid performance at the bedside 

and low cost, but its reproducibility and accuracy may be limited by the effects of probe angulation on 2D 

imaging, as well as an inability to quantify periatrial fat or total EAT volume. Both CT and MRI allow 3-

dimensional assessment of the heart and to quantify the complete EAT volume. CT holds the drawback of 

ionizing radiation exposure but is regularly performed for assessment of anatomic and functional coronary 

artery stenosis in patients at low to intermediate cardiovascular risk. MRI is far less accessible, requires a greater 

amount of time to perform including prolonged breath-holding and is not yet acceptable for coronary luminal 

stenosis assessment. As EAT is not uniformly distributed around the heart, volumetric quantification is arguably 

preferred 139. Scarce data compares agreement between these modalities, therefore we aimed to compare EAT-

TTE against volumetric EAT-CT using commonly described methods.  

 

METHODS: 

We studied 106 consecutive patients who underwent clinically indicated CT for suspected CAD who also had 

TTE performed within 30 days. CT was performed on a 320-row scanner using previously described protocol 

206 and EAT-CT was measured using a research specific tool (QFAT 2.0, Cedar-Sinai Medical Centre) 207. 

Briefly, CT was performed on a second generation 320-detector row system (AquilionOne Vison, Toshiba 

Medical Systems, Tokyo, Japan). Oral or intravenous rate control therapy was administered to aim for an 

optimal heart rate <60 beats per minute. Nitro-glycerine 400 µg sublingually was administered 1 minute before 

contrast injection. A bolus of 75mL of 100% Iohexal (Omnipaque 350) was administered at 6mL/s followed by 

a 50mL normal saline chaser. Scanning was manually triggered when peak contrast enhancement in the left 
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ventricle was observed with no enhancement in the right ventricle. Scans were performed via an axial technique 

with detector collimation of 320mm x 0.5mm. No table motion was required due to complete cardiac axis 

coverage. Automatic tube current was determined by automatic exposure control systems based on attenuation 

of scout imaging. Tube potential was manually set by the radiographer. All scans were performed with 

prospective electrocardiographic triggering using 70-85% of the phase window.  

 

EAT was measured using QFAT 2.0 and considered to be fat within the pericardial cavity. The superior 

boundary was the bifurcation of the pulmonary trunk, and in inferior boundary was the cardiac apex. Manual 

pericardial contours were drawn at 5-10 interval slices. Catmull-Rom spline functions were automatically 

generated to form a smooth contour and scans were assessed for slice-interpolation and corrected as required. 

Contiguous voxels between -190 and -30 Hounsfield units were used to define and quantify EAT.  

 

EAT-TTE was performed by the commonly described technique of Iacobellis et al 208; All studies were resting 

bedside TTE using either Vivid E9 (GE Healthcare, Milwaukee, WI) or iE33 (Philips Healthcare, Best, The 

Netherlands). EAT was considered to be the echo free space between the outer wall of the myocardium and the 

visceral layer of the pericardium. The thickness was measured from the parasternal long-axis view as a linear 

measure at end-systole at the free wall of the right ventricle along the midline of the ultrasound beam 

perpendicular to the aortic annulus. The average value of three cardiac cycles at end-systole was used. Observers 

were asked to note cases when there was uncertainty about EAT measurement which was thought to be a fluid 

space or a pericardial space.  

Pearson correlation coefficients, and linear regression with 95% prediction intervals between methods are 

reported. Thirty random studies were assessed for inter and intra-observer agreement statistically analysed by 

the intraclass correlation coefficient (ICC). Bland Altman plots with 95% limits of agreement were performed 

to assess the agreement between EAT volume and thickness measurement. Analysis was performed in Stata 

14/MP (StataCorp) 
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RESULTS 

Demographics of the patient cohort are displayed in Table 1. EAT-CT vs. EAT-TTE demonstrated poor 

correlation (r=0.29, p=0.002). Poor precision was also demonstrated by the broad prediction limits of TTE 

compared to CT (Figure 1). In 28 (26%) cases, observers reported uncertainty as to placement of the linear 

marker for EAT-TTE suggesting reduced confidence. When these cases were excluded correlation did not 

significantly alter (r=0.25, p=0.01), nor did estimated prediction limits (data not shown).  

 

Poor inter and intra-observer agreement was seen with EAT-TTE (ICC 0.39, 95% CI 0.04-0.65, p=0.02 and 

ICC 0.56, 95% CI 0.07-0.79, p=0.001 respectively). Bland-Altman analysis for inter-observer agreement 

demonstrated a mean bias of -0.35mm with 95% limits of agreement (LoA) from -4.5mm to 3.8mm (Figure 2). 

Dispersion was particularly evident at higher EAT thickness measurements. Excellent ICC was noted for EAT-

CT (ICC 0.99 95% CI 0.98-1, p<0.001 for both inter and intra-observer agreement). Inter-observer agreement 

on Bland-Altman plots demonstrated mean bias 0.9mL and 95% LoA -11.6mL to 13.4mL. No visual evidence 

of dispersion was noted between observers. 

 

DISCUSSION 

In this study we have compared the most commonly used method of echocardiographic and CT EAT 

measurements in a consecutive series of patients. We demonstrate that EAT-TTE has poor reproducibility and 

agreement at both inter and intra-observer levels compared to EAT-CT. We also demonstrate that the agreement 

between EAT-TTE and CT is poor with wide prediction limits for corresponding CT volumes based on linear 

thickness measures. This imprecision in modalities may have vast clinical implications on patient classification 

and disease association when EAT is considered as an independent variable.  

 

There is significant research interest in EAT-TTE, with its proponents advocating the benefits of easy bedside 

assessment. However, the poor reproducibility and uncertainty of measurement requires caution in drawing 

associative or causative relationships with EAT. The difference of ~8mm in inter-rater EAT-TTE, and 

corresponding wide prediction limits for EAT-CT may have significant effects on patient misclassification. 

Additionally, TTE studies are further confounded by a lack of standardisation in cardiac-cycle measurement. It 
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is suggested that EAT is compressible and therefore should be measured at end-systole where it would 

theoretically be largest80. However, the differential anatomical distribution of EAT would still confound this 

2D measurement. There is also recommendation to evaluate EAT in parasternal or subcostal views, although 

we did not perform these measurements and chose the most commonly described technique of parasternal 

imaging.  

 

There are no well conducted studies comparing imaging-measured EAT to human autopsy specimens, likely 

due to the extreme adherence of EAT to the underlying myocardium. There are also inconsistencies in the 

measurement methods for EAT which include varying inferior and superior boundaries, the use of only single 

slice measurements or areas rather than volumes, and differing vendor software and adipose tissue voxel 

thresholds. However, CT allows adipose tissue thresh-holding, optimal spatial resolution for pericardium 

identification and high reproducibility regardless of the use of iodinated contrast 209. Intuitively, a complete 

volume would seem to have a better overall assessment of EAT than a single slice or linear thickness 

measurement alone. We specifically chose the most commonly described techniques to reflect current 

approaches to EAT measurement and cannot be certain that alternative evaluation may result in different results. 

We have also not compared MRI measurements, however this requires a further conversion factor for mass149, 

and is also visually based with no ability to threshold for different tissue attenuation and in effect gives a 

pericardial cavity volume rather than a true epicardial fat volume. As MRI is also not widely performed in 

clinical practice, but rather reserved for specific indications, it has less role in current research strategies of EAT 

but a comparison with CT is an important area for further research.   

 

In conclusion, EAT-CT is highly reproducible compared to EAT-TTE and should be considered as the optimal 

reference standard for EAT based research.  
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Table 1: Patient demographics 

Demographic n=106 

Age (years) 56 ± 8 

Sex (male) 69 (65%) 

Hypertension (n, %) 32 (30%) 

Hyperlipidaemia (n, %) 41 (39%) 

Diabetes (n, %) 22 (21%) 

Smoking (n, %) 12 (11%) 

Body Mass Index (kg/m2) 27.5 ± 5 

No coronary artery disease (n, %) 28 (26%)  

Non-obstructive disease (n, %) 64 (60%) 

Obstructive coronary disease (n, %) 14 (13%) 

Mean EAT thickness (mm) 2.9 ± 1.4 

Mean EAT volume (mL) 74 ± 22 
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Figure 1: Prediction modelling of EAT-CT from EAT-TTE 

 
Figure 1: Scatter plot between EAT-CT and EAT-TTE. Orange dashed line represents the regression line of best fit. R-
value is the correlation coefficient and the regression equation with EAT-CT as the outcome variable (y) and EAT-TTE as 
the independent (x). Dark blue lines represent 95% prediction intervals. An example is demonstrated by the red boxes: 
When EAT-TTE is 5mm the predicted EAT-CT is between 23.7mL and 160.1mL representing wide variability suggesting 
poor precision.  
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Figure 2: Inter-observer correlation and agreement 

 
Figure 2: Inter-rater agreement is depicted by scatter plots and Bland-Altman plots with reported intraclass correlation (ICC) and 95% confidence intervals (CI) and mean bias and 95% 
limits of agreement respectively. Top left panel is EAT-TTE by two raters demonstrating poor correlation and Bland-Altman top right demonstrates wide limits of agreement particularly 
at higher EAT measures. Lower left panel depicts EAT-CT showing near linear correlation between raters and Bland-Altman plot bottom right shows minimal bias with narrow limits 
of agreement.  
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ABSTRACT 

Purpose:  

Epicardial adipose tissue (EAT) is a proposed marker of cardiovascular risk, however clinical application may 

be limited by variability in post-processing software platforms. We assessed inter-vendor agreement of EAT 

volume (EATv) and attenuation on both contrast-enhanced (CE) and non-contrast CT (NCT) using a standard 

coronary CT reporting software (Vitrea), an EAT research-specific software (QFAT) and a freeware imaging 

software (OsiriX).   

Methods: 

76 consecutive patients undergoing simultaneous CE and NCT had complete volumetric EAT measurement. 

Between-software, within-software NCT vs. CE, and inter and intra-observer agreement were evaluated with 

analysis by ANOVA (with post-hoc adjustment), Bland-Altman with 95% levels of agreement (LoA) and 

intraclass correlation coefficient (ICC).   

Results: 

Mean EATv (freeware 53±31mL vs. research 93±43mL vs coronary 157±64mL) and attenuation (freeware -

72±25HU vs. research -75±3HU vs. coronary -61±10HU) was significantly different between all vendors 

(ANOVA p<0.001). EATv was consistently higher in NCT vs. CE for research software (bias 26mL, 95% LoA: 

2 to 56mL) with marked over and underestimation by freeware (bias 11mL 95% LoA: -46mL to 69mL) and 

coronary software (bias 10mL 95% LoA: -127 to 147mL). Research software had similar NCT vs CE attenuation 

(-75 vs -72HU) compared to freeware (-72 vs -57HU) and coronary (-61 vs -39HU). Excellent inter-observer 

agreement was seen with research (ICC 0.98) compared to freeware (ICC 0.73) and coronary software (ICC 

0.75) with very narrow LoA on Bland-Altman analysis.  

Conclusion:  

There are significant inter-vendor differences in EAT assessment. Research-specific software has the highest 

level of agreement, reliability and precision compared to freeware or coronary software platforms.  
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Implications for patient care: 

• Epicardial adipose tissue is often investigated as a cause of disease and as a potential target 

for therapy. Therefore, it is vital that measurement software be robust and reproducible to 

allow accurate evaluation of treatment response.  

• Research-specific epicardial fat measurement software demonstrates the high levels of 

agreement and reproducibility and may be the preferred tool for assessment in future studies. 

Summary statement 

There are significant differences between post-processing software packages for epicardial adipose 

tissue volume at attenuation measurement for both contrast-enhanced and non-contrast CT. 

Research-specific software has the highest level of agreement, reliability and precision compared to 

freeware or coronary software platforms.  
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INTRODUCTION 

Epicardial adipose tissue has been widely studied as a proposed marker of cardiovascular risk across multiple 

domains including coronary artery disease139, myocardial function154 and cardiac dysrhythmia144. It has also 

been investigated in systemic disorders, particularly those pertaining to inflammation including chronic 

rheumatic, pulmonary and renal diseases125, 210. While several studies have utilised echocardiographic linear 

thickness measures for EAT assessment, this has demonstrated suboptimal reproducibility and agreement with 

full volumetric assessment as assessed by computed tomography211. 

 

Volumetric EAT has been derived from both non-contrast (NCT) and contrast enhanced (CE) studies that most 

often employ a lower threshold of -190 Hounsfield units (HU) and upper threshold of -30HU to define adipose 

tissue within a contoured region. However, discrepancies are seen in absolute volumes with smaller values in 

CE, possibly due to the effects of contrast blooming and adjacent calcification that can cause partial volume 

artefact in contrast enhanced scans212. An additional cause for discrepancy between scan modalities that has not 

been investigated is the influence of post-processing software packages.  

 

As EAT is not routinely reported in clinical studies, different software has been employed from bespoke research 

programs, to extending the use of coronary artery reporting platforms, or manipulating plugins on DICOM 

image viewing software. This lack of standardisation may significantly influence interpretation and robustness 

of EAT as a cardiovascular risk marker. There is no gold standard for EAT measurement, likely due to difficulty 

in obtaining exact autopsy volumes of EAT due to its extreme adherence to the underlying myocardium213. 

However, provided software is readily reproducible with high precision (as determined from clustering around 

the sample mean) and has high inter and intra-observer agreement, this at least allows for relative confidence 

that results can be generalizable. As EAT volume as well as attenuation can be measured which in effect 

represents the quantity and quality of adipose tissue, it is important to identify a high fidelity post-processing 

software package that appropriately encompasses both these parameters.   
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We therefore sought to assess inter-vendor differences and agreement in EAT measurement volumes and 

attenuation in patients who had simultaneous contrast and non-contrast CT using a traditional coronary CT 

reporting software, an EAT research specific software and a free post-processing DICOM imaging software.   

 

METHODS 

We retrospectively studied 76 consecutive patients who had simultaneous non-contrast and contrast enhanced 

CT for suspected coronary artery disease (July 2018). Patients with previous known coronary artery disease or 

intervention or cardiac prostheses were excluded. All CTs were performed using a Siemens Definition AS+ 

(128 slice, Siemens Medical Solutions, Erlangen, Germany). The scan of the thorax was acquired during 

injection of non-ionic iodinated contrast agent, iopromide (Ultravist 370 mg/mL, Bayer Healthcare, 

Tarrytown, New York) in an antecubital vein by a dual injector (Medrad Stellant, USA). Individualized 

weight-based contrast volumes were injected at 6 mL/s in a triple phase pattern of pure contrast / 50:50 saline 

mix / saline. Nitro-glycerine 400 micrograms was administered sublingually 1 minute before contrast 

injection. 

A contrast bolus monitoring technique evaluating time to peak enhancement in the descending aorta was used 

to determine the scan delay (tube voltage 100 kVp and 20 mAs). The entire thorax was scanned using 

prospective EKG-gating with tube modulation technique (120 kV; 280-350 mAs; pitch of 0.18 and 300ms 

gantry rotation time). Images were acquired at 0.6mm slice thickness at 0.3mm increments and reconstructed 

using a medium smooth kernel (B26, Siemens Medical Solutions, Erlangen, Germany) throughout the cardiac 

cycle at 10% increments of the RR interval 

 

We used three previously published software packages for EAT assessment. A high-quality software 

specifically designed for coronary CT assessment, Vitrea 6.7 (Vital Images, Minnetonka, USA), an EAT-

specific software designed for research use, QFAT 2.0 (Cedars Sinai, USA), and a free widely used DICOM 

software, OsiriX MD 9.0.2 (Pixmeo SARL, Switzerland). Images were anonymized prior to measurement.  
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For all EAT assessment the upper and lower boundaries were considered to be the bifurcation of the pulmonary 

trunk and the lower most portion of the apex of the heart where the posterior descending artery could be seen. 

Individual software examples on the same patient are demonstrated in Figure 1.  

Results are presented as mean ± standard deviations. Data distribution was assessed for normality with the 

Shapiro Wilk test. Statistical tests of inference performed with t-tests or ANOVA as appropriate and Scheffe’s 

method for post-hoc analysis. Bland Altman graphs of the difference vs. the average of measurements with 95% 

limits of agreement were plotted to assess agreement between methods. Additional statistical assessment of 

observer agreement was performed with the intraclass correlation coefficient. Analysis was performed with 

Stata MP14 (StataCorp, College Station, TX, USA) and Graphpad Prism (La Jolla, CA, USA).  

 

RESULTS 

All patients had satisfactory image quality for assessment of EAT volume. The demographics of included 

patients are summarised in Table 1.  

 

EAT volume by software type 

There were significantly different measures of mean EAT volume between each software platform for both 

NCT and CE scans. Mean NCT EAT volume by Freeware software was 53 ± 31 mL, 93 ± 43 mL for Research 

software and 157 ± 64 mL for Coronary software; ANOVA p<0.001. Similarly, significant differences were 

noted for CE datasets: Freeware 41 ± 23 mL vs. Research 71 ± 38 mL vs. 147 ± 50 mL, p<0.001 (Figure 2, 

Table 2). Significant differences were seen between individual comparisons of volumes between each software 

type on post-hoc testing.  

 

EAT attenuation by software type 

There were significant differences noted with EAT attenuation values between platforms for NCT. Research 

software demonstrated the narrowest range and standard deviation of HU attenuation with mean -75±3 HU 

compared to freeware software which had the widest dispersion of data (mean -72 ± 25HU) and coronary 

software (mean -61 ± 10HU), ANOVA p<0.001. There were significant differences between groups on post-

hoc testing as well (Figure 2, Table 2).  
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Inter-scan and within software variability 

There were notable differences of NCT compared to CE scan EAT volumes and attenuation. Consistently, non-

contrast scans had higher overall EAT volume as well as attenuation compared to CE (Figure 3). Bland-Altman 

plot analysis demonstrated a very high level of agreement with research software for both EAT volume as well 

as attenuation (Figure 4) with no specific visual systematic differences. Research software consistently 

demonstrated a higher volume on NCT scans (bias 26mL) with 95% lower bound limit of agreement 2mL. 

Comparatively, freeware and coronary software also consistently demonstrate average higher EAT volume on 

NCT with smaller bias values than research, but markedly variable lower bound limits of agreement (Freeware 

bias 11mL, 95% lower LOA -46mL; Coronary bias 10mL, 95% lower LOA -127mL). The absolute differences 

in attenuation were significantly lower with research specific software, (mean difference 3 ± 3HU) compared 

to freeware (14 ± 29HU) and coronary software (22 ± 13HU). 

 

Inter-observer agreement 

There was an excellent level of agreement of EAT volume with research software with an intra-class correlation 

co-efficient of 0.98 (95% CI 0.96-0.99, p<0.001). Moderate agreement was noted with coronary and freeware 

software, although not as high as research specific software: coronary ICC 0.75, 95% CI 0.55-0.87, p<0.001); 

freeware ICC 0.73, 95% CI 0.38-0.88, p<0.001). Bland-Altman plots similarly demonstrated a high level of 

agreement for research software with narrow limits of agreement (bias 0.9mL, 95% LoA -12 to 12mL) compared 

to freeware (bias -3mL, 95% LoA -56 to 50mL) and coronary software (bias 30mL, 95% LoA -42 to 100mL).  

Similarly, high levels of agreement were seen for attenuation with research software with excellent agreement, 

ICC 0.95 (95% CI 0.92-0.99) and poor agreement for freeware (ICC 0.52 (95% CI 0.03-0.76)) and coronary 

software (ICC 0.54 (0.06-0.78)) (Table 3, Figure 4).  

 

DISCUSSION 

This is the first study of an inter-software and inter-scan comparison of EAT volume and attenuation 

measurements utilising a research specific, freeware DICOM processing and coronary specific software. Our 

main findings can be summarized as follows: (1) Calculated EAT volumes differ significantly between software 

programs regardless of scan type; (2) NCT scans have higher mean EAT volume and attenuation compared to 
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contrast-enhanced scans, although only research specific software maintains this consistently compared to other 

vendors; (3) Research specific software has the highest reproducibility, agreement and precision for both inter-

scan and observer agreement compared to a freeware and a coronary-specific software program. In the absence 

of an anatomical gold standard, this suggests that a robust research specific software is the ideal platform for 

analysis of EAT.  

 

Epicardial Fat Measurement 

Epicardial fat is the natural visceral adipose tissue of the heart lying beneath the visceral pericardial layer and 

the myocardium. Paracardial fat is situated above the fibrous pericardial layer. Together, paracardial and 

epicardial fat are often regarded as pericardial adipose tissue214. However, both are highly unique with different 

embryologic origins, blood supply and relationships with disease. EAT is immediately apposed to the 

underlying myocardium without any fascial separation and often extends into the adjacent muscle 26. EAT is 

also differentially distributed around the heart with the greatest volumes seen around the right ventricle 57. 

Therefore, the ability to adequately excise and measure complete EAT at autopsy is technically challenging and 

time consuming, with potential contamination from adjacent paracardial fat as an additional confounder. As 

such, no large systematic studies have been performed to compare post-mortem and radiographic EAT volume. 

It is for this reason that there remains no consensus on population thresholds for EAT measurements and reliance 

is placed on radiographic imaging techniques to delineate and measure EAT.  

 

This lack of a gold standard for EAT assessment has resulted in variably reported volumes from several imaging 

studies which has the effect of decreasing generalisability and diminishing the clinical utility of this parameter. 

Furthermore, much of the literature has adopted linear EAT thickness measurements which has shown poor 

reproducibility and disease association compared to volumetric measures 211. Despite this, multiple studies are 

still routinely performed with EAT volume or thickness measures to assess associations with cardiac and non-

cardiac disease. The rationale for EAT assessment is due to its idiosyncratic location and potential as an 

endocrine organ. Adipose tissue is abundant in pro-inflammatory mediators which may infiltrate, by vasocrine 

and paracrine effects, into the neighbouring coronary arteries and myocardium resulting in pathologic 

dysfunction73. EAT is also proposed to have protective benefits, by providing a cushioning support for the 



 144 

coronary arteries and as an energy store in times of cardiac stress 215. As all patients have some degree of EAT, 

it may in fact not be the quantity but rather, the quality of EAT that leads to disease. Recent evidence suggests 

that EAT attenuation may be a marker of adipose dysfunction over volume alone and has shown promise in 

refining the role of EAT in cardiovascular disease 216-220. CT assessment of adipose tissue is reliant upon 

radiologic attenuation. Higher, or more ‘negative’ HU values suggest greater lipid content and more ‘positive’ 

values suggest higher water content, or alternatively, smaller and less mature lipids221. It has been suggested 

that inflammation is a driving force for arrest of lipid maturation222 and therefore EAT may serve as a marker 

of adjacent vascular inflammation223. Conversely, larger lipid content may result in a greater proportion of 

dysfunctional adipokines that can cause vascular and metabolic damage224. This bidirectional communication 

of cytokines is a principal hypothesis for the pathologic relationship between EAT and cardiac disease225. This 

may suggest a dynamic relationship between inflammation and adipose tissue and EAT may be influential to 

atherogenesis and alteration in plaque morphology which is strongly related to poor outcome226.  

 

Inter-software volume and attenuation 

In our study, we demonstrated marked differences in EAT volume assessed between software programs. This 

important finding reflects the uncertainty of a generalizable threshold for EAT volume that associates with 

disease with several suggested cut-off values within the literature139. Similarly, significant differences were seen 

with mean HU attenuation. However, it is notable that the standard deviation of attenuation with research 

software was very low (±3 HU) compared to other software (±25 HU for freeware and ±10 HU for coronary), 

suggesting significantly better precision (standard error 0.6HU). This finding held true for both NCT and CE 

scans. Contrast enhancement significantly lowered the mean attenuation in all software programs, although the 

absolute difference with research software was very low, at 3HU which overlaps the standard deviation of NCT.  

 

Inter-scan volume and attenuation  

We noted a significant difference in EAT volume between scan types. This has been previously reported in 

similar small studies that report higher values of EAT volume with NCT 212, 227. This is not a surprising finding 

and can be explained by partial voluming artefact from luminal contrast enhancement, image interpolation and 

differing spatial resolution, as well as potential vascularity of adipose tissue72. Research software consistently 
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demonstrated higher NCT volumes (mean difference 26mL) with a lower 95% limit of agreement of 2mL with 

no cases of discordance. While freeware and coronary software also had positive mean differences indicating a 

general disposition of higher NCT vs CE EAT volumes, the comparative lower 95% limits of agreement with 

freeware and coronary software were -46mL and -127mL respectively suggesting potentially marked 

underestimation of EAT. Previous studies have suggested changing the upper attenuation threshold to better 

approximate volumes between scans212, however this alteration will dramatically alter mean attenuation values 

which may then be uninterpretable.   

 

Marked differences were noted between NCT and CT mean attenuation values for freeware and coronary 

software, with nominally very small absolute difference for research software, despite a significant difference 

between scan type reflective of the narrow data spread. The marked differences in non-research software 

accompanied by their imprecision demonstrated by their wide dispersion of data reduces confidence with these 

post-processing methods. Given emergent data of the importance of HU attenuation thresholds associated with 

disease, a more resolute software is preferable. Higher attenuation values may mislead researchers given the 

association with vascular inflammation and dysfunctional adipose tissue. 

 

Observer Agreement 

While most EAT studies do report inter and intraobserver agreement for volume measures, no study has 

compared differences in post-processing software. We show that inter-observer agreement was near perfect with 

research software with very narrow limits of agreement on the Bland Altman plot. While good agreement was 

still demonstrated with coronary and freeware software based on the intraclass correlation coefficient, a wider 

dispersion of data points was visually noted on Bland Altman plot with broad limits of agreement suggesting 

less satisfactory agreement.  

 

There is inherent appeal to extend the use of a standard coronary reporting platform, or use a freely available 

and modifiable image processing software rather than a dedicated software tool which requires additional time 

for measurement. However, similar to any diagnostic software tool, rigorous assessment is required before any 

software can be considered satisfactory for clinical application. Our findings suggest that software variability 
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may explain some of the contrasting results seen in epicardial fat research. The research software employed 

(QFAT) has been rigorously tested for its application of adipose tissue measurement. In its inception, individual 

voxel limits pertaining to adipose tissue were determined from training datasets and then applied to epicardial 

adipose tissue boundaries by segmentation of connected voxels within a defined CT attenuation range (-190 to 

-30HU) 207. This technique has been further refined with serial improvements and image filtering to a point of 

complete automation with deep learning techniques228. The technique and calculation algorithms of other 

software is not readily available, and does not have as substantial a publication background.  

 

Limitations 

We acknowledge several limitations with our study. Firstly, we have tested only three of the multiple software 

packages available for EAT research and our results may not be germane to other platforms. Additional analysis 

with other software is required to assess if our results hold true. Secondly, as mentioned, given the lack of a 

reference standard for EAT volume we instead focused on agreement and precision of sample estimates to guide 

a more robust radiographic tool which arguably may be superior to autopsy sampling given the challenge of 

EAT dissection. Thirdly, our sample size is small and heterogeneous. Finally, we did not have access to 

underlying algorithms for fat segmentation and therefore cannot mechanistically or mathematically explain our 

results or provide a correction factor. The inference of narrow standard deviation in research software however, 

infers a higher degree of fidelity. 

 

CONCLUSION:  

We found significant differences in inter-platform EAT assessment for both volume and attenuation measures. 

Research-specific software appears to have the highest level of agreement, reliability and precision compared 

to the tested freeware and coronary software platform and may be the preferable tool for EAT assessment in 

future studies.  
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Table 1: Patient demographics 

Age (years) 58 ± 15 

Male gender (%) 56% 

Hypertension (%) 48% 

Hyperlipidaemia (%) 45% 

Diabetes (%) 24% 

Smoking (%) 36% 

BMI kg/m2 28 ± 4 

No coronary atheroma (%) 15% 

Non-obstructive <50% stenosis (%) 59% 

Obstructive ≥50% stenosis (%) 26% 

Data presented as percentage of the whole population or mean ± standard deviation 
Stenosis is at a patient level 
BMI – body mass index 
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Table 2: Summary of CT EAT volume and attenuation 

 Freeware Research Coronary p-value 

 NCT 

Volume (Mean ± 

SD) (mL) 
53 ± 31 93 ± 43 157 ± 63 <0.001 

Attenuation 

(Mean ± SD) (HU) 
-72 ± 25 -75 ± 3 -61 ± 8 0.001 

 CE 

Volume (Mean ± 

SD) (mL) 
41 ± 23 71 ± 38 147 ± 50 <0.001 

Attenuation 

(Mean ± SD) (HU) 
-57 ± 26 -72 ± 4 -39 ± 14 <0.001 

p-value for trend by ANOVA. CE – contrast enhanced. NCT – non-contrast CT 
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Table 3: Observer variability for inter- and intra-observer differences 
 Freeware Research Coronary 

Bias 95% LoA ICC (95% CI) Bias 95% LoA ICC (95% CI) Bias 95% LoA ICC (95% CI) 

Volume 11 -46 to 69 0.73 (0.38-0.88) 26 2 to 53 0.98 (0.96-0.99) 10 -127 to 147 0.75 (0.55-0.87) 

Attenuation -14 -71 to 43 0.52 (0.03-0.76) -3 -9 to 3 0.95 (0.92-0.99) -22 -48 to 4 0.54 (0.06-0.78) 

Data from non-contrast CT  
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Figure 1: Inter-vendor EATv and EATa comparison

 
Inter-vendor comparison of EAT volume and attenuation in non-contrast (left) and contrast enhanced 
(right) images by freeware, research and coronary software platforms. This demonstrates marked differences 
in calculated volumes despite similar visual appearance.  
EAT – epicardial adipose tissue, mL – millilitres, HU – Hounsfield units  
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Figure 2: Differences in EAT parameters by contrast and non-contrast CT 

 

Differences in EAT volumes and attenuation for non-contrast (A, C) and contrast enhanced (B, D). There are significant volumetric and attenuation differences seen 
between each software platform overall and with pairwise comparison. Notably, the standard deviation for EAT attenuation with research software is narrower 
compared to other software.  
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Figure 3: Inter-scan differences by software type 

 
Inter-scan differences by software type. EAT volume by non-contrast vs. contrast (A-C) and attenuation (D-F) are depicted. This demonstrates that there are 

significant differences between NCT and CE regardless of software with a smaller volume and higher attenuation on contrast scans. However, absolute differences 

with research software attenuation is low (-3 HU) compared to -14HU for freeware and -21HU for coronary software.  

CE – contrast enhanced, EAT – epicardial adipose tissue, HU – Hounsfield units, mL – milliliters, NCT – non-contrast CT 
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Figure 4: Bland-Altman comparison for inter-scan differences and inter-observer variability 

 
Bland-Altman plots for inter-scan differences by volume, attenuation and inter-observer variability by software type (freeware-left panel; research- middle panel; 
coronary- right panel) This visually demonstrates high levels of agreement for research software (all y-axis scales are consistent). Importantly, NCT consistently had a 
higher volume than contrast only with research software (mean difference 26mL) with over and underestimation on freeware and research software 
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ABSTRACT 

Background 

Epicardial adipose tissue (EAT) is cross-sectionally associated with cardiovascular risk. However, the 

longitudinal change in EAT volume (EATv) and density (EATd), and potential modulators of these 

parameters, has not been described.   

Methods 

We prospectively recruited patients with non-obstructive coronary atherosclerosis on baseline 

computed tomography coronary angiography (CTCA) performed for suspected coronary artery disease 

to undergo a repeat research CTCA. EATv in millilitres (mL) and EATd in Hounsfield units (HU) 

were measured by observers blinded to clinical and scan data. Multivariable regression analysis 

controlling for traditional cardiovascular risk factors (CVRF) was performed to assess for any 

predictors of change. Secondary analysis was performed based on statin therapy.  

Results 

There were 90 patients included for analysis with median duration between CTCA of 4.3 years. Mean 

EATv increased at follow-up (72±33mL to 89±43mL, p<0.001) and mean EATd decreased (baseline 

-76±6 HU vs. -86±5 HU, p<0.001). There were no associations between baseline variables of body 

mass index, age, sex, hypertension, hyperlipidaemia, diabetes or smoking on change in EATv or 

EATd. No difference in baseline, follow-up or delta EATv or EATd was seen in patients with (60%) 

or without statin therapy.  

Conclusions 

In this select group of patients, EATv consistently increased and EATd consistently decreased at long-

term follow-up and these changes were independent of CVRF, age and statin use. Together with the 

knowledge of strong associations between EAT and cardiac disease, these findings may suggest that 

EAT is an independent parameter rather than a surrogate for cardiovascular risk.  

Keywords: Epicardial adipose tissue, Epicardial fat, Natural History, Longitudinal 
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INTRODUCTION 

Epicardial adipose tissue (EAT) has been described to associate with coronary artery disease139 as well 

as influence myocardial function and geometry205.  It has been suggested that vasocrine or paracrine 

effects may be the intermediary for transmission of pro-inflammatory adipokines from dysfunctional 

adipose tissue to the adjacent myocardium or coronary vasculature73. Additionally, local compressive 

forces of excess EAT may result in reduced myocardial compliance and subsequent diastolic 

dysfunction. However, most studies are cross-sectional in nature and the natural history of EAT is not 

well described. The few published studies are limited to small cohorts of either asymptomatic patients 

undergoing cardiac screening30, 229, or elevated-risk patients either after an acute coronary syndrome, 

or with the presence of high risk coronary plaque characteristics230 . EAT is best evaluated by 

volumetric measurement on computed tomography (EAT)141, a non-invasive radiography modality 

designed for use in low-intermediate risk symptomatic patients. As EAT is universal to human 

anatomy, it is important to evaluate its natural evolution in this cohort to better understand what 

cardiovascular risk factors may influence its change as it thus far remains simply an associative marker 

of cardiac risk that is thought to be modulated by other metabolic markers or obesity measures. 

Furthermore, the notion of EAT function as assessed by the attenuation of fat, has emerged as an 

alternative marker of risk beyond simply the total volume of EAT alone217. The long-term natural 

history of EAT has not been assessed in general cohorts of suspected coronary artery disease that 

comprise the vast majority of patients undergoing coronary assessment on CT coronary angiography, 

most of whom will have non-obstructive CAD110.  

 

Therefore, we sought to prospectively examine the long-term changes in EAT volume and density in 

a cohort of patients with mild, non-obstructive coronary artery disease only. We also sought to evaluate 

the potential effect of statin therapy on these markers.  
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METHODS 

Patients were retrospectively identified from a registry of patients who underwent CT coronary 

angiography at Monash Heart, Monash Health, Melbourne, Australia between 2010-2012. The primary 

inclusion criteria for all patients was the presence of coronary atherosclerosis in at least 1 coronary 

segment and no visual diameter stenosis of ≥50% of the lumen. Patients were excluded if they had any 

previous coronary intervention. Patients were randomly selected from the registry in a consecutive 

fashion using a random number generator to avoid selection bias. Once the primary inclusion and 

exclusion criteria was met, they were contacted and invited to return for a research specific coronary 

CT. In the event of pregnancy or a reduction in glomerular filtration rate (GFR) <30mL/min or 

withdrawal of consent, research CTCA would not be performed. Baseline cardiovascular risk factors, 

and statin use were obtained from the medical record and patient interview and prospectively recorded 

at follow-up scan. All follow-up scans were performed between 2015-2018. Written informed consent 

was obtained in all patients and the study was approved by the local ethics committee 

 

All efforts were made to match scan parameters, particularly for kV between baseline and follow-up 

CT and all CT were performed using a 320-row multi-detector CT using previous institutional 

protocol206. Briefly, all studies were performed on a 320-detector row system (AquilionOne, Toshiba 

Medical Systems, Tokyo, Japan). Nitro-glycerine 400 µg sublingually was administered prior to 

contrast injection. A bolus of 75mL of 100% Iohexal (Omnipaque 350) was administered at 6mL/s 

followed by a 50mL normal saline chaser. Scanning was manually triggered when peak contrast 

enhancement in the left ventricle was observed with no enhancement in the right ventricle. Scans were 

performed via an axial technique with detector collimation of 320mmx0.5mm and no requirement for 

table movement due to 16cm cranio-caudal coverage. Prospective electrocardiographic triggering at 

70-85% phase window was performed in all patients. Images were reconstructed with a 512x512 

matrix, 0.5mm thick sections and 0.25mm increments with adaptive iterative dose reduction and 
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standard and asymmetric cone beam reconstruction. Rate control therapy was used to aim for 

acquisition heart rate <65bpm.   

 

Measurement of EAT was performed according to previously described methods141. Briefly, the upper 

EAT boundary was considered to be the bifurcation of the pulmonary trunk and the lower most portion 

of the cardiac apex were the last slice of the posterior descending artery was seen. Pericardial contours 

were manually traced at 5-10 slice intervals with observation for interpolation and adjustment 

performed if required. Adipose tissue was quantified using threshold of -190 Hounsfield units (HU) 

and -30 HU. The mean density of EAT was recorded. Inter and intra-observer variability demonstrated 

excellent correlation with both intra-class correlation coefficients of 0.98 respectively.  

 

Outcomes: 

There were two co-primary outcomes 

1. The first co-primary outcome was the difference in follow-up compared to baseline EAT 

volume  

2. The second co-primary outcome was the difference in follow-up compared to baseline EAT 

density. 

3. Secondary analysis was performed to assess differences in the primary outcomes based on 

statin use 

 

Statistical analysis 

Analysis was performed using STATA 14/MP (StataCorp Ltd, TX). Categorical variables are 

presented as number and percentage, and continuous variables as mean with standard deviation, or 

median inter-quartile range. Normality was assessed visually using histogram plots. Categorical 

variables were compared using McNemar test for paired observations, and chi-squared test for 
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unpaired observations. Continuous data was compared using the paired t-test. Spearman rank 

correlation coefficients (rho) were reported for baseline comparison of EAT with independent 

variables. Ordinary least squares simple and multiple linear regression was used with change in EAT 

volume and change in EAT density (follow up – baseline) as the outcome variable of interest. Beta-

coefficients with standard errors are reported for linear regression. We performed a binary logistic 

regression for analysis with a change of 10% EAT from baseline as the outcome variable and report 

results as odds ratios with 95% confidence intervals on univariable and multivariable regression. For 

body mass index, the delta value (BMI at second scan – BMI at first scan) as well as percentage change 

in BMI [(BMI at second scan – BMI at first scan) / BMI at first scan × 100] was used. Inter- and intra-

observer agreement was evaluated by the intra-class correlation coefficient. A two-tailed p<0.05 was 

considered statistically significant.  

 

RESULTS: 

There were 100 patients initially identified with 90 patients included in the final analysis. Of the 10 

excluded patients, 3 withdrew consent, 3 had GFR<30mL/min, and 4 had image quality that was 

suboptimal for adequate evaluation of EAT on the baseline CT scan. None of the identified patients 

had a significant coronary or cardiac event in the antecedent time period.  

 

Baseline demographics are presented in Table 1. The mean age was 59 ± 11 and 58 (64%) were male 

patients. There was no difference in traditional risk factors of hypertension, diabetes, dyslipidaemia, 

smoking or family history of premature coronary disease. There were 54 (60%) of patients on statin 

therapy which was not different at follow-up. The mean segment involvement score was 2 ± 1.5. The 

median follow-up duration was 4.3years (IQR 4.1 to 5.5y, range 3 to 7.8y).  
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Baseline EATv correlated with baseline BMI (rho = 0.39, p=0.009) but no other clinical cardiovascular 

risk factors (Table 2). This relationship remained consistent when all variables were forced into a 

multivariable regression model (BMI β=1.935, p=0.03) (Table 2).  

 

Primary outcome: 

Mean EAT volume significantly increased at follow-up (baseline 72 ± 33mL vs follow-up 89 ± 43mL, 

p<0.001 (Figure 1A). Mean EAT density significantly decreased (more negative) over time (baseline 

-76 ± 6 HU vs. -86 ± 5 HU, p<0.001) (Figure 1B).  

 

The mean change in EAT was 16mL ± 15mL (range -20mL to 71mL). Only two patients demonstrated 

an absolute reduction in EATv. We further analysed EAT change by an increase in 10% of the baseline 

EAT value which demonstrated that 72 (80%) of patients had an increase of 10% of the baseline EAT.  

On assessment restricted to subjects who had an absolute increase in EAT there were no significant 

associations between clinical variables and increase in EAT at follow-up (Table 3). Increasing age 

was associated with a reduction in the odds of a greater than 10% change in EAT at a univariable level 

(OR 0.91 95% CI (0.83-0.99), p=0.03), however this association was attenuated, and no longer 

statistically significant in the multivariable logistic regression model (Table 3).  

 

There was no significant association either at univariable or multivariable analysis for EAT density 

(Table 4). The mean change in EATd was -10 ± 6 HU with 3 patients demonstrating an increase of 

density over time. Only absolute change in BMI was associated with a change in EATd at a univariable 

level with increasing change in BMI associated with decreasing (more negative) EATd (beta -0.39, 

p=0.008), but this was no longer significant at multivariable analysis (beta -0.16, p=0.22).  No other 

variables were associated with a change in EATd (Table 4).  
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Effect of statin therapy: 

There was no difference in baseline EATv by statin use although numerically, statin-taking patients 

had a higher EATv (statin EATv 76 ± 31mL vs 66 ± 35mL, p=0.29). No significant difference was 

noted with follow-up EATv by statin group (statin EATv 94 ± 41mL vs. 81 ± 44mL, p=0.15). There 

was no difference in delta EATv by statin group (statin 17 ± 14mL vs. 15 ± 17mL, p=0.48).  

No difference was demonstrated for EATd at baseline or follow-up by statin stratification: baseline 

statin -76 ± 6 HU vs -77 ± 5 HU, p=0.34; follow-up -87 ± 5 HU vs. -85 ± 5 HU, p=0.18) and no 

predictors of change in density on simple and multivariable regression modelling (data not shown). 

Inclusion of statin therapy in the multivariable models of EATd or EATv did not result in statistical 

significance.  

 

DISCUSSION 

In this select cohort of symptomatic low-risk suspected CAD patients with long-term follow-up and 

serial CTCA, we demonstrate a consistent increase in absolute EATv and decrease in EATd over time. 

We also show that there were no significant clinical risk factors that independently associated with 

longitudinal changes in EATv or EATd. Furthermore, the use of statin therapy did not influence 

baseline or follow-up values. Coupled with the knowledge that EAT has demonstrated significant 

associations with cardiac disease, these findings may suggest that EAT is an independent parameter 

rather than a surrogate for cardiovascular risk.  

 

EAT volume, and more recently attenuation have been increasingly investigated in the literature for 

associations with cardiac disease133, 217, 220, 231-233. Several studies have demonstrated significant cross-

sectional relationships between EAT and cardiac disease, however a lack of longitudinal data prevents 

understanding of what therapies or targets may be a modulating factor for EAT.  
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We noted a significant relationship between EAT and baseline BMI which confirms the findings of 

other studies that suggest EAT is related to markers of clinical obesity87. However, this association 

was no longer significant after inclusion of other clinical risk factors. This is likely due to confounding 

from other variables such as hypertension, diabetes and dyslipidaemia that are also strongly related to 

BMI and mirrors the attenuated relationship of obesity and future coronary disease risk when 

traditional risk factors are included in multivariable modelling25. While several studies have suggested 

weight loss may result in EAT reduction137, these reports are significantly limited by the use of linear 

thickness measurements of EAT which has been shown to be substandard compared to volumetric 

measures141. In a study evaluating the effect of bariatric surgery in severely obese patients, there was 

a significant reduction in EATv as assessed on cardiac magnetic resonance imaging, however this was 

not correlated with body fat percentage loss or non-epicardial visceral fat loss234. Another study that 

evaluated serial non-contrast CT change in EAT in an asymptomatic observational cohort, a greater 

percentage change in BMI on follow-up was associated with a greater percentage change in EAT230. 

However, this study is significantly different to ours in that only a third of the patients had established 

atheroma, follow-up CT was incidentally performed rather than mandated by research protocol which 

may result in selection bias, and there was no change in mean BMI between scans with an absolute 

difference of only 0.2kg/m2.    

 

In a community cohort of 623 asymptomatic Japanese men aged 40-79 years, serial cardiac CT at 4.7 

year mean follow up demonstrated a significant increase in EAT volume229. The only clinical risk 

factor associated with change in EATv was current smoking. In our study, smoking did not associate 

with change in EATv however this may be driven by a very low prevalence (<20%) of smokers in our 

cohort that combined both ex- and current smokers compared to a 30% prevalence of current and 52% 

ex-smoker cohort in the aforementioned study.  No other studies have described potential predictors 
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of change in EATv on serial prospective CT, and there are no studies that review serial changes in 

EATd.  

 

EATd is hypothesised to be a marker of adipose tissue activity, or may even represent a marker of 

vascular inflammation217. As EAT is present in all human anatomy and differentially distributed 

around the myocardium, it is possible that the activity of EAT may have a greater effect on cardiac 

and coronary dysfunction. Statins are well described pleiotropic agents that have anti-inflammatory 

properties235. Interestingly, we did not demonstrate any difference in mean EATd by statin 

stratification and this may be due to EATd representing a mean attenuation of the totality of EATv. 

There may be influence on regional EAT differences or on pericoronary adipose tissue attenuation, a 

novel proposed imaging biomarker of vascular inflammation216. We did note a nominally higher EATv 

in statin taking patients. The association between statin use and accumulation of organ and body fat 

has been described236, however it remains a subject for further study to evaluate whether statin use 

may increase EAT volume but alter EATd, as well as other potential anti-inflammatory agents that 

have effects on cardiovascular disease237.  

 

While higher volumes of EATv are considered to be pathologic in the associations with cardiac disease, 

it is not certain whether changes in EATv associate with disease. It is possible that EAT increased as 

a function of age. EATv has been described to increase in parallel to changes in LV mass on necropsy 

assessment57. LV mass significantly increases with age238 and it is possible that changes in LV mass 

may account for the increase in EATv. Further analysis of this factor as well as association with any 

progression of coronary disease or cardiac dysfunction are required. In addition, there are no endorsed 

populations thresholds for EATv or EATd that associate with disease with numerous cut-points 

described in the literature. As the purpose of this study was purely an observational assessment of the 
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natural history of EAT parameters, it is not clear whether these changes may result in disease or 

whether change in coronary atheroma was evident. This remains a subject for further assessment.  

We acknowledge several limitations in our study. Firstly, this is a small cohort of highly selected 

patients with only minimal or mild coronary artery disease and therefore our results may only apply to 

similar patient populations. Secondly, we did not evaluate continuous markers of cardiovascular risk 

factors such as bloods pressure levels, cholesterol profile indices or HbA1c levels and instead used 

binary variables of presence or absence of pathology. There may be specific thresholds which may 

associate with changes in EATv or EATd and this needs to be further investigated. Thirdly, we only 

evaluated clinical risk factors that were forced into a multivariable model and cannot account for other 

potential mediators such as ethnicity, coronary artery disease extent and severity or other medical 

therapies. However this is reflective of the current literature in examining relevant associations of 

EAT. Finally, there is potential for error in using delta EAT values with potential overlap from test-

retest variability. Our previous work has demonstrated limits of agreement up to 10mL higher or lower 

between observers with a mean bias however of only 1mL, however our inter-observer correlation was 

excellent at 0.98 with assessors blinded to scan timing and patient details. 

 

CONCLUSION 

Epicardial adipose tissue volume and density significantly change longitudinally in patients with non-

obstructive coronary artery disease with a consistent increase in EAT volume and consistent decrease 

in EAT density. There are no clinical risk factors that appear to associate with the change in EAT 

parameters and this effect is also independent of statin therapy. This finding may suggest that EAT is 

an independent marker, rather than surrogate of cardiovascular risk.   
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Table 1: Baseline and follow-up demographics in the 90 included patients 

Variable Baseline Follow-Up p-value 

Age (years) 59 ± 11 64 ± 9 P<0.001 

Sex (male) 58 (64%) - - 

BMI (kg/m2) 28.8 ± 6 29.0 ± 6 0.79 

Hypertension 50 (56%) 52 (58%) 0.83 

Hyperlipidaemia 56 (62%) 64 (71%) 0.37 

Family History 56 (62%) - - 

Smoking 26 (29%) 30 (33%) 0.65 

Diabetes 14 (16%) 20 (22%) 0.42 

Results are mean ± standard deviation or frequency (%).  
BMI – body mass index 
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Table 2: Univariable correlation and multivariable linear regression between clinical variables and baseline EATv 

 Correlation Multivariable 

Variable Spearman rho p-value β-coefficient Standard Error p-value 

Hypertension 0.21 0.16 11.461 9.622 0.241 

Smoking 0.07 0.65 2.389 10.779 0.826 

Hyperlipidaemia 0.16 0.27 -0.644 10.033 0.949 

Family History  0.03 0.86 -3.663 9.858 0.712 

Diabetes 0.17 0.26 2.420 13.494 0.859 

BMI 0.39 0.009* 1.935 0.857 0.03* 

Age 0.29 0.054 0.755 0.436 0.092 

Sex -0.17 0.24 -13.716 9.989 0.178 

BMI – body mass index; EATv – epicardial adipose tissue volume; IHD – ischaemic heart disease, 
* Denotes p<0.05 
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Table 3: Multivariable baseline associations of cardiovascular risk factors with delta EATv (absolute difference in EAT at follow-up and 

baseline), and when EAT modelled as >10% change compared to baseline 

 

 Multivariable linear regression  

(delta EAT volume) 

Multivariable logistic regression  

(EAT >10% baseline) 

Variable β-coefficient Standard Error p-value OR 95% CI p-value 

Hypertension -0.128 4.583 0.978 0.67 0.09-5.01 0.69 

Smoking 7.176 4.764 0.141 3.77 0.29 – 49.54 0.31 

Hyperlipidaemia -6.296 4.920 0.209 0.24 0.03 – 2.36 0.22 

Family History  -0.678 4.487 0.881 3.31 0.49 – 22.38 0.22 

Diabetes 8.751 6.106 0.161 3.71 0.21 – 66.89 0.37 

∆ BMI 0.582 0.363 0.118 1.01 0.90-1.14 0.83 

Age 0.185 0.193 0.343 0.91 0.81 – 1.007 0.07 

Sex -6.951 4.396 0.123 1.29 0.17 – 9.66 0.80 
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Table 4: Univariable correlation and multivariable linear regression between clinical variables and baseline EAT density; and delta density. 

 Correlation Multivariable baseline Multivariable delta EAT density 

Variable 
Spearman 

rho 
p-value β-coefficient 

Standard 

Error 
p-value β-coefficient 

Standard 

Error 
p-value 

Hypertension -0.14 0.37 -1.834 2.020 0.370 1.162 1.985 0.562 

Smoking -0.004 0.98 -0.097 2.263 0.966 -0.457 2.149 0.833 

Hyperlipidaemia 0.11 0.49 0.798 2.106 0.707 -1.630 2.148 0.453 

Family History  0.06 0.68 0.392 2.070 0.851 -0.140 1.936 0.943 

Diabetes 0.12 0.45 0.400 2.833 0.889 -2.360 2.746 0.396 

BMI^ 0.06 0.68 0.148 0.180 0.416 -0.335 0.163 0.074 

Age -0.11 0.49 -0.082 0.092 0.377 -0.028 0.085 0.742 

Sex -0.22 0.16 -3.581 2.097 0.096 1.986 1.940 0.313 

^ for change in density, the ∆ BMI was used as the independent variable 
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Figure 1: Longitudinal changes in mean EAT volume (A) and EAT radiodensity (B). 
 

 

Bar graphs with standard deviations demonstrate change in EAT volume and density from baseline to follow-up 

EAT – Epicardial Adipose Tissue, HU – Hounsfield Units, mL – millilitres 
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ABSTRACT 
Epicardial adipose tissue (EAT) is associated with invasively-derived coronary plaque composition in 

high-risk patients undergoing coronary intervention. EAT is optimally measured on computed 

tomography (CT) and quantified coronary plaque composition is feasibly evaluated on CT coronary 

angiography (CTCA) with good correlation to invasive methods. Therefore, CTCA allows 

simultaneous EAT and plaque evaluation in a single non-invasive test. The relationship between EAT 

volume (EATv) or density (EATd) and CTCA-quantified coronary plaque is not known. Two-thirds 

of patients undergoing CTCA will have non-obstructive (<50% diameter stenosis) coronary artery 

disease (CAD). We evaluated 100 consecutive patients with non-obstructive CAD to assess the cross-

sectional relationship between EAT and plaque composition in a typical CTCA population. EAT and 

plaque quantification was performed on semi-automated software for total plaque and high-risk plaque 

(HRP) features of fibro-fatty and necrotic core volume, and more stable phenotypes of fibrous and 

calcified plaque volumes. We evaluated qualitative HRP features, and qualitative plaque burden by the 

CT-Leamen and segment involvement score (SIS). Mean EATv was 66±30 millilitres and mean EATd 

-75±7 Hounsfield Units. On multivariable linear regression adjusted for cardiovascular risk factors, 

body mass index, age and gender, EATv was significantly and independently associated with total and 

quantified HRP volumes (all p<0.001), but not fibrous or calcified plaque (p>0.05). There was no 

association with plaque parameters and EATd. EATv independently associated with qualitative HRP 

(adjusted OR 1.04, 95% CI 1.01-1.08, p=0.01) but not with SIS or CT-Leamen score. CTCA feasibly 

evaluates quantified coronary plaque and EAT and there is a strong independent association with 

EATv and total and HRP composition.   
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INTRODUCTION 

Epicardial adipose tissue is a dynamic, biologically active fat repository that surrounds the 

myocardium. It encases the coronary arteries sharing a similar blood supply, as well as immediately 

apposing the epicardial coronary arteries with no fascial separation4. As such, it has been widely 

studied as a potential factor for atherogenesis with several studies demonstrating association with 

coronary artery disease presence and vulnerability139. Qualitative high-risk coronary artery plaque 

characteristics have been strongly associated with future major adverse cardiovascular events and are 

feasibly assessed using computed tomography coronary angiography226. More recently, quantitative 

methods of high risk plaque measurement using CTCA have demonstrated that components such as 

fibro-fatty plaque and necrotic core volume are of prognostic potential and correlate well with invasive 

markers of high risk plaque52. Published studies to assess an association of EAT with quantitative HRP 

have only been performed using invasive studies in patients planned for future coronary intervention 

or after acute coronary syndromes39, 128. These patients are already at elevated future cardiac risk and 

it remains uncertain whether EAT associates with quantifiable plaque characteristics in stable cohorts 

with non-obstructive CAD that comprise the majority of patients who undergo CTCA. Furthermore, 

EAT volume has been the only parameter evaluated in these studies, yet there is increasing 

investigation into whether EAT density as a marker of the functional activity of adipose tissue may 

effect dynamic coronary plaque modification through enhanced inflammation.  

 

We sought to evaluate the association of EAT volume (EATv) and EAT density (EATd) to the presence 

of quantitative high-risk plaque characteristics in a cohort of stable chest pain patients with non-

obstructive coronary artery disease.  
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METHODS 

We retrospectively identified patients with previous CT coronary angiography performed for suspected 

coronary artery disease, who were randomly selected from the Monash Heart CT coronary 

angiography database. Patients were consecutively selected through a random number generator. 

Patients included in the study had the presence of at least one segment of coronary plaque with no 

stenosis >50%. Patients with previously known CAD or previous intervention were excluded. Once 

patients were identified, baseline cardiovascular risk factors, lipid profile analysis and use of statin 

therapy was obtained from the medical record. We aimed to analyse 100 successive patients due to the 

significant time required for plaque level analysis in all coronary vessels.   

 

The protocol for CTCA examinations was performed according to departmental guidelines206. Briefly, 

all scans were performed on a 320-detector row CT (AquilionONE, Toshiba Medical Systems). Rate 

control therapy was prescribed at physician discretion to aim for an acquisition heart rate <65bpm. All 

patients received sublingual nitro-glycerine 1 minute prior to contrast injection. A bolus of 50mL of 

100% Iohexal (Omnipaque 350) was administered at 6mL/s followed by a 50mL normal saline chaser. 

Scanning was manually triggered when peak contrast enhancement in the left ventricle was observed 

with no enhancement in the right ventricle. Scans were performed via an axial technique with detector 

collimation of 320mmx0.5mm and no requirement for table movement due to 16cm cranio-caudal 

coverage. Prospective electrocardiographic triggering at 70-85% phase window was performed in all 

patients. Images were reconstructed with a 512x512 matrix, 0.5mm thick sections and 0.25mm 

increments with adaptive iterative dose reduction and standard and asymmetric cone beam 

reconstruction.  

 

Measurement of EAT was performed according to previously described methods141 using the QFAT 

software (Cedar Sinai, USA). The upper EAT boundary was considered to be the bifurcation of the 
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pulmonary trunk and the lower boundary as the last slice of the heart where the posterior descending 

artery was seen. Pericardial contours were manually traced at 5-10 slice intervals with observation for 

adequate slice interpolation and manual adjustment performed if required. Adipose tissue was 

quantified using a lower threshold of -190 Hounsfield units (HU) and upper threshold of -30 HU. 

 

All CTCA were anonymised and blinded to observer assessment. Plaque quantification was performed 

using the semi-automated AutoPlaq Software v9.7 (Cedar Sinai, USA) 239. CT images were examined 

in reformatted multiplanar views and a regional of interest placed in the aorta for each patient to define 

the reference blood pool attenuation. The three major epicardial coronary vessels (left anterior 

descending artery, right coronary artery and left circumflex artery) were examined from the ostium to 

the distal most portion of the vessel where the diameter <2mm. Contours for lumen and outer-wall 

were automatically generated after proximal and distal vessel points were selected, and these were then 

manually modified in longitudinal and cross-sectional planes as required. Pre-defined HU thresholds 

were utilised to define plaque characteristics: Necrotic core (-30 to 30HU), Fibro-Fatty (30 to 130HU), 

Fibrous (131 to 350HU) and Calcified plaque (CP) (>350HU) 51. High-risk quantified plaque was the 

summation of necrotic core and fibro-fatty volume. Non-calcified plaque (NCP) was the summation 

of necrotic core, fibro-fatty and fibrous plaque volume. Plaque burden was defined as the plaque 

volume normalized to the vessel volume (plaque volume/vessel volume x 100%).  Plaque composition 

was determined as a proportion (%) of each plaque component in reference to measurements of total 

plaque volume. We also quantified low-attenuation plaque (LAP) volume as any lesions with plaque 

<30HU27. Qualitative plaque characterisation was also performed. Plaque burden was qualitatively 

assessed by the segment involvement score240 as well as the CT-Leamen score241. High risk plaque 

features were also evaluated for presence of low attenuation plaque, positive remodelling, spotty 

calcification and napkin ring sign242. Representative example of EAT, quantitative and qualitative 

plaque measurement is displayed in Figure 1. 



 175 

Statistical Analysis:  

Categorical variables are expressed as frequency and percentage, and continuous variables as mean 

with standard deviation. Univariable and multivariable linear regression analysis was performed with 

individual plaque parameters as outcomes and independent variables of EATv or EATd which were 

forced into respective models with cardiovascular risk factors of body mass index, age, sex, 

hypertension, hyperlipidaemia, smoking and diabetes presence. To avoid model overfit, we also 

performed sensitivity analysis with forward and backward stepwise regression analysis which did not 

alter statistical significance in the forced entry model which is the final model reported. Results are 

presented as beta-coefficients with standard errors and a two-sided p-value of <0.05 was considered 

statistically significant. We also performed binary logistic regression analysis based on the presence 

of qualitative HRP and EATv and EATd adjusted for risk factors, and linear regression analysis as 

above for segment involvement score and CT-Leamen score as qualitative measures of plaque burden. 

We report the associations of only EATv and EATd in the body of the manuscript with the remaining 

independent variable parameters in regression models in the supplement. All analysis was performed 

in Stata 14/MP (StataCorp Ltd, TX, USA).  

 

RESULTS: 

There were initially 112 patients identified with 100 patients finally included for analysis. The 12 

excluded patients had corrupted images or imaging that was performed out of the required protocol. 

Baseline demographics are reported in Table 1. There were 12 patients on lipid lowering therapy 

(12%). The mean EATv was 66 ± 30mL and mean EATd was -75 ± 7 HU. Plaque composition and 

burden are reported in Table 1. The mean SIS score was 3 ± 2 segments, and the mean CT-Leamen 

score was 5 ± 4. There were 19 patients with at least one qualitative high risk plaque feature. EATd 

was moderately negatively correlated to EATv (-0.43, p<0.001).  
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Significant univariable associations were demonstrated between EATv and total plaque volume, total 

NCP volume, total LAP volume, total necrotic core volume, total fibro-fatty volume and total 

quantitative HRP volume (all p<0.001) with no association on total fibrous volume and calcified 

plaque volume (Table 2). On multivariable analysis adjusting for BMI, cardiovascular risk factors, 

age and gender, the associations attenuated but remained statistically significant (all p<0.01) (Table 

3, Figure 2). There were no significant associations for EATv with fibrous or calcified volume.  

 

There were no significant associations between the mean EATd and any absolute quantitative measure 

of plaque on univariable or multivariable regression analysis (Table 4, Figure 3). We demonstrated 

similar results between EATv and plaque burden with independent associations of increasing EATv 

and total plaque burden, total non-calcified, low attenuation, necrotic core and fibro-fatty burden. No 

association was demonstrated with fibrous and calcified burden. There was an independent association 

of increasing EATd with total plaque burden (beta 0.55, p=0.04) and fibro-fatty burden (beta 0.39, 

p=0.02), but no other plaque characteristics.  

 

There was no association between EATv or EATd and CT-Leamen score or SIS. There was a 

significant independent association of EATv with the presence of any qualitative HRP feature (OR 

1.04, 95% CI 1.01-1.08, p=0.01) (Supplement Table 1).   

 

DISCUSSION: 
 
In this consecutive cohort of patients with non-obstructive coronary artery disease undergoing CTCA, 

we report that EATv is associated with total coronary plaque volume and burden and quantifiable high-

risk plaque features of necrotic core and fibro-fatty plaque, but no association with more favourable 

characteristics of fibrous plaque and calcified plaque. This relationship is independent of traditional 

cardiovascular risk factors. We also demonstrate the EATd appears to associate with fibro-fatty plaque 
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burden, but no other measure of coronary plaque composition or burden. We believe this is the first 

such report of a study performed with CTCA which allows both EAT and plaque to be evaluated in a 

single test.  

 

EAT has been widely studied as a potential mediator of coronary artery disease. EAT is a visceral 

adipose tissue store4. Given its unique relationship with direct contact with the underlying myocardium 

and coronary arteries, it has been hypothesised to influence the development of atherogenesis due to 

the dynamic nature of dysfunctional adipose tissue which is abundant in cytokines known to associate 

with coronary plaque243. Through vasocrine and paracrine mechanisms, these cytokines might 

accelerate the atherosclerotic process and possibly result in plaque rupture73. 

 

Coronary atherosclerotic plaque is readily assessed on CTCA and now emerged as the first line 

recommendation for chest pain assessment in some guidelines244. The non-invasive nature of CTCA 

allows for rapid quantification of coronary plaque with limited adverse effects. The emergence of high-

fidelity software to assess both adipose tissue composition, as well as coronary plaque composition 

renders CTCA an ideal tool to evaluate the relationship between fat and plaque. Previous studies 

examining high risk plaque features on CT and association with EAT have been limited to qualitative 

characteristics only30, 122. While these demonstrate a significant association with prognosis, the 

prevalence of qualitative HRP is highly variable and dependent on the study population which greatly 

affects the positive predictive value226. The prevalence of qualitative HRP in large cohorts of stable 

chest pain populations is approximately 9%27 with greater proportions in patients with acute coronary 

syndrome242. The importance of compositional assessment of high risk coronary plaque was recently 

highlighted in the ICONIC trial. In this propensity-matched study, only 50% of patients with an ACS 

demonstrated qualitative HRP, however quantitative assessment of necrotic core and fibrofatty 

volumes were significantly higher in the plaques of patients who progressed to an acute coronary 
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syndrome52. The ability to quantify high risk plaque volumes rather than dichotomise according to the 

presence of qualitative HRP may better inform and risk stratify patients. 

 

Previous studies of EAT and quantified HRP features are restricted to invasive studies of patients 

undergoing coronary intervention. Our results confirm the findings of these intracoronary imaging 

studies in that higher EAT volume is associated with higher risk plaque features of necrotic core and 

fibro-fatty plaques, however represents a lower risk cohort of patients with non-obstructive disease. It 

is not feasible to routinely perform invasive assessment of stable coronary disease patients and the 

ability of CTCA to allow simultaneous assessment of EAT and plaque analysis in a single non-invasive 

test may allow refinement of this association across the full spectrum of patient risk.  

 

The radiodensity of adipose tissue has been considered a measure of the ‘quality’ of fat however there 

are significantly conflicting associations with heterogeneous study populations. Some studies have 

suggested a higher (less negative) attenuation represents underlying inflammation or fibrosis218, 220, 245, 

however lower attenuation is also associated with an adverse risk profile, coronary plaque presence, 

and thought to constitute lipid dense tissue122, 217, 219, 231, 246. Most recently, perivascular adipose tissue 

attenuation (the immediate layer of fat around the coronary arteries), has demonstrated a linear 

relationship between higher attenuation and cardiac mortality. These findings suggest a complex and 

dynamic interplay between cardiac adipose tissue, coronary plaque and systemic inflammatory status. 

We demonstrate that increasing EAT density was associated with greater fibro-fatty and total plaque 

burden. The significance of this association remains unclear given the lack of association with other 

plaque parameters. The ongoing study of inflammation and cellular cross-talk between fat and plaque 

features remains a subject for investigation 
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Limitations: 

We acknowledge several limitations in our study. Firstly this is a cross-sectional study of patients with 

non-obstructive coronary disease and the results cannot be immediately applied to other cohorts, 

particularly those with obstructive stenosis. However, we believe this is informative as our population 

is representative of the majority of patients undergoing CTCA. Secondly, we did not evaluate data 

pertaining to absolute lipid levels which have associations with coronary plaque characteristics as this 

data was not reliably available in all patients. We also did not analyse patients based on lipid-lowering 

and other cardiovascular therapies. There were very few patients on established statin therapy and 

therefore we chose not to perform subgroup analysis on this small cohort. However, given the low-

intermediate risk nature of these patients and the lack of definitive evidence that statin therapy is 

mandated in this population, we feel this is also reflective of the majority of patients who undergo 

CTCA. We also do not have outcome data to establish the prognostic relationship between fat and 

plaque.  

 

CONCLUSION: 

CTCA allows measurement of both EAT and quantification of coronary artery plaque. We demonstrate 

an association between EAT volume and increasing markers of high risk coronary artery plaque 

volume and burden that is independent of traditional cardiovascular risk factors. There is no association 

between EAT volume and fibrous or calcified plaque. The association between EAT density and 

coronary plaque composition is uncertain and requires further investigation.  
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Table 1: Demographics, Plaque Volumes and Plaque Burden 

Characteristic n=100 

Age 59 ± 9 

Sex (male) 69 (69%) 

Hypertension 38 (38%) 

Hyperlipidaemia 31 (31%) 

Diabetes 19 (19%) 

Smoking 18 (18%) 

Body Mass Index 28.5 ± 4 

Family History of CAD 14 (14%) 

Total plaque volume (mm3) 1347.9 ± 6231 

Total non-calcified plaque volume (mm3) 1309.8 ± 601.7 

Total low-attenuation plaque volume (mm3) 249.9 ± 179.9 

Total calcified plaque volume (mm3) 38.1 ± 52 

Total vessel volume (mm3) 3984.8 ± 1315.7 

Total necrotic plaque volume (mm3) 248.6 ± 179.9 

Total fibro-fatty volume (mm3) 833.5 ± 383.4 

Total fibrous volume (mm3)  211.4 ± 124.9 

Total necrotic + fibrous (mm3) 1082.1 ± 545 

Total plaque burden (%) 33.7 ± 10.1 

Total non-calcified plaque burden (%) 32.7 ± 9.7 

Total low-attenuation plaque burden (%) 6.1 ± 3.2 

Total necrotic plaque burden (%) 6.1 ± 3.3  

Total fibro-fatty plaque burden (%) 20.8 ± 6.2 

Total necrotic + fibro-fatty burden (%) 26.8 ± 8.9 

Total fibrous plaque burden (%) 5.4 ± 2.4 

Total calcified plaque burden (%) 0.99 ± 1.4 

Segment Involvement Score 3 ± 2 

CT-Leamen 5 ± 4 

HRP prevalence 19 (19%) 

EAT volume (mL) 66 ± 30 

EAT density (HU) -75 ± 7 

CAD – coronary artery disease, CT- computed tomography, HRP – high risk plaque, HU – Hounsfield Units, 
mL (millilitres)



 181 

Table 2: Univariable associations of EAT volume and EAT density with plaque volumes 

High-risk plaque represents necrotic core + fibro-fatty volumes.  
EAT- Epicardial adipose tissue 
 

 

  

 EAT Volume EAT Density 

Plaque volumes (mm3) β-coefficient Standard Error p-value β-coefficient Standard Error p-value 

Total plaque volume 10.84 2.59 <0.001 23.92 15.49 0.13 

Total non-calcified volume 10.58 2.49 <0.001 22.53 14.99 0.14 

Total low attenuation volume 3.06 0.76 <0.001 1.06 4.61 0.82 

Total necrotic core volume 3.09 0.75 <0.001 0.93 4.60 0.84 

Total fibro-fatty volume 6.45 1.62 <0.001 18.12 9.39 0.06 

Total high risk plaque 9.55 2.26 <0.001 19.05 13.62 0.17 

Total fibrous volume 0.98 0.60 0.11 3.31 3.16 0.30 

Total calcified volume 0.26 0.26 0.32 1.39 1.34 0.30 
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Table 3: Multivariable associations of EAT volume and EAT density with plaque volumes 

 EAT Volume EAT Density 

Plaque volumes (mm3) β-coefficient Standard Error p-value β-coefficient Standard Error p-value 

Total plaque volume 10.39 3.19 0.003 20.33 17.19 0.25 

Total non-calcified volume 10.26 3.08 0.002 18.87 16.69 0.27 

Total low attenuation volume 3.01 0.94 0.003 0.21 5.14 0.97 

Total necrotic core volume 3.05 0.94 0.003 0.03 5.14 0.99 

Total fibro-fatty volume 6.41 1.99 0.003 15.78 10.53 0.14 

Total high risk plaque 9.55 2.26 <0.001 19.05 13.62 0.17 

Total fibrous volume 0.85 0.75 0.26 2.89 3.59 0.43 

Total calcified volume 0.14 0.32 0.67 1.46 1.49 0.33 

Models adjusted for body mass index, age, sex, hypertension, hyperlipidaemia, diabetes, smoking 
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Table 4: Multivariable associations of EAT volume and EAT density with plaque burden 

 EAT Volume EAT Density 

Plaque burden (%) β-coefficient Standard Error p-value β-coefficient Standard Error p-value 

Total plaque burden 0.11 0.06 0.05 0.55 0.25 0.04 

Total non-calcified burden 0.12 0.06 0.04 0.49 0.25 0.06 

Total low attenuation burden 0.05 0.02 0.02 -0.02 0.09 0.84 

Total necrotic core burden 0.05 0.02 0.02 -0.02 0.09 0.79 

Total fibro-fatty burden 0.07 0.04 0.05 0.39 0.16 0.02 

Total high risk burden 0.12 0.05 0.02 0.35 0.23 0.15 

Total fibrous burden 0.001 0.01 0.94 0.12 0.06 0.08 

Total calcified burden -0.004 0.008 0.96 0.07 0.04 0.09 

Models adjusted for body mass index, age, sex, hypertension, hyperlipidaemia, diabetes, smoking 
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Figure 1: Case example of Epicardial fat, Qualitative and Quantitative plaque analysis from semi-automated software. Epicardial fat 
performed in QFAT and plaque performed using AutoPlaq.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
EAT volume and mean density in Hounsfield units (HU) is reported. Qualitative features based on visual assessment – there is positive remodelling and low-attenuation plaque which 
are qualitative high-risk plaque features. The segment involvement score (SIS) is 2 and CT-Leamen score is 5.5 to demonstrate plaque burden. Quantified plaque after manual vessel 
contouring with calcified plaque (yellow) and non-calcified plaque (red). Plaque volumes are automatically derived based on published thresholds  
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Figure 2: Scatter plots of EAT volume and plaque parameters of (A) Total Plaque Volume, (B) High-risk plaque (necrotic core + fibrofatty 
plaque), (C) Fibrous plaque and (D) Calcified plaque volume. Adjusted beta-coefficients and p-values from multivariable linear regression are 
displayed.  
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Figure 3: Scatter plots of EAT density and plaque parameters of (A) Total Plaque Volume, (B) High-risk plaque (necrotic core + fibrofatty 
plaque), (C) Fibrous plaque and (D) Calcified plaque volume. Adjusted beta-coefficients and p-values from multivariable linear regression are 
displayed. 
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Supplemental Tables: Full linear regression models for association of plaque and cardiovascular risk factors  
 
 

Total Plaque Volume  Beta coefficient  Std Error  p-value 
EAT volume 13.092 3.280 0.000 
Age 2.137 8.463 0.802 
Sex (male) -44.027 196.759 0.824 
Body Mass Index -35.174 16.260 0.038 
Smoking 92.969 201.400 0.647 
Hypertension 34.647 192.038 0.858 
Hyperlipidaemia -95.994 210.606 0.652 
Family History 53.434 184.167 0.774 
Diabetes 144.546 253.875 0.573 

  
 

Total Plaque Volume  Beta coefficient  Std Error  p-value 
EAT density 22.379 17.503 0.210 
Age 12.331 9.759 0.215 
Sex (male) -208.322 232.781 0.378 
Body Mass Index -14.008 18.161 0.446 
Smoking 114.520 240.560 0.637 
Hypertension 152.791 229.121 0.510 
Hyperlipidaemia -141.732 251.197 0.577 
Family History 56.231 220.037 0.800 
Diabetes 222.207 302.186 0.467 

  
 

 Total NCP Volume  Beta coefficient  Std Error  p-value 
EAT volume 12.943 3.142 0.000 
Age 1.659 8.108 0.839 
Sex (male) -36.274 188.503 0.849 
Body Mass Index -35.012 15.577 0.032 
Smoking 85.174 192.949 0.662 
Hypertension 16.412 183.980 0.929 
Hyperlipidaemia -82.648 201.768 0.685 
Family History 63.110 176.439 0.723 
Diabetes 132.581 243.222 0.589 

 
 

Total NCP Volume  Beta coefficient  Std Error  p-value 
EAT density 20.902 16.978 0.227 
Age 11.680 9.466 0.226 
Sex (male) -203.479 225.803 0.374 
Body Mass Index -13.895 17.617 0.436 
Smoking 107.483 233.349 0.648 
Hypertension 131.483 222.253 0.558 
Hyperlipidaemia -127.504 243.667 0.604 
Family History 66.581 213.441 0.757 
Diabetes 209.343 293.127 0.480 

  
Total LAP Volume  Beta coefficient  Std Error  p-value 
EAT volume 3.708 0.981 0.001 
Age 0.408 2.531 0.873 
Sex (male) 20.536 58.834 0.729 
Body Mass Index -9.089 4.862 0.071 
Smoking 12.320 60.222 0.839 
Hypertension 19.760 57.422 0.733 
Hyperlipidaemia 3.726 62.974 0.953 
Family History 9.385 55.069 0.866 
Diabetes 30.811 75.913 0.688 
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Total LAP Volume  Beta coefficient  Std Error  p-value 
EAT density 0.525 5.272 0.921 
Age 3.026 2.940 0.311 
Sex (male) -48.737 70.119 0.492 
Body Mass Index -2.180 5.471 0.693 
Smoking 23.198 72.463 0.751 
Hypertension 45.015 69.017 0.519 
Hyperlipidaemia -7.514 75.667 0.922 
Family History 13.536 66.281 0.839 
Diabetes 52.737 91.026 0.566 

  
 

Total Necrotic Core Volume  Beta coefficient  Std Error  p-value 
EAT volume 3.747 0.976 0.001 
Age 0.391 2.518 0.878 
Sex (male) 20.572 58.547 0.728 
Body Mass Index -9.075 4.838 0.070 
Smoking 14.169 59.928 0.815 
Hypertension 17.250 57.142 0.765 
Hyperlipidaemia 1.753 62.667 0.978 
Family History 9.225 54.800 0.867 
Diabetes 32.958 75.542 0.666 

  
 

Total Necrotic Core Volume  Beta coefficient  Std Error  p-value 
EAT density 0.328 5.272 0.951 
Age 3.027 2.939 0.311 
Sex (male) -50.212 70.116 0.479 
Body Mass Index -2.063 5.470 0.709 
Smoking 25.326 72.459 0.729 
Hypertension 42.481 69.013 0.543 
Hyperlipidaemia -9.544 75.663 0.900 
Family History 13.535 66.277 0.839 
Diabetes 55.110 91.021 0.549 

  
 

Total Fibrofatty Volume  Beta coefficient  Std Error  p-value 
EAT density 17.086 10.712 0.121 
Age 7.057 5.972 0.246 
Sex (male) -126.809 142.463 0.380 
Body Mass Index -8.918 11.115 0.428 
Smoking 79.450 147.224 0.593 
Hypertension 60.797 140.223 0.668 
Hyperlipidaemia -103.727 153.734 0.505 
Family History 61.232 134.664 0.652 
Diabetes 103.542 184.939 0.579 

  
 

Total Fibrofatty Volume  Beta coefficient  Std Error  p-value 
EAT volume 8.055 2.042 0.000 
Age 0.632 5.270 0.905 
Sex (male) -38.701 122.519 0.754 
Body Mass Index -21.419 10.125 0.042 
Smoking 68.915 125.409 0.586 
Hypertension -16.573 119.579 0.891 
Hyperlipidaemia -74.609 131.141 0.573 
Family History 61.427 114.678 0.596 
Diabetes 55.721 158.084 0.727 
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Total Fibrous Volume  Beta coefficient  Std Error  p-value 
EAT volume 1.229 0.800 0.135 
Age 0.339 2.065 0.871 
Sex (male) -13.686 48.004 0.777 
Body Mass Index -4.919 3.967 0.224 
Smoking 0.871 49.136 0.986 
Hypertension 9.741 46.852 0.837 
Hyperlipidaemia -17.529 51.382 0.735 
Family History 2.364 44.932 0.958 
Diabetes 36.890 61.939 0.556 

  
 

Total Fibrous Volume  Beta coefficient  Std Error  p-value 
EAT density 3.351 3.659 0.367 
Age 1.354 2.040 0.512 
Sex (male) -24.210 48.661 0.622 
Body Mass Index -3.129 3.796 0.416 
Smoking 1.866 50.287 0.971 
Hypertension 22.594 47.896 0.640 
Hyperlipidaemia -22.190 52.511 0.675 
Family History 1.903 45.997 0.967 
Diabetes 44.192 63.169 0.489 

  
 

Total HRP volume  Beta coefficient  Std Error  p-value 
EAT volume 11.802 2.874 0.000 
Age 1.023 7.416 0.891 
Sex (male) -18.129 172.414 0.917 
Body Mass Index -30.494 14.248 0.040 
Smoking 83.084 176.481 0.641 
Hypertension 0.677 168.278 0.997 
Hyperlipidaemia -72.856 184.548 0.696 
Family History 70.653 161.381 0.664 
Diabetes 88.679 222.464 0.693 

  
 

Total HRP volume  Beta coefficient  Std Error  p-value 
EAT density 17.414 15.574 0.272 
Age 10.084 8.683 0.254 
Sex (male) -177.021 207.131 0.399 
Body Mass Index -10.981 16.160 0.502 
Smoking 104.776 214.053 0.628 
Hypertension 103.278 203.874 0.616 
Hyperlipidaemia -113.271 223.518 0.616 
Family History 74.767 195.791 0.705 
Diabetes 158.652 268.888 0.559 

  
 

Total Calcified Volume  Beta coefficient  Std Error  p-value 
EAT volume 0.149 0.346 0.669 
Age 0.479 0.893 0.596 
Sex (male) -7.755 20.771 0.711 
Body Mass Index -0.162 1.716 0.925 
Smoking 7.796 21.261 0.716 
Hypertension 18.232 20.273 0.375 
Hyperlipidaemia -13.345 22.233 0.553 
Family History -9.676 19.442 0.622 
Diabetes 11.964 26.801 0.658 
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Total Calcified Volume  Beta coefficient  Std Error  p-value 
EAT density 1.478 1.530 0.341 
Age 0.652 0.853 0.451 
Sex (male) -4.846 20.350 0.813 
Body Mass Index -0.113 1.588 0.944 
Smoking 7.037 21.030 0.740 
Hypertension 21.305 20.030 0.295 
Hyperlipidaemia -14.227 21.960 0.522 
Family History -10.350 19.236 0.594 
Diabetes 12.864 26.418 0.630 

 

Supplemental Tables: Full logistic regression models for association of any qualitative HRP presence and 
cardiovascular risk factors  
 
 

Qualitative HRP  Odds Ratio  Std Error  p-value 
EAT volume 1.042 0.017 0.014 
Body Mass Index 0.910 0.081 0.284 
Hypertension 0.553 0.476 0.491 
Smoking 3.326 3.521 0.256 
Diabetes 0.207 0.262 0.214 
Family History 0.216 0.197 0.092 
Hyperlipidaemia 3.358 3.449 0.238 
Age 0.996 0.038 0.913 
Sex (male) 0.183 0.166 0.061 

  
 

Qualitative HRP  Odds Ratio  Std Error  p-value 
EAT density 0.951 0.059 0.416 
Body Mass Index 1.026 0.080 0.742 
Hypertension 0.819 0.623 0.793 
Smoking 3.145 2.913 0.216 
Diabetes 0.258 0.287 0.224 
Family History 0.234 0.195 0.082 
Hyperlipidaemia 2.720 2.459 0.268 
Age 1.016 0.034 0.632 
Sex (male) 0.112 0.100 0.014 
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CONCLUSIONS: 
 

In this thesis we have identified several important findings that have clinical implications. Firstly, there 

is a significant association between epicardial adipose tissue volume and high-risk coronary artery 

plaque both at a qualitative and quantitative level. The latter is of significant importance as we have 

demonstrated feasibility of measuring these high-risk plaque features in patients who do not have any 

obstructive coronary stenosis which allows applications to lower risk patient cohorts. We also report 

the potential dynamic nature of coronary plaque with a risk continuum for cardiac events based on the 

composition of plaque whereby calcified plaques may represent a more stable phenotype compared to 

non-calcified and partially calcified plaques.  

 

Secondly, we believe we have identified the optimal method of measuring epicardial adipose tissue 

which is by complete volumetric assessment, far superior to linear measurements on 

echocardiography. We have also identified differences in volumes and density of EAT dependent upon 

the software platform as well as the use of contrast. The implications of this are that researchers will 

need to perform in-house reproducibility studies to be confident in the utilisation of these 

measurements for clinical research. In particular, it appears that linear thickness is inferior and this 

notion needs to be highlighted beyond the cardiovascular community where echocardiographic EAT 

thickness is often employed.  

 

We have also demonstrated that EAT not only affects coronary artery disease, but also cardiac structure 

and diastolic function, similarly when volumetric measurements are used. Although not the main focus 

of this thesis, this indicates that this adipose tissue depot is an important marker of cardiac 

pathophysiology, with several studies also describing an association with cardiac dysrhythmia. Finally, 

this leads to the important description of the natural history of EAT in a non-obstructive coronary 

artery disease population, a cohort reflective of two-thirds of patients who would undergo cardiac CT. 
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We have shown that EAT appears to be an independent variable that is not modulated by other 

cardiovascular risk factors, particularly weight change.  

 

We hope that our analyses have further refined the understanding of EAT measurement and disease 

association to better inform researchers who may build upon this work for future, and necessary 

research.   
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FUTURE DIRECTIONS: 

 

The notion of quantity vs. quality is the underpinning conviction where I believe the future of adipose 

tissue and cardiac disease lies. In our thesis, the majority of studies focussed on amount of EAT, mainly 

because it has been thought that the greater the volume of adipose tissue, possibly the more abundant 

the pro-inflammatory adipokines. However, given EAT is a universal anatomical depot, it may not be 

the quantity but rather the activity, or the ‘quality’ of fat that leads to disease. Furthermore, it may be 

a more dynamic process that ebbs and flows between disease and stability, much the same way that 

coronary artery disease behaves.  

 

Important work that emerged during my candidature was a refined idea of pericoronary adipose tissue 

(the fat immediately surrounding the coronary arteries) as a potential sensor of vascular inflammation. 

Antonopoulos et al. elegantly demonstrated this pathophysiologic imaging biomarker in a journey of 

in-vitro and in-vivo experiments to highlight that inflammatory activity from the adjacent coronaries 

may affect the fat quality and hence fat density or attenuation247. This was also further shown to 

associate with long-term prognosis in a large collaborative retrospective study248 as well as associated 

with high-risk plaques at a lesion level in patients with an acute coronary syndrome216.  

 

I believe that these findings are simply the tip of the iceberg, or the first flame in a paradigm shift in 

the investigation of inflammation and cardiac disease. These studies hypothesise that pericoronary 

adipose tissue attenuation (PCAT) is a surrogate for vascular inflammation. The overarching idea is 

inflammation in the coronaries with resulting atherosclerosis will work inside-out (from vessel to fat) 

to induce an anatomical change in the lipid cells. Inflammation arrests lipid maturation and therefore 

smaller, less dense lipids will have a higher attenuation on CT imaging which is an ideal test for 

adipose tissue quantification. Conversely, less inflammation leads to greater lipid volumes and more 
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negative densities based on Hounsfield Unit thresholding. There is however a larger body of evidence 

supporting an outside-in theory (from fat to vessel) with associations of coronary and cardiac disease. 

This bidirectional communication may suggest that PCAT is actually a sensor for both the surrounding 

epicardial fat and the vascular inflammatory activity (Figure). How to define which is playing a greater 

part and how this varies temporally is the next chapter for investigation. The final destination is the 

ability to predict which patients will develop plaque-rupture precursor lesions non-invasively using 

this radiographic tool.  

 
Figure demonstrates bidirectional inflammatory physiology of cellular cross-talk between adipokines 
from epicardial fat and from systemic circulation in the coronary lumen. The pericoronary fat is an 
ideal location for interrogation of the effects of inflammation.   
 

Ultimately, while it is desirable to predict who is at risk, the other tale to be told is what therapies may 

be effective in this arena. There has been a recent eruption of research into pharmacologic therapies 

aimed at reducing vascular inflammation, but most have required the use of systemic biomarkers such 

as high sensitivity C-reactive protein which may not be reflective of the local coronary inflammatory 
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processes. The use of PCAT may therefore be an additional tool to detect lesion level inflammation to 

better evaluate the effectiveness of anti-inflammatory therapies.    
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Association of Epicardial Adipose Tissue and High-Risk Plaque
Characteristics: A Systematic Review and Meta-Analysis
Nitesh Nerlekar, MBBS, MPH; Adam J. Brown, MD, PhD; Rahul G. Muthalaly, MBBS; Andrew Talman, BBiomedSc, MD;
Thushan Hettige, MBBS; James D. Cameron, MD, MEngSc; Dennis T. L. Wong, MBBS, PhD

Background-—Epicardial adipose tissue (EAT) is hypothesized to alter atherosclerotic plaque composition, with potential
development of high-risk plaque (HRP). EAT can be measured by volumetric assessment (EAT-v) or linear thickness (EAT-t). We
performed a systematic review and random-effects meta-analysis to assess the association of EAT with HRP and whether this
association is dependent on the measurement method used.

Methods and Results-—Electronic databases were systematically searched up to October 2016. Studies reporting HRP by
computed tomography or intracoronary imaging and studies measuring EAT-v or EAT-t were included. Odds ratios were extracted
from multivariable models reporting the association of EAT with HRP and described as pooled estimates with 95% confidence
intervals (CIs). Analysis was stratified by EAT measurement method. Nine studies (n=3772 patients) were included with 7
measuring EAT-v and 2 measuring EAT-t. Increasing EAT was significantly associated with the presence of HRP (odds ratio: 1.26
[95% CI, 1.11–1.43]; P<0.001). Patients with HRP had higher EAT-v than those without (weighted mean difference: 28.3 mL [95%
CI, 18.8–37.8 mL]; P<0.001). EAT-v was associated with HRP (odds ratio: 1.19 [95% CI, 1.06–1.33]; P<0.001); however, EAT-t was
not (odds ratio: 3.09 [95% CI, 0.56–17]; P=0.2). Estimates remained significant when adjusted for small-study effect bias (odds
ratio: 1.13 [95% CI, 1.03–1.28]; P=0.04).

Conclusions-—Increasing EAT is associated with the presence of HRP, and patients with HRP have higher quantified EAT-v. The
association of EAT-v with HRP is significant compared with EAT-t; however, a larger scale study is still required, and further
evaluation is needed to assess whether EAT may be a potential therapeutic target for novel pharmaceutical agents.

Clinical Trial Registration-—URL: https://www.crd.york.ac.uk/. Unique identifier: CRD42017055473. ( J Am Heart Assoc.
2017;6:e006379. DOI: 10.1161/JAHA.117.006379.)

Key Words: epicardial fat • high-risk plaque • meta-analysis • vulnerable plaque

E picardial adipose tissue (EAT) is a metabolically active
fat depot, abundant in proinflammatory cytokines, and

has been correlated with the extent and severity of coronary
artery disease (CAD).1 EAT shares the same embryologic
origin of omental and mesenteric fat2,3 and encases the
coronary arteries with no fascial barrier.4 Consequently, it has

been postulated that EAT may display vasocrine or paracrine
effects on the adjacent arterial wall to influence atheroscle-
rotic plaque composition, resulting in the development of
high-risk plaque (HRP).5–9 The presence of HRP has shown
association with future adverse prognosis,10,11 but the
management of these patients remains uncertain. HRP may
be visualized invasively by several methods including intravas-
cular ultrasound and optical coherence tomography and
noninvasively by computed tomography (CT) coronary angiog-
raphy with good diagnostic agreement between tech-
niques.12–14 EAT may be measured either volumetrically by
CT coronary angiography or noncontrast CT (EAT-v) or by a
linear thickness measurement on echocardiography (EAT-t).
Both thickness and volume measures have been associated
with incident CAD1; however, linear thickness may underrep-
resent the totality of EAT.

The objective of this systematic review and meta-analysis
was to explore the association between EAT and the presence
of HRP. The secondary aims were to evaluate whether
increasing EAT volume is associated with HRP presence and
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the strength of association with presence of HRP by EAT
measurement method.

Materials and Methods

Data Sources and Search Strategy
The search was conducted using the Medline, Embase, and
PubMed databases with no start date up to October 2016.
Keywords using Medical Subject Headings included epicardial
adipose tissue, epicardial fat, pericardial adipose tissue,
pericardial fat, vulnerable plaque, high-risk plaque, low-
attenuation plaque, napkin ring, positive remodeling, spotty
calcification, coronary artery disease, plaque characteristics,
plaque composition, plaque vulnerability, thin-cap fibroather-
oma, intravascular ultrasound, optical coherence tomography,
and angioscopy. The reference lists of eligible articles were
hand-searched for additional articles. Searches were
restricted to human studies. We conducted this systematic
review in accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) statement,
and the trial was registered with PROSPERO (registration no.
CRD42017055473). A flow chart describing the study search
is presented in Figure 1, and an example of the search term
strategy is shown in Table S1.

Study Selection
The following inclusion criteria were used for the study:
patients undergoing either intracoronary imaging or CT
coronary angiography evaluation with reported HRP features,
noninvasive measurement of EAT by either CT-derived volume
(on contrast or noncontrast CT) or linear thickness (by CT or
echocardiography), and reports fully published in peer-

reviewed journals. For intracoronary imaging studies, HRP
was defined as the presence of thin-cap fibroatheroma. For CT
studies, HRP included plaques with ≥1 of the following
features: low-attenuation plaque, positive remodeling, spotty
calcification, and the napkin ring sign. Study specific defini-
tions of HRP are reported in Table S2.

Data Extraction
Odds ratios (ORs) and their respective 95% confidence
intervals (95% CIs) for association of EAT with HRP were
extracted. If possible, ORs from multivariable models that
adjusted for other CAD risk factors were used, and covariates
within the model were recorded. Mean and standard deviation
of EAT volume between groups with and without HRP were
entered. Studies reporting medians with interquartile ranges
were converted to means, as recommended previously.15

End Points
The primary end point was the pooled association of EAT with
the presence of HRP. Secondary end points included the
pooled quantitative difference of EAT-v in patients with and
without HRP and the association of EAT with HRP stratified by
EAT measurement method (EAT-v or EAT-t).

Statistical Analysis
Statistical analysis was performed using StataMP 14.0
(StataCorp). ORs were examined on the log scale and
transformed for graphical presentation with 95% CI reported.
If multiple outcomes were reported (ie, by individual plaque
feature or by grouped features), the analyzed estimate was the
association of EAT with any HRP if specified. Random-effects
modeling was used with the method of DerSimonian and
Laird.16 The weighted mean difference for EAT between groups
with and without HRP was calculated. Statistical heterogeneity
was evaluated by the I2 statistic and quantified as low (<25%),
moderate (25–75%), or high (>75%).17 Sensitivity analysis was
performed by EAT measurement method (EAT-v or EAT-t, by
pooled estimates of similarly defined EAT covariate parame-
ters; ie, when EAT was included as a continuous variable or
assessed in 10-mL increments and for individual plaque
features, if possible). Additional sensitivity analysis using
random effects with the Hartung–Knapp–Sidik–Jonkman
(HKSJ) approach was used to explore effect sizes when 2
studies were grouped.18,19 Exploratory metaregression was
performed to assess the influence of independent variables
(mean study ages, mean EAT volume, mean study body mass
index, and proportion of HRP). Publication bias was assessed by
the Egger and Begg test. In addition, the Duval and Tweedie
trim-and-fill method was used to investigate publication bias,

Clinical Perspective

What Is New?

• Increasing epicardial adipose tissue (EAT) volume is asso-
ciated with the presence of high-risk coronary artery plaque
characteristics.

• Patients with high-risk coronary plaque features have
quantitatively higher EAT volumes.

• EAT should ideally be measured by complete volumetric
analysis rather than by linear thickness measurements.

What Are the Clinical Implications?

• Incorporation of EAT measurement with routinely performed
cardiac computed tomography may assist in improved risk
stratification for patients.

• EAT may represent an important cardiovascular therapeutic
target.
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and systematic exclusion of individual studies was used to
assess changes in the pooled estimate. A 2-sided P value of
<0.05 was considered significant.

Results
A total of 90 publications were reviewed with 9 studies
included for final analysis (3772 participants; Figure 1). One
study was excluded because it presented the association of
EAT with plaque lipid percentage rather than specified
numbers of patients with HRP.20 Seven studies reported CT
assessment of HRP21–27 (n=3573) and 2 studies reported
invasive assessment of HRP29,30 (n=199). Seven studies
measured EAT-v21–26,29,30 (n=3284), and 2 studies measured
EAT-t27,28 (n=488). All study designs were cross-sectional. All
patients were from cohorts with suspected CAD, with 2
studies evaluating patients with suspected acute coronary
syndrome.21,22 Study characteristics are presented in
Tables 1 and 2, and regression modeling outcomes and
model covariates are presented in Table 3. Individual-study
EAT measurement characteristics and HRP definitions are
presented in Table S2.

The prevalence of HRP ranged widely, from 4% to 59% at a
per-patient level (Table 1). The primary end point demon-
strated a significant association of increasing EAT with the
presence of HRP (pooled OR: 1.26 [95% CI, 1.11–1.43];
P<0.001, I2=81%; Figure 2).

Analysis to assess quantitative differences in EAT between
patients with and without HRP demonstrated a weighted
mean difference of +28.3 mL in those patients with HRP (95%
CI, 18.8–37.8 mL]; P<0.001; I2: 58%) based on 4 studies
(Figure 3).

When stratified by EAT measurement method, in the 7
studies measuring EAT-v, the pooled OR was significantly
associated with HRP presence (OR: 1.19 [95% CI, 1.06–1.33];
P<0.001, I2: 78%). However, no significant association was
observed with the 2 EAT-t studies and presence of HRP (OR:
3.09 [95% CI, 0.56–17]; P=0.20; I2: 90%; Figure 4). This
remained statistically nonsignificant on sensitivity analysis
with the HKSJ method (Table 4).

Sensitivity analysis was performed to assess pooled
estimates of studies using EAT as a similarly measured
covariate. Two studies analyzed EAT-v in 10-mL increments
and demonstrated a pooled OR of 1.18 (95% CI, 1.12–1.24;

Figure 1. Search strategy.
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Table 1. Demographic, EAT, and HRP Parameters of Included Studies

Study EAT Method Population N EAT Value HRP Proportions

Lu et al21 EAT-v (CACS) Suspected ACS 467 Median EAT: 108.5 cm3

(IQR: 76.4–140.6 cm3)
With HRP: 123 cm3

(IQR: 93–156 cm3)
Without HRP: 98 cm3

(IQR: 68–127 cm3)

HRP in 167 (36%) patients; NRS in
15%; PR in 32.3%; LAP in 23.4%;
SpC: in 91%

Schlett et al22 EAT-v (CTCA) Suspected ACS 358 Median EAT: 95.2 cm3

(IQR: 66–130.1)
With HRP: 151.9 cm3

(IQR: 109.0–179.4)
Without HRP: 110 cm3

(IQR: 81.5–137.4)

Any HRP in 13 (4%) patients

Rajani et al24 EAT-v (CACS) Suspected CAD 402 Mean EAT: 103!51 cm3

With any HRP: 116!53 cm3

Without HRP: 99!57 cm3

Any HRP in 113 (59%) patients;
LAP in 67 (35%); PR in 93 (48%)

Oka et al23 EAT-v (CACS) Suspected CAD 357 Mean EAT: 125!44 mL; EAT
analysis threshold of 100 mL

87 (24%) with all 3 HRPs
LAP: EAT <100 mL: 52%;
EAT ≥100 mL: 27%

PR: EAT <100 mL: 58%;
EAT ≥100 mL: 37%

LAP with or without PR:
EAT <100 mL: 46%; EAT ≥100 mL:
25%

Ito et al25 EAT-v (CACS) Suspected CAD
(symptomatic) with
CACS 0

1308 Mean EAT: 98.1!41.3 cm3

With HRP: 133!40.2 cm3

Without HRP: 95.1!40.3 cm3

Any HRP in 63 (5%) patients

Nakanishi et al26 EAT-v (CTCA) Suspected CAD in
patients with CKD

275 Mean EAT:
CKD: 111!41 mL (n=110)
No CKD: 81!29 mL (n=165)

Any HRP in 44 (16%) patients

Ito et al29 EAT-v (CTCA) Scheduled for PCI
and underwent CT
in addition to OCT

117 (244 plaques) EAT-v Tertiles:
T1: <104.1 cm3 (n=39)
T2: 104.1 to 130.7 cm3 (n=39)
T3: >130.7 cm3 (n=39)

Total TCFA: 51 (21%) plaques
T1: Single TCFA n=6 (15%); Multiple
TCFA n=1 (3%)

T2: Single TCFA n=7 (18%); Multiple
TCFA n=3 (8%)

T3: Single TCFA n=12 (31%); Multiple
TCFA n=8 (21%)

Minimum fibrous cap thickness:
T1: 102.7!69.2 lm; T2:
102.5!56.5 lm; T3:
78.2!43.9 lm

Maximal lipid arc: T1: >2
quadrants, 13 (33%); T2: >2
quadrants, 14 (36%); T3: >2
quadrants, 25 (64%)

CT characteristics: T1: LAP, 4 (10%);
PR, 8 (21%)

T2: LAP, 14 (36%); PR, 13 (33%)
T3: LAP, 16 (41%); PR, 21 (54%)

Park et al28 EAT-t (Echo) Angiographically
significant CAD
undergoing PCI
with or without
IVUS

82 Mean EAT-t: 3.4!2.2 mm
EAT-t 3.5 mm threshold: EAT
<3.5 mm (n=21); EAT
≥3.5 mm (n=39)

TCFA (n): EAT <3.5 mm: 3.3!2.2;
EAT ≥3.5 mm: 2.1!1.6

Mean volume index necrotic core
(mm3/mm): EAT <3.5 mm: 0.3!0.2;
EAT ≥3.5 mm:
0.6!0.4

Plaque volume (mm3): EAT <3.5 mm:
1360.1!492.1; EAT ≥3.5 mm:
1048.5!398.2

Continued
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P<0.001; I2: 0%) that became nonsignificant when analyzed
with the HKSJ method (OR: 1.18 [95% CI, 0.84–1.64];
P=0.10). In the 2 studies that analyzed EAT-v as a continuous
variable, the pooled OR was 1.18 (95% CI, 0.77–1.81; P=0.44;
I2: 52%), which remained nonsignificant after analysis with
HKSJ (Table 4). EAT measured in the remaining studies were
modeled as per standard deviation or by a dichotomous
threshold level and not formally pooled.

Further sensitivity analysis was performed to assess the
association between specific HRP subtypes with information
obtainable from 2 studies. An association was demonstrated
between increasing EAT and low-attenuation plaque (OR: 2.79
[95% CI, 1.71–4.53]; P<0.001; I2: 0%), positive remodeling, (OR:
1.93 [95% CI, 1.25–2.99]; P=0.003; I2: 0%), and the presence of
both features (OR: 2.58 [95% CI, 1.55–4.28]; P=0.001; I2: 0%).
The results for both low-attenuation plaque and positive
remodeling became statistically nonsignificant after application
of theHKSJmethod, but the presence of both features remained
significantly associated with increasing EAT (Table 4).

Exploratory metaregression demonstrated no significant
influence of varying study-level predictors on the overall effect
size; these included mean BMI (OR: 0.95 [95% CI, 0.79–1.14];

P=0.55), mean age (OR: 1.03 [95% CI, 0.96–1.10]; P=0.38),
population proportion of HRP (OR: 0.99 [95% CI, 0.98–1.00];
P=0.42), and mean EAT volume (OR: 1.00 [95% CI, 0.97–
1.03]; P=0.99).

There was evidence of publication bias by calculation of
the Egger test for small-study effects (P=0.005). Using the
trim-and-fill method, the overall estimate remained signifi-
cant for the association of EAT and HRP (pooled estimate
OR: 1.13 [95% CI, 1.03–1.28]; P=0.04; I2: 81%; Figure S1).
Analysis to assess the influence of single studies on the
effect estimate demonstrated a persistent significant asso-
ciation of increasing EAT with HRP. The lowest pooled
estimate OR of 1.16 (95% CI, 1.06–1.27; P=0.001; I2: 74%)
occurred with the exclusion of Tachibana et al, and the
highest pooled estimate OR of 1.27 (95% CI, 1.12–1.45;
P<0.001; I2: 70%) occurred with the exclusion of Lu et al
(Table S3).

Discussion
The results from this meta-analysis of 9 observational studies
demonstrate 3 important findings. First, increasing EAT is

Table 1. Continued

Study EAT Method Population N EAT Value HRP Proportions

Tachibana et al27 EAT-t (Echo) Suspected CAD 406 EAT-t 5.8 mm threshold: EAT
≥5.8 mm (n=238); EAT
<5.8 mm (n=168)

HRP in 45 (11%) patients
LAP: EAT <5.8 mm: 4%; EAT
≥5.8 mm: 24%

PR: EAT <5.8 mm: 39%; EAT
≥5.8 mm: 60%

LAP+PR: EAT <5.8 mm: 3%; EAT
≥5.8 mm: 17%

ACS indicates acute coronary syndrome; CACS, coronary artery calcium score (noncontrast computed tomography); CAD, coronary artery disease; CKD, chronic kidney disease; CT,
computed tomography; CTCA, computed tomography coronary angiography; EAT, epicardial adipose tissue; EAT-t, epicardial adipose tissue thickness; EAT-v, epicardial adipose tissue
volume; HRP, high-risk plaque; IQR, interquartile range; IVUS, intravascular ultrasound; LAP, low-attenuation plaque; NRS, napkin ring sign; OCT, optical coherence tomography; PCI,
percutaneous coronary intervention; PR, positive remodeling; SpC, spotty calcification; T, tertile; TCFA, thin-cap fibroatheroma.

Table 2. Study Demographic Data

Study
Diabetes
Mellitus(%)

Hypertension
(%)

Hyperlipidemia
(%) BMI Ethnicity Age, y Sex (%)

Lu et al21 17 53 45 29!5 Not specified 54!8 53

Schlett et al22 10 39 37 28 (25–32) Not specified 51 (45–59) 62

Rajani et al24 14 54 63 27!4 Not specified 66 (23–92) 56

Oka et al23 31 68 50 24!5 Japanese institution 66!11 63

Ito et al25 8 33 26 23!4 Japanese institution 59!12 46

Nakanishi et al26 38 65 59 24!4 Japanese institution 65!10 66

Park et al28 29 61 20 25!3 Korean Institution 59!11 54

Ito et al29 24 61 44 24!3 Japanese institution 66!9 82

Tachibana et al27 27 58 31 23!4 Japanese institution 68!13 57

Values are expressed as total study cohort proportions (%), mean!SD, or median (interquartile range). BMI indicates body mass index.
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significantly associated with the presence of HRP features.
Second, patients with HRP have a significantly increased
volume of EAT compared with those without HRP. Third, EAT
is associated with HRP presence ideally when measured by

complete volumetric analysis rather than EAT linear thickness
measurements.

EAT is a visceral adipose tissue depot rich in proinflam-
matory and proatherogenic cytokines including monocyte

Table 3. EAT Modeling Outcomes and Model Covariates

Study EAT Modeling Regression Outcomes Covariates in Multivariable Model Threshold/ROC AUC Values

Lu et al21 Indexed and
absolute EAT

Any HRP with indexed EAT-v:
OR: 1.04 (95% CI, 1–1.08;
P=0.04)

Any HRP with absolute EAT-v:
OR: 1.02 (95% CI, 1–1.03;
P=0.046)

Age, sex, number of cardiovascular
risk factors, log CACS, >50%
stenosis

Optimal threshold 62.3 cm3/m2 with
sensitivity 48.5%, specificity 72.7%;
no ROC AUC specified

Schlett et al22 EAT per SD
(49.8 mL)

Presence of HRP: OR: 1.79 (95%
CI, 1.13–2.76; P=0.008)

Not specified Not reported

Rajani et al24 Log EAT-v Any HRP:
OR: 1.7 (95% CI, 0.9–3.4;
P=0.038)

LAP: OR: 2.4 (95% CI, 1.1–5.1;
P=0.02)

PR: OR: 1.8 (95% CI, 1.0–3.4;
P=0.07)

Both HRP features: OR: 2.6
(95% CI, 1.1–6.2; P=0.03)

Age, BMI, diabetes mellitus,
hypercholesterolemia, smoking,
family history, hypertension

ROC AUC of 0.756 for any HRP
presence with sensitivity 62%,
specificity 84%; optimal threshold of
EAT <74.07 cm3 excluded any HRP

Oka et al23 High vs low-EAT-v
(100 mL threshold)

LAP: OR: 3.08 (95% CI, 1.66–
5.83; P<0.001)

PR: OR: 2.08 (95% CI, 1.12–
3.88; P=0.02)

SpC: OR: 1.11 (95% CI, 0.61–
2.04; P=0.73)

LAP+PR: OR: 2.56 (95% CI, 1.38
–4.85; P=0.003)

All 3 features: OR: 1.65 (95% CI
0.81–3.44; P=0.17)

Age, sex, hypertension, diabetes
mellitus, smoking, BMI, VAT area,
CACS

Using a threshold of 100 mL,
sensitivity for LAP+PR was 80%,
specificity was 41%

Ito et al25 EAT-v per 10 cm3 Any HRP: OR: 1.19 (95% CI,
1.12–1.27; P<0.01)

Male, diabetes mellitus,
hypertension, BMI

ROC AUC of 0.75 for any HRP
presence at optimal threshold
127.1 cm3 with sensitivity 64%,
specificity 81%

Nakanishi et al26 EAT-v per 10 mL Presence of HRP: OR: 1.15 (95%
CI, 1.05–1.26; P=0.003)

Age per 10 y, sex, hypertension,
diabetes mellitus, hyperlipidemia,
smoking, BMI

. . .

Ito et al29 Highest tertile of EAT Presence of TCFA: OR: 2.92
(95% CI, 1.13–7.55; P=0.027)

Correlation of EAT with fibrous
cap thickness: r="0.400,
P<0.01

ACS, BMI ROC AUC of 0.721 for detection of
TCFA with optimal threshold
126.7 cm3, sensitivity 69%
specificity 71%

Park et al28 High vs low-EAT-t
(3.5 mm threshold)

Total TCFAs in symptom-related
vessel: b=0.106 (95% CI,
0.004–0.208; P=0.043)

BMI, diabetes mellitus, dyslipidemia,
metabolic syndrome

Not specified

Tachibana et al27 High vs low-EAT-t
(5.8 mm threshold)

Presence of HRP: OR: 7.98 (95%
CI, 2.77–22.98; P<0.01)

Age, sex, BMI, VAT, hypertension,
dyslipidemia, diabetes mellitus,
smoker, CACS >100, stenotic
vessel number, renal insufficiency,
statins

ROC AUC of 0.77 for HRP
(combination of LAP+PR) at
threshold of 5.8 mm with sensitivity
83%, specificity 64%

ACS indicates acute coronary syndrome; BMI, body mass index; CACS, coronary artery calcium score (noncontrast computed tomography); CI, confidence interval; EAT, epicardial adipose
tissue; EAT-t, EAT thickness; EAT-v, volumetric EAT; HRP, high-risk plaque; LAP, low-attenuation plaque; OR, odds ratio; PR, positive remodeling; ROC AUC, receiver operating characteristic
area under the curve; SpC, spotty calcification; TCFA, thin-cap fibroatheroma; VAT, visceral adipose tissue.
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chemoattractant protein 1, IL-6 (interleukin 6). IL-1b, IL-6sR,
and tumor necrosis factor a.31 Because of EAT’s anatomic
proximity to the adjacent myocardium and lack of fascial
barrier with the epicardial coronary arteries, there may be
paracrine or vasocrine signaling of cytokines between the
surrounding fat and the underlying arterial wall.2 This
suggested pathophysiology is analogous to the visceral
intra-abdominal adipose tissue surrounding the portal circu-
lation that is purported to influence the development of
hepatic steatosis.32 It has been demonstrated that increased
EAT volume is related to both the extent and the lesion
severity of coronary stenosis33 and that EAT contains a
greater amount of inflammatory cytokines than serum circu-
lating levels and subcutaneous adipose stores.34 The appo-
sition of EAT with the arterial adventitia suggests the “outside-
in” hypothesis of atherosclerosis, whereby the inflammatory
milieu of EAT leads to vascular inflammation of the adventitia
progressing inward to the intima, leading to plaque formation.
Consequently, it is possible that cellular cross-talk may lead
to the development of plaque characteristics considered to be
“high risk” given their association with major adverse

cardiovascular events. It has also been reported that high
EAT levels are associated with mortality, although it remains
unclear whether these levels are specifically related to
preceding cardiovascular events.35 Our results indicate a
uniform association of increasing EAT with HRP, but further
study is needed to establish the influence and interaction of
these parameters with prognosis. Importantly, we aimed to
use risk estimates from multivariable models, which suggests
an incremental effect of EAT with HRP presence beyond
traditional cardiovascular risk factors.

Because there is no guideline-advocated technique for EAT
quantification, individual studies are subject to authors’
discretion and experience. The interobserver variability for
EAT-t has shown mixed results,36 and a measure of linear
thickness by 2-dimensional assessment may under- or
overrepresent total EAT volume due to changes in probe
angulation. It has been suggested that a threshold of 7 mm
confers elevated EAT-t; this is a significantly higher threshold
than our included studies and may also influence interpreta-
tion. Only 1 previous study evaluated EAT-t versus EAT-v, in
71 patients, and reported a modest correlation (r=0.595).37

Figure 2. Association of epicardial adipose tissue (EAT) with presence of high-risk plaque (HRP). Forest plot displays summary odds ratios
and 95% confidence intervals (CIs) for the increasing association of EAT with HRP. Method represents the radiologic method of calculating
EAT. This demonstrates a significant association of increasing EAT with HRP. CACS indicates coronary artery calcium score (noncontrast
computed tomography); CTCA, computed tomography coronary angiography; Echo, echocardiography.
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EAT-v, however, also has limitations, with differing values
measurable with the use of contrast media38 and possible
differences related to vendor-specific software algorithms. In
our analysis of EAT-v versus EAT-t, we demonstrated that EAT-
t had a decidedly wide CI for the association with HRP and
failed to reach statistical significance, although this is based
on only 2 studies with a total of 488 patients. On the contrary,
EAT-v displayed a significant association with HRP with more
precise confidence limits. We attempted to explore the
association further by analyzing the modeling method of EAT,
which demonstrated uncertainty in estimates for differing
techniques and highlighted the need for a standardized and
consistent approach when incorporating EAT into models to
assess disease outcomes.

In our subgroup analysis of EAT association with HRP
subtype, we noted a strong association individually with low-
attenuation plaque and positive remodeling as well as with the
presence of both features after adjustment for conventional
cardiovascular risk factors. Association with individual plaque
feature types diminished due to imprecision in 95% CIs but
remained for the presence of both high-risk features. The
largest study to date, of 3158 patients by Motoyama et al,
reported that these HRP characteristics, defined as the
presence of either feature or both, are strongly associated
with future acute coronary syndrome development (adjusted

hazard ratio: 8.24 [95% CI, 5.26–12.96]; P<0.001).10 EAT was
not measured in this study, and its contribution to prognosis
remains unclear.

It is notable that some observational studies have demon-
strated a lack of relationship between EAT and significant
CAD39,40—similar to our included studies, all of which are
observational and prone to significant bias. Biases include
selection andascertainmentbias and variableuseof predictors in
regression modeling that may alter reported estimates and
contribute to between-study heterogeneity. To assess study
quality, we evaluated the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) classification41–43

(Tables S4 and S5), which apportions an overall study-quality
assessment. Because none of the trials are, by definition, of high
quality, given that they are not randomized controlled trials, the
overall information quality is regarded as low and should be
interpreted as such without drawing firm conclusions that may
alter clinical decision making. Despite the inconsistency of CAD
association, given the association of HRPwith cardiac prognosis,
it remains plausible that EAT may influence plaque composition
that may not be diagnosed as functionally or anatomically
significant. Rigorous prospective study to assess the role of EAT
in atherogenesis is still warranted.

The management of HRP features is uncertain. EAT is
currently measured only for research purposes; however, the

Figure 3. Difference in quantitative epicardial adipose tissue (EAT). Forest plot displays weighted mean differences (WMDs) and 95%
confidence intervals (CIs) for differences between patients with and without high-risk plaque (HRP). This indicates that patients with HRP have a
significantly higher volume of EAT (WMD: 28.3 mL [95% CI, 18.8–37.8 mL]) compared with those patients without HRP.
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importance of assessing EAT and its association with HRP
relates to a potential target for therapeutic intervention. EAT
has demonstrated temporal changes in plaque and cardio-
vascular risk. In a study of nonobese patients undergoing
serial CT over 4 years, an increase in EAT volume was
associated with HRP as well as future acute coronary
syndrome despite optimal management of cardiovascular risk
factors.44 Calorie restriction and bariatric surgery rather than
exercise have shown promise as methods for EAT reduction,
as explored recently in a meta-analysis by Rabkin and
Campbell,45 and animal data have demonstrated that selec-
tive surgical excision of EAT slows the progression of
atherosclerosis.46 It remains to be seen whether targeted
EAT reduction may improve dynamic atherosclerosis in human
participants, and randomized controlled trial data are lacking.

Study Limitations
Our analysis is limited by the observational nature of included
studies and by a lack of access to patient-level data to allow
adjustment for other covariates that may influence EAT
including sex differences and stratification and assessment by
other population features such as traditional cardiovascular

risk factors of hypertension, hyperlipidemia and diabetes
mellitus. We attempted to account for this by using model
estimates that adjusted for several of these variables. The
majority of studies were also performed in Japanese centers,
which may limit the generalizability of our findings to other
ethnic populations. Another important limitation is the
inclusion of only 2 studies evaluating EAT thickness and
other subgroup parameters. The interpretation of results is
limited by this methodology because of the potential lack of
power and the inability to draw firm conclusions. Importantly,
we noted that when more robust statistical methods were
applied when few studies were pooled, statistical significance
was reversed, highlighting the need for more data in these
areas. We noted a significant degree of heterogeneity, a
limitation that has been demonstrated in other published EAT
meta-analyses that report I2 values >90%.1,47 This is probably
in part representative of variable EAT quantification methods
and differing measures of EAT as a covariate in regression
analyses. We attempted to adjust for this heterogeneity by
systematic exclusion of studies that did not significantly
attenuate the summary estimates from statistical significance
and by sensitivity analysis by subgroup analysis and
exploratory metaregression.

Figure 4. Pooled estimates by epicardial adipose tissue (EAT) measurement method. Forest plot displays
odds ratios and 95% confidence intervals (CIs) for the association of increasing EAT with high-risk plaque
(HRP) stratified by measurement method of EAT measurement, either by volume or thickness. This
demonstrates that increasing EAT volume has a significant association with HRP; however, increasing EAT
thickness is not significantly associated with HRP and has a markedly wide CI crossing the line of unity.
CACS indicates coronary artery calcium score (noncontrast computed tomography); CTCA, computed
tomography coronary angiography; Echo, echocardiography.
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Conclusion
Increasing EAT is associated with the presence of HRP, ideally,
when measured by complete volumetric analysis. Further inves-
tigation is still required to establish the role of EAT-t in evaluating
HRP and consistent methods for modeling EAT as a variable for
disease outcomes and the effect of EAT on individual HRP
features. Incorporating the measurement of EAT into clinically
performed CT coronary angiography has the potential to improve
patient risk stratification. Further prospective studies are needed
to confirm this finding, which holds potential as a novel
therapeutic target for atherosclerotic treatment.
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Table S1. Example search strategy (Embase) 

# Searches Results 
1 Epicardial adipose tissue.mp. 1249 
2 Epicardial fat.mp. 

 

1481 
3 Pericardial adipose tissue.mp 161 
4 Pericardial fat.mp 550 
5 Vulnerable plaque.mp 2196 
6 High risk plaque.mp 288 
7 Low attenuation plaque.mp 101 
8 Napkin ring.mp 94 
9 Positive remodelling 125 
10 Spotty calcification 170 
11 Plaque characteristics 1228 
12 Plaque composition 1734 
13 Plaque vulnerability 1745 
14 Thin cap fibroatheroma 773 
15 Necrotic core 2091 
16 Exp intravascular ultrasound/ 12695 
17 Exp optical coherence tomography/ 36156 
18 Exp computer assisted tomography/ 778928 
19 Computed tomography coronary angiography.mp 1140 
20 Cardiac computed tomography.mp 2526 
21 Exp coronary artery calcium score 3230 
22 Exp coronary angiography/ 2916 
23 1 or 2 or 3 or 4 2877 
24 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 7800 
25 16 or 17 or 22 51500 
26 18 or 19 or 20 or 21  779979 
27 23 and 24 and 25 26 
28 23 and 24 and 26 57 
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Table S2. Study EAT measurement parameters and HRP definitions 
 

Author EAT measure method Definition of HRP features 

Lu et al.1 EAT definition:  fat within pericardial sac. 
Method: Semi-automated. 
Software: Volume Viewer, Siemens Medical Solutions, Germany 
Interval: 1cm 
Superior border: mid-level RPA 
Inferior border: diaphragm 
HU range: -195 to -45 HU 

PR: RI of >1.1 maximal outer vessel diameter at plaque divided by 
average of the proximal and distal normal vessels 
LAP: <30 HU 
SpC: <3mm CP extending <1.5mm long-axis vessel diameter & 
two-thirds vessel circumference 
NRS: ring of peripheral high attenuation surrounded by core of low 
attenuation in a non-calcified plaque 

Schlett et al.2 EAT definition: fat within pericardial sac.  
Method: Manual 
Software: Leonardo, Siemens Medical Solutions 
Interval: 1cm 
Superior border: mid-level RPA. 
Inferior border: not specified. 
HU range: -190 to -30 HU 

PR: >1.05 remodelling index 
LAP: <30 HU 
SC: <3mm diameter CP 
 
HRP defined as at least 2 characteristics in lesions>50% luminal 
narrowing 

Rajani et al.3 EAT definition: fat within pericardial sac. 
Method: Semi-automated 
Software: QFAT, Cedars-Sinai Medical Centre 
Interval: 3mm (total 20-40 slices per pt) 
Superior border: RPA take-off 
Inferior border: First slice where PDA visualised 
HU range: -190 to -30 HU 

LAP: <30 HU 
PR: >1.05 (maximal outer arterial wall diameter along plaque 
exceeding proximal reference by 5% 

Oka et al.4 EAT definition: adipose tissue between epicardial surface of 
myocardium and pericardium 
Method: Manual 
Software: Not specified. VAT measured with Virtual Place, AZE 
Inc., Japan 
Interval: 1cm 
Superior border: 1cm above left main coronary artery (atrial 
appendage) 
Inferior border: cardiac apex  
HU range: -250 to -30 HU 

CT-low density plaque: < 39 HU 
PR: remodelling index >1.05 
SpC: calcium burden length <3/2 vessel diameter and width <2/3 
vessel diameter 

Ito et al.5 EAT definition: adipose tissue within the visceral epicardium 
Method: Manual 
Software: Not specified  
Interval: Not specified. 8-12 slices per patient 
Superior border: Mid left atrium 
Inferior border: left ventricular apex 
HU range: -190 to -30 HU 

LAP: <30 HU 
PR: RI >1.1 (ratio of outer vessel area of lesion to outer vessel area 
of proximal reference site 

Nakanishi et al.6 EAT definition: adipose tissue within the pericardial sac 
Method: Semi-automated 
Software: Synapse Vincent, Japan 
Interval: not specified. 7-10 planes 
Superior border: bifurcation pulmonary artery 
Inferior border: last slice containing any portion of the heart 
HU range: -250 to -30 HU 

LAP: <30 HU 
PR: RI >1.1 

Ito et al.7 EAT definition: adipose tissue within the visceral epicardium 
Method: Manual 
Software: Not specified. CT with Aquarius NetStation, USA  
Interval: not specified.  
Superior border: not specified 
Inferior border: not specified 
HU range: -250 to -40 HU 

CT: 
LAP: <30 HU 
PR: RI >1.1 (ratio of outer vessel area of lesion to outer area of 
proximal reference site) 
 
OCT:  
Necrotic lipid pools quantified as number of quadrants 
Cap thickness measured at thinnest section of distance from lumen 
to inner border of lipid pool. 
TCFA = plaque with necrotic lipid pool in ≥2 quadrants within a 
plaque and fibrous cap <=65µm 
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Park et al.8 Method: 2D parasternal long-axis view; point on the free wall of 
RV to assess anterior echo-lucent space between linear echo-dense 
parietal pericardium and RV epicardium 
Cardiac cycle timing: End-diastole.  
Thickest point of EAT in each of 3 cycles measured and average 
value used 
 
 

Plaque components:  
Fibrous – areas of dense collagen 
Fibrofatty – fibrous tissue with interspersed lipid in collagen 
Dense calcium – calcium with no adjacent necrosis 
Necrotic core – necrotic regions containing cholesterol clefts, foam 
cells, microcalcification  
TCFA: necrotic core ≥10% plaque area without overlying fibrous 
tissue and having >40% plaque burden in 3 consecutive frames 

Tachibana et 
al.9 

Method: 2D parasternal long-axis view; point on the free wall of 
RV along midline of ultrasound beam perpendicular to aortic 
annulus 
Cardiac cycle timing: End-systole.  
Average of three cardiac cycles used 

PR: RI >1.05 (cross sectional lesion vessel area divided by 
proximal reference vessel area) 
LAP: <30 HU 

CT – computed tomography, CP – calcified plaque, EAT – epicardial adipose tissue, HRP – high risk plaque, 
HU – Hounsfield units, LAP – low attenuation plaque, NRS – napkin ring sign, OCT – optical coherence 
tomogprahy, PDA – posterior descending artery, PR – positive remodelling, RPA – right pulmonary artery, SpC 
– spotty calcification, TCFA – thin-cap fibroatheroma. VAT – visceral adipose tissue 
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Table S3. Sensitivity analysis displaying pooled odds ratios and 95% confidence intervals with 
systematic exclusion of individual studies. 

 
Excluded study Pooled OR Lower 95% CI Upper 95% CI I2 p-value 
Lu et al1 1.27 1.12 1.45 70%                 <0.001 
Schlett et al.2 1.17 1.06 1.30 80% 0.003 
Rajani et al.3 1.19 1.07 1.33 82% 0.001 
Oka et al.4 1.20 1.07 1.33 82% 0.001 
Ito et al.5 1.24 1.08 1.43 78% 0.003 
Nakanishi et al.6 1.24 1.09 1.42 82% 0.002 
Park et al.8 1.25 1.09 1.43 83% 0.001 
Ito et al.7 1.19 1.07 1.32 81% 0.001 
Tachibana et al.9 1.16 1.06 1.27 74% 0.001 
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Table S4. Newcastle-Ottawa Scale (NOS) Evaluation of Study Quality 

STUDY SELECTION COMPARABILITY OUTCOME 
Lu et al.1 **** ** *** 
Schlett et al. 2 **** ** *** 
Rajani et al. 3 ***** ** *** 
Oka et al.4 **** ** *** 
Ito et al.5 **** ** *** 
Nakanishi et al.6 *** ** *** 
Park et al.8 **** ** *** 
Ito et al.7  *** ** *** 
Tachibana et al 9 **** ** ** 
The Newcastle-Ottawa Scale (NOS) evaluates the included studies based on selection, comparability and outcome. The 
maximum score for each criteria is 5, 2 and 3, respectively, with the maximum total score equalling 10 
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Table S5. GRADE quality assessment 

STUDY INITIAL 
GRADE 

BIAS ASSESSMENT FINAL 
GRADE 

Lu et al.1 Low Bias: Low; Applicability: Low; Imprecision: Low Low 
Schlett et al.2 Low Bias: Low; Applicability: Low; Imprecision: High Low 
Rajani et al.3  Low Bias: Low; Applicability: Low; Imprecision: Low Low 
Oka et al. 4 Low Bias: Unclear; Applicability: Low; Imprecision: High Low 
Ito et al. 5 Low Bias: Unclear; Applicability: Low; Imprecision: Low Low 
Nakanishi et al6 Low Bias: Unclear; Applicability: High; Imprecision: Low Low 
Park et al.  Low Bias: Unclear; Applicability: Unclear; Imprecision: Unclear Low 
Ito (2012) et al.  Low Bias: Unclear; Applicability: Low; Imprecision: Unclear Low 
Tachibana et al  Low Bias: High; Applicability: Unclear; Imprecision: High Very Low 

 

GRADE classification adapted from the GRADE Handbook 10-12 to evaluate quality of evidence in observational 
studies. All studies are observational and therefore considered of low quality. Assessment based on bias (factors 
including eligibility criteria, control of confounding), applicability (assessment of intervention) and imprecision 
(assessment of modelling methods and outcomes). Assessment is graded as either a low risk of bias, high risk of 
bias or unclear risk of bias.  
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Figure S1. Funnel plot 

 

 

Egger’s test for small study effects: p = 0.005 

Overall summary estimate using trim and fill method: 1.13 (95% CI 1.03-1.28, p=0.04, I2=81%) 
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Association of Volumetric Epicardial Adipose Tissue Quantification
and Cardiac Structure and Function
Nitesh Nerlekar, MBBS, MPH; Rahul G. Muthalaly, MBBS; Nathan Wong, MBBS; Udit Thakur, MBBS; Dennis T. L. Wong, MD, PhD;
Adam J. Brown, MD, PhD; Thomas H. Marwick, MBBS, MPH, PhD

Background-—Epicardial adipose tissue (EAT) is in immediate apposition to the underlying myocardium and, therefore, has the
potential to influence myocardial systolic and diastolic function or myocardial geometry, through paracrine or compressive
mechanical effects. We aimed to review the association between volumetric EAT and markers of myocardial function and geometry.

Methods and Results-—PubMed, Medline, and Embase were searched from inception to May 2018. Studies were included only if
complete EAT volume or mass was reported and related to a measure of myocardial function and/or geometry. Meta-analysis and
meta-regression were used to evaluate the weighted mean difference of EAT in patients with and without diastolic dysfunction.
Heterogeneity of data reporting precluded meta-analysis for systolic and geometric associations. In the 22 studies included in the
analysis, there was a significant correlation with increasing EAT and presence of diastolic dysfunction and mean e0 (average mitral
annular tissue Doppler velocity) and E/e0 (early inflow / annular velocity ratio) but not E/A (ratio of peak early (E) and late (A)
transmitral inflow velocities), independent of adiposity measures. There was a greater EAT in patients with diastolic dysfunction
(weighted mean difference, 24.43 mL; 95% confidence interval, 18.5–30.4 mL; P<0.001), and meta-regression confirmed the
association of increasing EAT with diastolic dysfunction (P=0.001). Reported associations of increasing EAT with increasing left
ventricular mass and the inverse correlation of EAT with left ventricular ejection fraction were inconsistent, and not independent from
other adiposity measures.

Conclusions-—EAT is associated with diastolic function, independent of other influential variables. EAT is an effect modifier for
chamber size but not systolic function. ( J Am Heart Assoc. 2018;7:e009975. DOI: 10.1161/JAHA.118.009975.)

Key Words: diastolic function • epicardial fat • systolic dysfunction

E picardial adipose tissue (EAT) has beenwidely studied as a
potential contributor to cardiovascular pathological char-

acteristics. Much of this research has focused on its effect on
coronary atherosclerosis,1 but there are unique properties of
EAT that may lead to an effect on myocardial function. EAT
shares direct anatomic contact with the myocardium without
fascial interruption2 and, therefore, may exhibit local

compressive forces, resulting in alteration of myocardial
function and geometry. In addition, the shared blood supply of
the coronary circulation to both the myocardium and surround-
ing EAT may predispose paracrine effects on the neighboring
myocardium with such inflammatory cytokines as MCP-1
(monocyte chemoattractant), interleukin-b, interleukin-6,
tumor necrosis factor-a, and leptin.2 Persisting inflammation
may lead to collagen deposition and subsequent impaired left
ventricular (LV) relaxation and further effects on diastolic and
systolic function. Furthermore, there is an association between
EAT and release of free fatty acids, as well as their myocardial
consumption.3 The relationship between obesity, visceral fat,
and EAT may also explain effects on myocardial function,
chamber size, and mass.

Several methods have been used for measurement of EAT,
including echocardiography, cardiac computed tomography
(CT), and cardiac magnetic resonance imaging (MRI). Echocar-
diography may overestimate or underestimate total EAT
volume because of single-plane assessment and the effects
of probe angulation on linear measurement. Single-slice area
measurements on CT or MRI are also limited by being only
single-plane measures. Recently, we have demonstrated the
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superiority of volumetric EAT assessment in comparison to 2-
dimensional linear echocardiographic EAT thickness.4 We,
therefore, sought the association of full-volume quantification
of EAT (assessed by cardiac CT or cardiac MRI) with
myocardial function, as assessed by transthoracic echocar-
diography, full R-R interval cardiac CT, or cardiac MRI.

Methods

Search Method
We conducted this systematic review in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement, and the trial was registered with
PROSPERO (CRD 42017038400). The search was conducted in
MEDLINE, EMBASE, and PubMed databases, ending in March
2018. References of eligible articles were hand searched for
additional articles. Searches were restricted to human studies,
andconference abstractswere included. A study searchflowchart
is presented in Figure 1, and the specific search term strategy is
given in Table S1. The data, analyticmethods, and studymaterials
will not be made available to other researchers for purposes of
reproducing the results or replicating the procedure.

Our inclusion criteria were as follows: patients undergoing
cardiac CT (CT angiography or calcium score) or MRI with
volumetric assessment of EAT (either volume or mass), with
cardiac imaging for assessment of myocardial function
parameters (full cardiac cycle cardiac CT or MRI or echocar-
diography), or measurement of myocardial geometry (LV
mass, LV volumes, and left atrium size) by validated methods.

Figure 1. Search strategy. EAT indicates epicardial adipose tissue.

Clinical Perspective

What Is New?

• Increasing epicardial adipose tissue volume is associated
with diastolic dysfunction, independent of other markers of
adiposity.

• Epicardial adipose tissue is an effect modifier for left
ventricle chamber geometry.

• Epicardial adipose tissue is not associated with systolic
function.

What Are the Clinical Implications?

• Epicardial adipose tissue may represent an important target
for therapy associated with diastolic dysfunction.
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Assessment of diastolic function was restricted to studies
using echocardiography. Exclusion criteria included the
following: any study with linear measurement of EAT thick-
ness, single-slice area measures of EAT, measures of
myocardial lipid content not differentiated from EAT, and
measurement of paracardial adipose tissue (ie, fat beyond the
parietal pericardium). Two authors (N.N. and R.G.M.) inde-
pendently reviewed the abstracts from the search to meet the
inclusion criteria, and discrepancies were resolved by con-
sensus. Probable overlap of the patient cohort with a similar
study led to exclusion of the smaller study.5

Evaluation of Full-Volume EAT
EAT was regarded as adipose tissue enclosed within the
visceral pericardium, and mean values (indexed and nonin-
dexed) were recorded.

Evaluation of Cardiac Function
Included studies measured myocardial performance based on
echocardiography or MRI. Measures of diastolic function
included the following: transmitral flow for peak early (E) and
late (A) inflow velocities and their ratio (E/A); deceleration time;
septal, lateral, and/or average myocardial annular velocities on
tissue Doppler imaging (e0); early inflow/annular velocity ratio
(E/e0); pulmonary vein flow to calculate the time difference
between the atrial reversal wave and mitral A-wave duration;
and the isovolumic relaxation time. Diastolic class grade was
recorded if reported: normal, grade 1 (impaired relaxation),
grade 2 (pseudonormal), and grade 3 (restrictive). Measures of
systolic performance assessed included LV ejection fraction,
cardiac output, stroke volume, and global longitudinal strain, if
recorded. Measures of cardiac structure included LV mass, LV
end-diastolic and end-systolic volumes, and left atrial size.

Statistical Analysis
Data on univariable correlations are presented because this
was the most consistent measure seen in included studies.
Where multivariable regression was performed, adjusted study
estimates and model covariates are reported. Meta-analysis
was performed for the weighted mean difference in EAT volume
between groups with and without diastolic dysfunction. Meta-
regression of weighted mean difference as an effect size and
the combined mean EAT in included studies were performed
with the moment-based estimate of between-study variance
and a permutation test using 1000 Monte Carlo simulations to
moderate for potentially spurious results, as previously
described.6 Precision of pooled estimates is reported as 95%
confidence intervals, and heterogeneity is reported by the I2

statistic. The Newcastle Ottawa Scale was used to assess risk
of bias (Tables S2 and S3). Statistical analysis was performed
using StataMP 14.0 (StataCorpLP, College Station, TX).

Results

Study Selection
A brief outline summary of the 22 studies (18 published and 4
conference papers) included in this review is presented in
Table 1.3,7–28

Association of EAT With LV Diastolic Function
There were 11 studies that investigated the relationship
between EAT and diastolic parameters, with 5 specifying
adherence to an iteration of the American Society of
Echocardiography diastolic guidelines.29 EAT was associated
with diastolic parameters, including peak mitral annular tissue
Doppler velocities (e0 septal, e0 lateral, or e0 mean) and
transmitral flow (early [E] and late [A] diastolic peak flow
velocities and their ratio [E/A]) (Table 2).9,13–16,18,20–24,29–32

Although some studies did perform comprehensive Doppler
measures, such as isovolumic relaxation times, deceleration
times, and pulmonary vein Doppler, the association with EAT
individually with each parameter was not described. The
classification of patients with diastolic dysfunction was
available in 5 studies. Most patients (26%–38% of total
cohort) had grade 1 diastolic dysfunction, with fewer quali-
fying as grade ≥2 (2%–28%).

In the 5 studies that measured differences in EAT between
groups, EATwas significantly greater in thediastolic dysfunction
group compared with patients with normal diastolic function
(weighted mean difference, 24.4 mL; 95% confidence interval,
18.5–30.4 mL; P<0.001; I2=28%) (Figure 2).15,16,20,21,23,26

Meta-regression, performed evaluating the weighted mean
difference (effect size) against the mean EAT volume, demon-
strated a nominally increasing presence of diastolic dysfunction
with increasing EAT values (b=0.17, SEE=0.09, P=0.06). This
was statistically significant after Monte Carlo permutation
testing, P=0.001 (Figure 3).

Mean E/e0 values were positively correlated with EAT
(r value range, 0.21–0.34; P<0.05), and mean e0 values were
inversely correlated (r value range, !0.26 to !0.44; P<0.05);
in all but one study, no consistent association was seen with
the E/A ratio (r value range, !0.40 to 0.08). Increasing EAT
was an independent predictor of diastolic dysfunction, e0 and
E/e0 independent of age, sex, and measures of adiposity
(Table 2). No independent association was identified with the
E/A ratio. In 6 studies, hypertension was also an adjusted
covariate in the model, and increasing EAT remained a
predictor of altered diastolic parameters.

Association of EAT With Systolic Function
Of 10 studies describing the association of EAT with systolic
parameters, LV function was evaluated with MRI in 5 and
echocardiography in 4 (Table 3).3,10,11,16,18,19,22,27 One study
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reported associations between EAT and global longitudinal
strain, a subclinical measure of myocardial function.24 Only
one described an independent effect of EAT on LV ejection
fraction (LVEF) by echocardiography.19 No univariable corre-
lation with LVEF was reported in the MRI studies.10–12 Of the
6 studies reporting multivariable regression analysis, an
independent association with LVEF was observed in 2 studies:
one study was performed in patients with established
coronary artery disease (CAD) stratified by LVEF and
compared with normal controls (hazard ratio, 0.48; 95%
confidence interval, 0.28–0.68; P<0.01),11 and the other
study was performed in patients undergoing investigation for
suspected CAD with reduced LVEF compared with normal
LVEF (values not reported).19

The only consistent feature across all studies appeared to
be a relative decrease in EAT as LVEF decreased. In studies
that included control groups (ie, normal LVEF), no association
of EAT with EF was identified in the control group. One study
demonstrated a significant inverse correlation with EAT
(normalized to LV mass) with cardiac output and stroke
volume (but not LVEF)3 in obese patients (r value, !0.46) but
not in corresponding controls.

In studies focusing specifically on patients with reduced
LVEF, EAT was reduced compared with those with preserved
LVEF. Doesch et al11 demonstrated that patients with CAD
and preserved LVEF had greater EAT (36"11 g/m2) than
normal controls without CAD (31"8 g/m2), and both had
greater EAT than patients with CAD with LVEF <50%
(28"8 g/m2; P<0.01). A population with presumed ischemic
cardiomyopathy (CAD with reduced LVEF) also reported a
stepwise decrease in EAT volume with reducing grades of
LVEF.19 This stepwise decrease was not found in a different
study by Doesch et al12 in patients with dilated cardiomy-
opathy against normal controls, although EAT was reduced
overall compared with normal controls.

In the study related to strain analysis,24 there was a positive
correlation with EAT and impaired 3-dimensional global longi-
tudinal strain (r=0.601, P<0.001) that remained significant on
multivariable regression (standardized b=0.512, P<0.001),
independent of markers of obesity and diabetes mellitus.

Association of EAT With Chamber Measures
There were 14 studies with data relating to a measure of
myocardial geometry. All modalities of echocardiography, CT,
and MRI were represented, with most values indexed to body
surface area, unless otherwise specified. Some studies
avoided indexation because body weight or other adiposity
measures were used in regression models and, therefore, raw
measures were used to prevent collinearity.

The most often reported univariable correlation coefficient
was for EAT and LV mass or indexed mass and was alwaysTa
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statistically significantly positively correlated in the diseased
patient group (not controls), with ranges from r=0.19 to
r=0.42 (P<0.05). Only studies by Doesch et al11,12 measured
LV end-diastolic diameter and found a consistent association
with EAT (r value range, 0.22–0.42; P<0.05). Similar findings
were seen for LV end-diastolic and end-systolic volume. Left
atrial size was measured either as volume or diameter and
demonstrated significant univariable associations with EAT
(Table 4).*

An inconsistent association was seen with measures of
adiposity in relation to EAT and cardiac structure. In patients
with reduced LVEF, indexed EAT appears to be associated with
indexedLVend-diastolicmass independentofBMI (Table 4).10–12

One study assessing patients with suspected CAD and normal
LVEF demonstrated that EAT correlated best with LV mass
(nonindexed) in the nonobese cohort only (b=0.23, P<0.001).8

Finally, in 2 observational studies, an independent association
of EAT with LV mass (nonindexed), adjusted for body weight,
was only seen in women (Table 4).17,22

Discussion
This review of 21 studies has demonstrated the emerging
body of work relating EAT to myocardial structure and

function. Increasing EAT is associated with the following:
(1) an increasing prevalence of diastolic dysfunction; (2) a
concomitant increase in LV mass; and (3) no consistent
association with markers of systolic function. However, these

Figure 2. Mean difference of epicardial adipose tissue (EAT) volume in patients with and without diastolic
dysfunction. Forest plot demonstrates the weighted mean difference (WMD; in mL) of EAT in studies with
and without diastolic dysfunction, according to a random-effect model. Those with diastolic dysfunction
have significantly greater EAT volumes. There is mild heterogeneity, as seen by the I2 statistic of 28%. CI
indicates confidence interval.

Figure 3. Meta-regression of the effect of increasing epicardial
adipose tissue (EAT) volume on the weighted mean difference
(effect size) of EAT in patients with and without diastolic
dysfunction. Meta-regression bubble plot depicts increasing
differences in mean EAT volume in patients with diastolic
dysfunction as EAT increases. Circles represent the weight of
each study. b coefficient is from meta-regression with associated
SEE; P value is from Monte-Carlo testing (1000 simulations) and
demonstrates a significant association (P=0.001).*References 3, 7–12, 17, 18, 20, 22, 24, 25, 28.
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correlations were no more than moderate; no coefficient
exceeded 0.50.

Protective Functions of EAT

EAT has a high fatty acid content and can both release and
scavenge excess free fatty acids to regulate myocardial

energy production.2 In addition, EAT secretes anti-inflamma-
tory cytokines, such as adiponectin, adrenomedullin, and
omentin, which have antiatherogenic effects; EAT also
regulates vascular tone and cardiac remodelling.33 There is
a thermogenic role for EAT in providing heat for the
myocardium in times of hypoxic or ischemic stress.33

However, the presence of numerous proinflammatory

Table 3. EAT and Systolic Function

First Author Method Group EAT Value
Systolic
Measure

r Value
(Univariate) Multivariable Regression Comment

Doesch11 MRI CAD and EF >50% (n=44)
CAD and EF <50% (n=114)
Combined CAD (n=158)
Controls (n=40)

36"11 g/m2

26"8 g/m2

29"10 g/m2

31"8 g/m2

LVEF 0.171
0.137
0.574*
Not specified

On multivariable regression adjusted for
BMI, NYHA classes I and III, atrial
fibrillation, LV-EDVI, LV-ESVI, LV-EDD,
LVRI, and LGE%, LVEF was an
independent predictor of indexed
EAT (HR, 0.478 [0.28–0.675]; P<0.01)†

Doesch12 MRI Control (n=48)
DCM (n=112)

31.7"5.6 g/m2

24"7.5 g/m2
LVEF
LVEF

0.069
0.085

No correlation with LVEF and
EAT (P=0.37)

Fontes-
Carvalho16

Echocardiography LVEF !0.07

Hachiya18 Echocardiography LVEF 0.22* Significant association on multivariate
regression models adjusted for
hypertension, diabetes mellitus,
dyslipidemia, previous CAD or
revascularization, and medication use
(standardized b range,
0.16–0.22; all P<0.05) but not
adjusted for age, sex, or BMI
(standardized b, 0.13; P>0.05)

Khawaja19 Echocardiography Normal (n=321)
EF <55% (n=60)
EF 35%–55% (n=43)
EF <35% (n=17)

114.5"98.5 cm3

83.5"67.1 cm3

96.0"73.9 cm3

52.2"29.7 cm3

Multivariate analysis revealed LVEF and
triglyceride levels predicted EAT (values
and covariates not reported)

Liu22 Echocardiography Women
Men

LVEF
LVEF

!0.04
0.03

Not significant on multivariable
regression in either sex (adjusted
for age, height, smoking, alcohol, blood
pressure, eGFR, hemoglobin, total
physical activity score, medications,
VAT, and weight: regression coefficient,
!0.3"0.4
[P=0.51] in women and 0.2"0.6
[P=0.72] in men). Note: described as
pericardial fat volume.

Ruberg3 MRI Obese CO
SV
LVEF

!0.46*
Inverse*
Not correlated

Values are normalized to LV mass (mL/g)

Control CO
SV
LVEF

Not correlated
Not correlated
Not correlated

Wu27 MRI LVEF Not correlated

Values are mean"SD or r value correlation coefficients, unless otherwise stated. BMI indicates body mass index; CAD, coronary artery disease; CO, cardiac output; DCM, dilated
cardiomyopathy; EAT, epicardial adipose tissue; EF, ejection fraction; eGFR, estimated glomerular filtration rate; HR, hazard ratio; LGE%, percentage of late gadolinium enhancement; LV,
left ventricular; LV-EDD, LV end-diastolic diameter; LV-EDVI, LV end-diastolic volume index; LV-ESVI, left ventricular end-systolic volume index; LVRI, LV remodeling index; MRI, magnetic
resonance imaging; NYHA, New York Heart Association; SV, stroke volume; VAT, visceral adipose tissue.
*P<0.05.
†Directly quoted values from source article.
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cytokines within EAT may lead to a potential imbalance of
harmful versus protective cytokines and disruption of myocar-
dial function. Higher levels of these molecules (eg, tumor
necrosis factor-a, interleukin-6, interleukin-1, and MCP-1) are
seen in patients with CAD or heart failure. It is uncertain
whether the trigger for the imbalance of cytokines is a cause
of the pathological characteristics or a consequence, and a
potential reciprocal or bidirectional role has been proposed.2

EAT and Diastolic Dysfunction
Adipose tissue can modulate the cardiovascular system by
mechanisms including sympathetic activation, adipokine
secretion, and myocardial oxidative stress.34,35 EAT is
regarded as a visceral fat depot. Visceral fat is metabolically
active and is a determinant of diastolic function.36 The
adipokines within EAT can all affect diastolic function through
persistent inflammation and subsequent collagen turnover,37

impaired microvascular relaxation, or a direct toxic effect on
the myocardium.38,39 The loss of protective effects of
adiponectin can also modify diastolic function.40

Mechanical effects may arise from myocardial compression
of EAT because it lies within a fixed pericardial sac,17 inducing a
similar mechanism as pericardial constriction. Hachiya et al
demonstrated an independent correlation of EAT with aortic
pulse pressure as another mechanism of diastolic dysfunction
that may be mediated by the association of EAT with aortic
stiffness and, therefore, increased pulse wave velocity and early
wave reflection.18 Increased pressure in late systole may cause
slower LV relaxation and subsequent diastolic dysfunction, as
well as compromise coronary perfusion, especially if there is
underlying CAD leading to impaired LV relaxation.41

EAT is associated with obesity, which itself is independently
associated with diastolic dysfunction.42 Obese patients often
have elevated EAT volumes,17 and indexed EAT has modest
incremental value for diastolic dysfunction over traditional
covariates, such as metabolic syndrome, subclinical CAD, and
LV mass index.9 Although the results from our analysis
demonstrate that EAT had an independent effect on diastolic
function parameters over adiposity measures, adiposity mea-
sures varied considerably and included BMI, bioimpedence
testing, area of visceral adipose tissue or subcutaneous adipose
tissue, or indexed EAT, which accounts for body weight. This
heterogeneity needs further explanation to adequately isolate
the effect of obesity and EAT on diastolic function. The lack of an
association of EAT with E/A ratio may be confounded by the
effects of age, proportion of patients with CAD, measurement in
patientswith normal LVEF, and theU-shaped relationship of E/A
ratio with diastolic function that makes it difficult to assess
without the addition of other variables.43

The evaluation of diastolic function is challenging and
influenced by a patient’s filling status, the presence of CAD,

diabetes mellitus, obesity, as well as “normal” changes seen
in the ageing patient. Although most studies aim to account
for these factors in multivariable regression models, no more
than association can be interpreted, and causality cannot be
proved. Statistically, there may be implications of collinearity
of obesity measures and EAT in multivariable models.

EAT and Systolic Dysfunction
Our study noted weak and inconsistent associations of EAT and
systolic parameters. In the single study that evaluated EAT and
longitudinal strain as a marker of subclinical myocardial
dysfunction, there was a strong association noted independent
of confounders, such as obesity and diabetes mellitus.24 This is
a notable finding; however, causality remains unproved and
requires further assessment in larger-scale studies as a
possible marker of the syndrome of heart failure with preserved
ejection fraction. Various hypotheses have been developed to
relate EAT and systolic function. In studies of patients with
ischemic and dilated cardiomyopathy, there has been a
consistent signal of reducing EAT with reducing LVEF, with
less EAT also seen compared with normal controls or those with
normal LVEF.10–12,19 As myocardium becomes progressively
dysfunctional, the role of EAT as a source of energy or cytokine
homeostasis may become less necessary, contributing to EAT
depletion. Conversely, in obese patients, there was no asso-
ciation with EAT (normalized to cardiac mass) and LVEF, and
there was a negative correlation with MRI-derived cardiac
output as EAT increased.3 The proposed mechanism is from
mechanical restriction of myocardial expansion from EAT in
diastole that may lead to less ventricular filling and, therefore,
reduced cardiac output.3 A further mechanism may involve the
effects of a direct cytokine release, as seen in patients with
decompensated heart failure, but no studies have applied this in
the context of EAT volume.

EAT and Chamber Measures
Postmortem and experimental studies44,45 have demon-
strated a constant ratio of epicardial fat/ventricular myocar-
dium, regardless of underlying pathological characteristics of
hypertrophy, ischemia, or normal muscle. Furthermore, the
increase in fat mass parallels LV hypertrophy, although
healthy controls have higher quantities of EAT.10 Similar
findings are seen when evaluating the LV remodeling index
(ratio of mass/end-diastolic volume), where an inverse
correlation is noted with LVEF and the EAT/LV remodeling
index ratio. LVEF is inversely correlated with EAT and linearly
correlated with LV remodeling index, suggesting that remod-
eling is not compensated by an adequate increase in EAT.10

Obesity has shown a positive relationship with increased
LV mass and EAT, yet the impact of obesity on myocardial
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geometry may outweigh the local effects of ectopic fat
because associations attenuated after adjustment for other
adiposity measures, including body weight.17 From a mech-
anistic perspective, the association of EAT with central
obesity and visceral adipose tissue might result in greater
LV afterload and subsequent increased LV output, therefore
leading to LV remodeling.8 As LV remodeling progresses, LV
diameter, volume, and mass increase, which may then deplete
EAT stores12 and result in a vicious cycle of reduced
protective benefits on the heart and further dysfunction.
However, the independent association of EAT with LV mass is
limited to nonobese subjects.8 Associations of EAT with the
incidence of CAD have been described in nonobese people46

and could contribute to the so-called obesity paradox.47

Limitations
We acknowledge several limitations in our study. EAT
measurement by different modalities may lead to differences
between studies. Some reported EAT indexed to Body Surface
Area (BSA) (therefore accounting for weight), and some
reported raw values using weight as a covariate in multivari-
able models. Such normalization, as opposed to normalization
to height, may obscure the contribution of obesity to
differences in chamber volumes and mass, which are
associated with EAT. Not all studies adjusted for hypertension
in multivariable models, which is also associated with obesity
and diastolic function. Variations in the reference literature on
measures of diastolic function also lead to difficulties with
comparing studies. The differences in regional location of EAT
were not available in most studies and, therefore, the effect of
EAT distribution was not assessable. The level of heterogene-
ity and variable study end points precluded detailed
meta-analysis.

Conclusions
Despite small and heterogeneous studies, there is clear
evidence of a consistent effect of volumetric EAT on
myocardial diastolic function and chamber measurements;
however, robust data are lacking to make causal inferences.
These findings are observed despite adjustment for common
confounders, such as adiposity. No consistent effect is seen
with respect to systolic parameters. Further longitudinal
studies are necessary to generate quantitative summary
measures as well as develop potential targets for treatment.
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Table S1. Example MEDLINE search strategy. 

 

# Searches Results 

1 exp Adipose Tissue/ or epicardial fat.mp. 79789 

2 epicardial adipose tissue.mp. 417 

3 epicardial fat volume.mp. 56 

4 pericardial adipose tissue.mp. 58 

5 pericardial fat.mp. 242 

6 pericardial fat volume.mp. 31 

7 1 or 2 or 3 or 4 or 5 or 6 79916 

8 exp Myocardial Contraction/ or exp Heart Failure/ or exp Heart Ventricles/ or 

exp Echocardiography, Doppler/ or exp Ventricular Dysfunction, Left/ or exp 

Diastole/ or exp Ventricular Function, Left/ or diastolic function.mp. 

260853 

9 diastolic dysfunction.mp. 6262 

10 systolic function.mp. 9152 

11 exp Myocardial Contraction/ or myocardial function.mp. 75943 

12 myocardial performance.mp. 2269 

13 mitral annular velocities.mp. 154 

14 ejection fraction.mp. 44097 

15 8 or 9 or 10 or 11 or 12 or 13 or 14 282014 

16 exp Tomography, X-Ray Computed/ or cardiac ct.mp. 337987 

17 coronary calcium score.mp. or exp Tomography, X-Ray Computed/ 337983 

18 exp Multidetector Computed Tomography/ or ccta.mp. 4630 

19 16 or 17 or 18  338169 

20 exp Magnetic Resonance Imaging/ 346308 

21 cardiac mri.mp. 1739 

22 ectopic fat.mp. 396 

23 7 or 22 80055 

24 20 or 21 346580 

25 15 and 19 and 23 53 

26 15 and 23 and 24 78 

27 25 or 26 122 
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Table S2. N
ew

castle - O
ttaw

a Scale for Assessm
ent of Cross-sectional Studies. 

 

First Author 
Year 

Selection 
Com

parability  
O

utcom
e 

Total 
Representativeness 

of the sam
ple 

Sam
pl

e size 
Ascertainm

ent 
of exposure 

N
on - 

respondent
s 

O
utcom

e 
groups 

com
parable 

Assessm
ent 

of outcom
e 

Correct 
statistical test  

Bakkum
1 

2015 
* 

- 
** 

* 
* 

* 
* 

7 
Cavalcante

2 
2012 

* 
- 

** 
* 

** 
** 

* 
9 

Ede
3 

2014 
* 

- 
** 

* 
** 

** 
* 

9 
Faustino

¥4 
2011 

* 
- 

** 
- 

** 
* 

* 
7 

Fernando
5 

2015 
* 

- 
** 

- 
** 

* 
* 

7 
Fontes-carvalho

6 
2014 

* 
- 

** 
* 

** 
** 

* 
9 

Fox
7 

2009 
* 

* 
** 

* 
** 

** 
* 

10 
Hachiya

8 
2014 

* 
- 

** 
* 

* 
* 

* 
7 

Khaw
aja

9 
2011 

* 
- 

** 
- 

** 
** 

* 
8 

Konishi 10 
2012 

* 
- 

** 
* 

- 
* 

* 
6 

Lai 11 
2015 

* 
- 

** 
* 

** 
* 

* 
8 

Liu
12 

2011 
* 

* 
** 

* 
** 

* 
* 

10 
Longenecker 13 

2016 
* 

- 
** 

* 
** 

* 
* 

8 
N

g
14 

2016 
* 

- 
** 

* 
** 

* 
* 

8 
Ruberg

15 
2010 

* 
- 

** 
* 

* 
** 

* 
8 

W
u

16 
2015 

* 
- 

** 
* 

* 
** 

* 
8 

Yam
ashita

17 
2012 

* 
- 

** 
* 

** 
* 

* 
8 
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Table S3. N
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a Scale for Assessm
ent of Case Control Studies. 

 

First 
Author 

Year 

Selection 
Com

parability  
Exposure 

Total 

Representativen
ess of the 

sam
ple  

Adequate 
case 

definition? 

Selection of 
controls 

Definition 
of 

controls 

Controls and 
cases 

com
parable  

Ascertainm
ent 

of exposure 

Sam
e m

ethod of 
ascertainm

ent for 
cases and controls 

N
on-

response 
rate 

 

Chekakie
18 

2010 
* 

* 
* 

* 
** 

* 
* 

* 
9 

Doesch
19 

2012 
* 

* 
* 

* 
** 

* 
* 

* 
9 

Doesch
20 

2013 
* 

* 
* 

* 
** 

** 
* 

* 
10 

Doesch
21 

2010 
* 

* 
* 

* 
** 

** 
* 

* 
10 

Vanni 22 
2015 

* 
* 

* 
* 

* 
* 

* 
* 

8 
Vural 23 

2014 
* 

* 
* 

* 
** 

** 
* 

* 
10 
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Association of Volumetric Epicardial Adipose Tissue Quantification
and Cardiac Structure and Function
Nitesh Nerlekar, MBBS, MPH; Rahul G. Muthalaly, MBBS; Nathan Wong, MBBS; Udit Thakur, MBBS; Dennis T. L. Wong, MD, PhD;
Adam J. Brown, MD, PhD; Thomas H. Marwick, MBBS, MPH, PhD

Background-—Epicardial adipose tissue (EAT) is in immediate apposition to the underlying myocardium and, therefore, has the
potential to influence myocardial systolic and diastolic function or myocardial geometry, through paracrine or compressive
mechanical effects. We aimed to review the association between volumetric EAT and markers of myocardial function and geometry.

Methods and Results-—PubMed, Medline, and Embase were searched from inception to May 2018. Studies were included only if
complete EAT volume or mass was reported and related to a measure of myocardial function and/or geometry. Meta-analysis and
meta-regression were used to evaluate the weighted mean difference of EAT in patients with and without diastolic dysfunction.
Heterogeneity of data reporting precluded meta-analysis for systolic and geometric associations. In the 22 studies included in the
analysis, there was a significant correlation with increasing EAT and presence of diastolic dysfunction and mean e0 (average mitral
annular tissue Doppler velocity) and E/e0 (early inflow / annular velocity ratio) but not E/A (ratio of peak early (E) and late (A)
transmitral inflow velocities), independent of adiposity measures. There was a greater EAT in patients with diastolic dysfunction
(weighted mean difference, 24.43 mL; 95% confidence interval, 18.5–30.4 mL; P<0.001), and meta-regression confirmed the
association of increasing EAT with diastolic dysfunction (P=0.001). Reported associations of increasing EAT with increasing left
ventricular mass and the inverse correlation of EAT with left ventricular ejection fraction were inconsistent, and not independent from
other adiposity measures.

Conclusions-—EAT is associated with diastolic function, independent of other influential variables. EAT is an effect modifier for
chamber size but not systolic function. ( J Am Heart Assoc. 2018;7:e009975. DOI: 10.1161/JAHA.118.009975.)

Key Words: diastolic function • epicardial fat • systolic dysfunction

E picardial adipose tissue (EAT) has beenwidely studied as a
potential contributor to cardiovascular pathological char-

acteristics. Much of this research has focused on its effect on
coronary atherosclerosis,1 but there are unique properties of
EAT that may lead to an effect on myocardial function. EAT
shares direct anatomic contact with the myocardium without
fascial interruption2 and, therefore, may exhibit local

compressive forces, resulting in alteration of myocardial
function and geometry. In addition, the shared blood supply of
the coronary circulation to both the myocardium and surround-
ing EAT may predispose paracrine effects on the neighboring
myocardium with such inflammatory cytokines as MCP-1
(monocyte chemoattractant), interleukin-b, interleukin-6,
tumor necrosis factor-a, and leptin.2 Persisting inflammation
may lead to collagen deposition and subsequent impaired left
ventricular (LV) relaxation and further effects on diastolic and
systolic function. Furthermore, there is an association between
EAT and release of free fatty acids, as well as their myocardial
consumption.3 The relationship between obesity, visceral fat,
and EAT may also explain effects on myocardial function,
chamber size, and mass.

Several methods have been used for measurement of EAT,
including echocardiography, cardiac computed tomography
(CT), and cardiac magnetic resonance imaging (MRI). Echocar-
diography may overestimate or underestimate total EAT
volume because of single-plane assessment and the effects
of probe angulation on linear measurement. Single-slice area
measurements on CT or MRI are also limited by being only
single-plane measures. Recently, we have demonstrated the
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superiority of volumetric EAT assessment in comparison to 2-
dimensional linear echocardiographic EAT thickness.4 We,
therefore, sought the association of full-volume quantification
of EAT (assessed by cardiac CT or cardiac MRI) with
myocardial function, as assessed by transthoracic echocar-
diography, full R-R interval cardiac CT, or cardiac MRI.

Methods

Search Method
We conducted this systematic review in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement, and the trial was registered with
PROSPERO (CRD 42017038400). The search was conducted in
MEDLINE, EMBASE, and PubMed databases, ending in March
2018. References of eligible articles were hand searched for
additional articles. Searches were restricted to human studies,
andconference abstractswere included. A study searchflowchart
is presented in Figure 1, and the specific search term strategy is
given in Table S1. The data, analyticmethods, and studymaterials
will not be made available to other researchers for purposes of
reproducing the results or replicating the procedure.

Our inclusion criteria were as follows: patients undergoing
cardiac CT (CT angiography or calcium score) or MRI with
volumetric assessment of EAT (either volume or mass), with
cardiac imaging for assessment of myocardial function
parameters (full cardiac cycle cardiac CT or MRI or echocar-
diography), or measurement of myocardial geometry (LV
mass, LV volumes, and left atrium size) by validated methods.

Figure 1. Search strategy. EAT indicates epicardial adipose tissue.

Clinical Perspective

What Is New?

• Increasing epicardial adipose tissue volume is associated
with diastolic dysfunction, independent of other markers of
adiposity.

• Epicardial adipose tissue is an effect modifier for left
ventricle chamber geometry.

• Epicardial adipose tissue is not associated with systolic
function.

What Are the Clinical Implications?

• Epicardial adipose tissue may represent an important target
for therapy associated with diastolic dysfunction.
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Assessment of diastolic function was restricted to studies
using echocardiography. Exclusion criteria included the
following: any study with linear measurement of EAT thick-
ness, single-slice area measures of EAT, measures of
myocardial lipid content not differentiated from EAT, and
measurement of paracardial adipose tissue (ie, fat beyond the
parietal pericardium). Two authors (N.N. and R.G.M.) inde-
pendently reviewed the abstracts from the search to meet the
inclusion criteria, and discrepancies were resolved by con-
sensus. Probable overlap of the patient cohort with a similar
study led to exclusion of the smaller study.5

Evaluation of Full-Volume EAT
EAT was regarded as adipose tissue enclosed within the
visceral pericardium, and mean values (indexed and nonin-
dexed) were recorded.

Evaluation of Cardiac Function
Included studies measured myocardial performance based on
echocardiography or MRI. Measures of diastolic function
included the following: transmitral flow for peak early (E) and
late (A) inflow velocities and their ratio (E/A); deceleration time;
septal, lateral, and/or average myocardial annular velocities on
tissue Doppler imaging (e0); early inflow/annular velocity ratio
(E/e0); pulmonary vein flow to calculate the time difference
between the atrial reversal wave and mitral A-wave duration;
and the isovolumic relaxation time. Diastolic class grade was
recorded if reported: normal, grade 1 (impaired relaxation),
grade 2 (pseudonormal), and grade 3 (restrictive). Measures of
systolic performance assessed included LV ejection fraction,
cardiac output, stroke volume, and global longitudinal strain, if
recorded. Measures of cardiac structure included LV mass, LV
end-diastolic and end-systolic volumes, and left atrial size.

Statistical Analysis
Data on univariable correlations are presented because this
was the most consistent measure seen in included studies.
Where multivariable regression was performed, adjusted study
estimates and model covariates are reported. Meta-analysis
was performed for the weighted mean difference in EAT volume
between groups with and without diastolic dysfunction. Meta-
regression of weighted mean difference as an effect size and
the combined mean EAT in included studies were performed
with the moment-based estimate of between-study variance
and a permutation test using 1000 Monte Carlo simulations to
moderate for potentially spurious results, as previously
described.6 Precision of pooled estimates is reported as 95%
confidence intervals, and heterogeneity is reported by the I2

statistic. The Newcastle Ottawa Scale was used to assess risk
of bias (Tables S2 and S3). Statistical analysis was performed
using StataMP 14.0 (StataCorpLP, College Station, TX).

Results

Study Selection
A brief outline summary of the 22 studies (18 published and 4
conference papers) included in this review is presented in
Table 1.3,7–28

Association of EAT With LV Diastolic Function
There were 11 studies that investigated the relationship
between EAT and diastolic parameters, with 5 specifying
adherence to an iteration of the American Society of
Echocardiography diastolic guidelines.29 EAT was associated
with diastolic parameters, including peak mitral annular tissue
Doppler velocities (e0 septal, e0 lateral, or e0 mean) and
transmitral flow (early [E] and late [A] diastolic peak flow
velocities and their ratio [E/A]) (Table 2).9,13–16,18,20–24,29–32

Although some studies did perform comprehensive Doppler
measures, such as isovolumic relaxation times, deceleration
times, and pulmonary vein Doppler, the association with EAT
individually with each parameter was not described. The
classification of patients with diastolic dysfunction was
available in 5 studies. Most patients (26%–38% of total
cohort) had grade 1 diastolic dysfunction, with fewer quali-
fying as grade ≥2 (2%–28%).

In the 5 studies that measured differences in EAT between
groups, EATwas significantly greater in thediastolic dysfunction
group compared with patients with normal diastolic function
(weighted mean difference, 24.4 mL; 95% confidence interval,
18.5–30.4 mL; P<0.001; I2=28%) (Figure 2).15,16,20,21,23,26

Meta-regression, performed evaluating the weighted mean
difference (effect size) against the mean EAT volume, demon-
strated a nominally increasing presence of diastolic dysfunction
with increasing EAT values (b=0.17, SEE=0.09, P=0.06). This
was statistically significant after Monte Carlo permutation
testing, P=0.001 (Figure 3).

Mean E/e0 values were positively correlated with EAT
(r value range, 0.21–0.34; P<0.05), and mean e0 values were
inversely correlated (r value range, !0.26 to !0.44; P<0.05);
in all but one study, no consistent association was seen with
the E/A ratio (r value range, !0.40 to 0.08). Increasing EAT
was an independent predictor of diastolic dysfunction, e0 and
E/e0 independent of age, sex, and measures of adiposity
(Table 2). No independent association was identified with the
E/A ratio. In 6 studies, hypertension was also an adjusted
covariate in the model, and increasing EAT remained a
predictor of altered diastolic parameters.

Association of EAT With Systolic Function
Of 10 studies describing the association of EAT with systolic
parameters, LV function was evaluated with MRI in 5 and
echocardiography in 4 (Table 3).3,10,11,16,18,19,22,27 One study
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reported associations between EAT and global longitudinal
strain, a subclinical measure of myocardial function.24 Only
one described an independent effect of EAT on LV ejection
fraction (LVEF) by echocardiography.19 No univariable corre-
lation with LVEF was reported in the MRI studies.10–12 Of the
6 studies reporting multivariable regression analysis, an
independent association with LVEF was observed in 2 studies:
one study was performed in patients with established
coronary artery disease (CAD) stratified by LVEF and
compared with normal controls (hazard ratio, 0.48; 95%
confidence interval, 0.28–0.68; P<0.01),11 and the other
study was performed in patients undergoing investigation for
suspected CAD with reduced LVEF compared with normal
LVEF (values not reported).19

The only consistent feature across all studies appeared to
be a relative decrease in EAT as LVEF decreased. In studies
that included control groups (ie, normal LVEF), no association
of EAT with EF was identified in the control group. One study
demonstrated a significant inverse correlation with EAT
(normalized to LV mass) with cardiac output and stroke
volume (but not LVEF)3 in obese patients (r value, !0.46) but
not in corresponding controls.

In studies focusing specifically on patients with reduced
LVEF, EAT was reduced compared with those with preserved
LVEF. Doesch et al11 demonstrated that patients with CAD
and preserved LVEF had greater EAT (36"11 g/m2) than
normal controls without CAD (31"8 g/m2), and both had
greater EAT than patients with CAD with LVEF <50%
(28"8 g/m2; P<0.01). A population with presumed ischemic
cardiomyopathy (CAD with reduced LVEF) also reported a
stepwise decrease in EAT volume with reducing grades of
LVEF.19 This stepwise decrease was not found in a different
study by Doesch et al12 in patients with dilated cardiomy-
opathy against normal controls, although EAT was reduced
overall compared with normal controls.

In the study related to strain analysis,24 there was a positive
correlation with EAT and impaired 3-dimensional global longi-
tudinal strain (r=0.601, P<0.001) that remained significant on
multivariable regression (standardized b=0.512, P<0.001),
independent of markers of obesity and diabetes mellitus.

Association of EAT With Chamber Measures
There were 14 studies with data relating to a measure of
myocardial geometry. All modalities of echocardiography, CT,
and MRI were represented, with most values indexed to body
surface area, unless otherwise specified. Some studies
avoided indexation because body weight or other adiposity
measures were used in regression models and, therefore, raw
measures were used to prevent collinearity.

The most often reported univariable correlation coefficient
was for EAT and LV mass or indexed mass and was alwaysTa
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statistically significantly positively correlated in the diseased
patient group (not controls), with ranges from r=0.19 to
r=0.42 (P<0.05). Only studies by Doesch et al11,12 measured
LV end-diastolic diameter and found a consistent association
with EAT (r value range, 0.22–0.42; P<0.05). Similar findings
were seen for LV end-diastolic and end-systolic volume. Left
atrial size was measured either as volume or diameter and
demonstrated significant univariable associations with EAT
(Table 4).*

An inconsistent association was seen with measures of
adiposity in relation to EAT and cardiac structure. In patients
with reduced LVEF, indexed EAT appears to be associated with
indexedLVend-diastolicmass independentofBMI (Table 4).10–12

One study assessing patients with suspected CAD and normal
LVEF demonstrated that EAT correlated best with LV mass
(nonindexed) in the nonobese cohort only (b=0.23, P<0.001).8

Finally, in 2 observational studies, an independent association
of EAT with LV mass (nonindexed), adjusted for body weight,
was only seen in women (Table 4).17,22

Discussion
This review of 21 studies has demonstrated the emerging
body of work relating EAT to myocardial structure and

function. Increasing EAT is associated with the following:
(1) an increasing prevalence of diastolic dysfunction; (2) a
concomitant increase in LV mass; and (3) no consistent
association with markers of systolic function. However, these

Figure 2. Mean difference of epicardial adipose tissue (EAT) volume in patients with and without diastolic
dysfunction. Forest plot demonstrates the weighted mean difference (WMD; in mL) of EAT in studies with
and without diastolic dysfunction, according to a random-effect model. Those with diastolic dysfunction
have significantly greater EAT volumes. There is mild heterogeneity, as seen by the I2 statistic of 28%. CI
indicates confidence interval.

Figure 3. Meta-regression of the effect of increasing epicardial
adipose tissue (EAT) volume on the weighted mean difference
(effect size) of EAT in patients with and without diastolic
dysfunction. Meta-regression bubble plot depicts increasing
differences in mean EAT volume in patients with diastolic
dysfunction as EAT increases. Circles represent the weight of
each study. b coefficient is from meta-regression with associated
SEE; P value is from Monte-Carlo testing (1000 simulations) and
demonstrates a significant association (P=0.001).*References 3, 7–12, 17, 18, 20, 22, 24, 25, 28.
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correlations were no more than moderate; no coefficient
exceeded 0.50.

Protective Functions of EAT

EAT has a high fatty acid content and can both release and
scavenge excess free fatty acids to regulate myocardial

energy production.2 In addition, EAT secretes anti-inflamma-
tory cytokines, such as adiponectin, adrenomedullin, and
omentin, which have antiatherogenic effects; EAT also
regulates vascular tone and cardiac remodelling.33 There is
a thermogenic role for EAT in providing heat for the
myocardium in times of hypoxic or ischemic stress.33

However, the presence of numerous proinflammatory

Table 3. EAT and Systolic Function

First Author Method Group EAT Value
Systolic
Measure

r Value
(Univariate) Multivariable Regression Comment

Doesch11 MRI CAD and EF >50% (n=44)
CAD and EF <50% (n=114)
Combined CAD (n=158)
Controls (n=40)

36"11 g/m2

26"8 g/m2

29"10 g/m2

31"8 g/m2

LVEF 0.171
0.137
0.574*
Not specified

On multivariable regression adjusted for
BMI, NYHA classes I and III, atrial
fibrillation, LV-EDVI, LV-ESVI, LV-EDD,
LVRI, and LGE%, LVEF was an
independent predictor of indexed
EAT (HR, 0.478 [0.28–0.675]; P<0.01)†

Doesch12 MRI Control (n=48)
DCM (n=112)

31.7"5.6 g/m2

24"7.5 g/m2
LVEF
LVEF

0.069
0.085

No correlation with LVEF and
EAT (P=0.37)

Fontes-
Carvalho16

Echocardiography LVEF !0.07

Hachiya18 Echocardiography LVEF 0.22* Significant association on multivariate
regression models adjusted for
hypertension, diabetes mellitus,
dyslipidemia, previous CAD or
revascularization, and medication use
(standardized b range,
0.16–0.22; all P<0.05) but not
adjusted for age, sex, or BMI
(standardized b, 0.13; P>0.05)

Khawaja19 Echocardiography Normal (n=321)
EF <55% (n=60)
EF 35%–55% (n=43)
EF <35% (n=17)

114.5"98.5 cm3

83.5"67.1 cm3

96.0"73.9 cm3

52.2"29.7 cm3

Multivariate analysis revealed LVEF and
triglyceride levels predicted EAT (values
and covariates not reported)

Liu22 Echocardiography Women
Men

LVEF
LVEF

!0.04
0.03

Not significant on multivariable
regression in either sex (adjusted
for age, height, smoking, alcohol, blood
pressure, eGFR, hemoglobin, total
physical activity score, medications,
VAT, and weight: regression coefficient,
!0.3"0.4
[P=0.51] in women and 0.2"0.6
[P=0.72] in men). Note: described as
pericardial fat volume.

Ruberg3 MRI Obese CO
SV
LVEF

!0.46*
Inverse*
Not correlated

Values are normalized to LV mass (mL/g)

Control CO
SV
LVEF

Not correlated
Not correlated
Not correlated

Wu27 MRI LVEF Not correlated

Values are mean"SD or r value correlation coefficients, unless otherwise stated. BMI indicates body mass index; CAD, coronary artery disease; CO, cardiac output; DCM, dilated
cardiomyopathy; EAT, epicardial adipose tissue; EF, ejection fraction; eGFR, estimated glomerular filtration rate; HR, hazard ratio; LGE%, percentage of late gadolinium enhancement; LV,
left ventricular; LV-EDD, LV end-diastolic diameter; LV-EDVI, LV end-diastolic volume index; LV-ESVI, left ventricular end-systolic volume index; LVRI, LV remodeling index; MRI, magnetic
resonance imaging; NYHA, New York Heart Association; SV, stroke volume; VAT, visceral adipose tissue.
*P<0.05.
†Directly quoted values from source article.
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cytokines within EAT may lead to a potential imbalance of
harmful versus protective cytokines and disruption of myocar-
dial function. Higher levels of these molecules (eg, tumor
necrosis factor-a, interleukin-6, interleukin-1, and MCP-1) are
seen in patients with CAD or heart failure. It is uncertain
whether the trigger for the imbalance of cytokines is a cause
of the pathological characteristics or a consequence, and a
potential reciprocal or bidirectional role has been proposed.2

EAT and Diastolic Dysfunction
Adipose tissue can modulate the cardiovascular system by
mechanisms including sympathetic activation, adipokine
secretion, and myocardial oxidative stress.34,35 EAT is
regarded as a visceral fat depot. Visceral fat is metabolically
active and is a determinant of diastolic function.36 The
adipokines within EAT can all affect diastolic function through
persistent inflammation and subsequent collagen turnover,37

impaired microvascular relaxation, or a direct toxic effect on
the myocardium.38,39 The loss of protective effects of
adiponectin can also modify diastolic function.40

Mechanical effects may arise from myocardial compression
of EAT because it lies within a fixed pericardial sac,17 inducing a
similar mechanism as pericardial constriction. Hachiya et al
demonstrated an independent correlation of EAT with aortic
pulse pressure as another mechanism of diastolic dysfunction
that may be mediated by the association of EAT with aortic
stiffness and, therefore, increased pulse wave velocity and early
wave reflection.18 Increased pressure in late systole may cause
slower LV relaxation and subsequent diastolic dysfunction, as
well as compromise coronary perfusion, especially if there is
underlying CAD leading to impaired LV relaxation.41

EAT is associated with obesity, which itself is independently
associated with diastolic dysfunction.42 Obese patients often
have elevated EAT volumes,17 and indexed EAT has modest
incremental value for diastolic dysfunction over traditional
covariates, such as metabolic syndrome, subclinical CAD, and
LV mass index.9 Although the results from our analysis
demonstrate that EAT had an independent effect on diastolic
function parameters over adiposity measures, adiposity mea-
sures varied considerably and included BMI, bioimpedence
testing, area of visceral adipose tissue or subcutaneous adipose
tissue, or indexed EAT, which accounts for body weight. This
heterogeneity needs further explanation to adequately isolate
the effect of obesity and EAT on diastolic function. The lack of an
association of EAT with E/A ratio may be confounded by the
effects of age, proportion of patients with CAD, measurement in
patientswith normal LVEF, and theU-shaped relationship of E/A
ratio with diastolic function that makes it difficult to assess
without the addition of other variables.43

The evaluation of diastolic function is challenging and
influenced by a patient’s filling status, the presence of CAD,

diabetes mellitus, obesity, as well as “normal” changes seen
in the ageing patient. Although most studies aim to account
for these factors in multivariable regression models, no more
than association can be interpreted, and causality cannot be
proved. Statistically, there may be implications of collinearity
of obesity measures and EAT in multivariable models.

EAT and Systolic Dysfunction
Our study noted weak and inconsistent associations of EAT and
systolic parameters. In the single study that evaluated EAT and
longitudinal strain as a marker of subclinical myocardial
dysfunction, there was a strong association noted independent
of confounders, such as obesity and diabetes mellitus.24 This is
a notable finding; however, causality remains unproved and
requires further assessment in larger-scale studies as a
possible marker of the syndrome of heart failure with preserved
ejection fraction. Various hypotheses have been developed to
relate EAT and systolic function. In studies of patients with
ischemic and dilated cardiomyopathy, there has been a
consistent signal of reducing EAT with reducing LVEF, with
less EAT also seen compared with normal controls or those with
normal LVEF.10–12,19 As myocardium becomes progressively
dysfunctional, the role of EAT as a source of energy or cytokine
homeostasis may become less necessary, contributing to EAT
depletion. Conversely, in obese patients, there was no asso-
ciation with EAT (normalized to cardiac mass) and LVEF, and
there was a negative correlation with MRI-derived cardiac
output as EAT increased.3 The proposed mechanism is from
mechanical restriction of myocardial expansion from EAT in
diastole that may lead to less ventricular filling and, therefore,
reduced cardiac output.3 A further mechanism may involve the
effects of a direct cytokine release, as seen in patients with
decompensated heart failure, but no studies have applied this in
the context of EAT volume.

EAT and Chamber Measures
Postmortem and experimental studies44,45 have demon-
strated a constant ratio of epicardial fat/ventricular myocar-
dium, regardless of underlying pathological characteristics of
hypertrophy, ischemia, or normal muscle. Furthermore, the
increase in fat mass parallels LV hypertrophy, although
healthy controls have higher quantities of EAT.10 Similar
findings are seen when evaluating the LV remodeling index
(ratio of mass/end-diastolic volume), where an inverse
correlation is noted with LVEF and the EAT/LV remodeling
index ratio. LVEF is inversely correlated with EAT and linearly
correlated with LV remodeling index, suggesting that remod-
eling is not compensated by an adequate increase in EAT.10

Obesity has shown a positive relationship with increased
LV mass and EAT, yet the impact of obesity on myocardial
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geometry may outweigh the local effects of ectopic fat
because associations attenuated after adjustment for other
adiposity measures, including body weight.17 From a mech-
anistic perspective, the association of EAT with central
obesity and visceral adipose tissue might result in greater
LV afterload and subsequent increased LV output, therefore
leading to LV remodeling.8 As LV remodeling progresses, LV
diameter, volume, and mass increase, which may then deplete
EAT stores12 and result in a vicious cycle of reduced
protective benefits on the heart and further dysfunction.
However, the independent association of EAT with LV mass is
limited to nonobese subjects.8 Associations of EAT with the
incidence of CAD have been described in nonobese people46

and could contribute to the so-called obesity paradox.47

Limitations
We acknowledge several limitations in our study. EAT
measurement by different modalities may lead to differences
between studies. Some reported EAT indexed to Body Surface
Area (BSA) (therefore accounting for weight), and some
reported raw values using weight as a covariate in multivari-
able models. Such normalization, as opposed to normalization
to height, may obscure the contribution of obesity to
differences in chamber volumes and mass, which are
associated with EAT. Not all studies adjusted for hypertension
in multivariable models, which is also associated with obesity
and diastolic function. Variations in the reference literature on
measures of diastolic function also lead to difficulties with
comparing studies. The differences in regional location of EAT
were not available in most studies and, therefore, the effect of
EAT distribution was not assessable. The level of heterogene-
ity and variable study end points precluded detailed
meta-analysis.

Conclusions
Despite small and heterogeneous studies, there is clear
evidence of a consistent effect of volumetric EAT on
myocardial diastolic function and chamber measurements;
however, robust data are lacking to make causal inferences.
These findings are observed despite adjustment for common
confounders, such as adiposity. No consistent effect is seen
with respect to systolic parameters. Further longitudinal
studies are necessary to generate quantitative summary
measures as well as develop potential targets for treatment.
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Table S1. Example MEDLINE search strategy. 

 

# Searches Results 

1 exp Adipose Tissue/ or epicardial fat.mp. 79789 

2 epicardial adipose tissue.mp. 417 

3 epicardial fat volume.mp. 56 

4 pericardial adipose tissue.mp. 58 

5 pericardial fat.mp. 242 

6 pericardial fat volume.mp. 31 

7 1 or 2 or 3 or 4 or 5 or 6 79916 

8 exp Myocardial Contraction/ or exp Heart Failure/ or exp Heart Ventricles/ or 

exp Echocardiography, Doppler/ or exp Ventricular Dysfunction, Left/ or exp 

Diastole/ or exp Ventricular Function, Left/ or diastolic function.mp. 

260853 

9 diastolic dysfunction.mp. 6262 

10 systolic function.mp. 9152 

11 exp Myocardial Contraction/ or myocardial function.mp. 75943 

12 myocardial performance.mp. 2269 

13 mitral annular velocities.mp. 154 

14 ejection fraction.mp. 44097 

15 8 or 9 or 10 or 11 or 12 or 13 or 14 282014 

16 exp Tomography, X-Ray Computed/ or cardiac ct.mp. 337987 

17 coronary calcium score.mp. or exp Tomography, X-Ray Computed/ 337983 

18 exp Multidetector Computed Tomography/ or ccta.mp. 4630 

19 16 or 17 or 18  338169 

20 exp Magnetic Resonance Imaging/ 346308 

21 cardiac mri.mp. 1739 

22 ectopic fat.mp. 396 

23 7 or 22 80055 

24 20 or 21 346580 

25 15 and 19 and 23 53 

26 15 and 23 and 24 78 

27 25 or 26 122 
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Table S2. N
ew

castle - O
ttaw

a Scale for Assessm
ent of Cross-sectional Studies. 

 

First Author 
Year 

Selection 
Com

parability  
O

utcom
e 

Total 
Representativeness 

of the sam
ple 

Sam
pl

e size 
Ascertainm

ent 
of exposure 

N
on - 

respondent
s 

O
utcom

e 
groups 

com
parable 

Assessm
ent 

of outcom
e 

Correct 
statistical test  

Bakkum
1 

2015 
* 

- 
** 

* 
* 

* 
* 

7 
Cavalcante

2 
2012 

* 
- 

** 
* 

** 
** 

* 
9 

Ede
3 

2014 
* 

- 
** 

* 
** 

** 
* 

9 
Faustino

¥4 
2011 

* 
- 

** 
- 

** 
* 

* 
7 

Fernando
5 

2015 
* 

- 
** 

- 
** 

* 
* 

7 
Fontes-carvalho

6 
2014 

* 
- 

** 
* 

** 
** 

* 
9 

Fox
7 

2009 
* 

* 
** 

* 
** 

** 
* 

10 
Hachiya

8 
2014 

* 
- 

** 
* 

* 
* 

* 
7 

Khaw
aja

9 
2011 

* 
- 

** 
- 

** 
** 

* 
8 

Konishi 10 
2012 

* 
- 

** 
* 

- 
* 

* 
6 

Lai 11 
2015 

* 
- 

** 
* 

** 
* 

* 
8 

Liu
12 

2011 
* 

* 
** 

* 
** 

* 
* 

10 
Longenecker 13 

2016 
* 

- 
** 

* 
** 

* 
* 

8 
N

g
14 

2016 
* 

- 
** 

* 
** 

* 
* 

8 
Ruberg

15 
2010 

* 
- 

** 
* 

* 
** 

* 
8 

W
u

16 
2015 

* 
- 

** 
* 

* 
** 

* 
8 

Yam
ashita

17 
2012 

* 
- 

** 
* 

** 
* 

* 
8 

     
 

Downloaded from http://ahajournals.org by on November 25, 2018



 

Table S3. N
ew

castle - O
ttaw

a Scale for Assessm
ent of Case Control Studies. 

 

First 
Author 

Year 

Selection 
Com

parability  
Exposure 

Total 

Representativen
ess of the 

sam
ple  

Adequate 
case 

definition? 

Selection of 
controls 

Definition 
of 

controls 

Controls and 
cases 

com
parable  

Ascertainm
ent 

of exposure 

Sam
e m

ethod of 
ascertainm

ent for 
cases and controls 

N
on-

response 
rate 

 

Chekakie
18 

2010 
* 

* 
* 

* 
** 

* 
* 

* 
9 

Doesch
19 

2012 
* 

* 
* 

* 
** 

* 
* 

* 
9 

Doesch
20 

2013 
* 

* 
* 

* 
** 

** 
* 

* 
10 

Doesch
21 

2010 
* 

* 
* 

* 
** 

** 
* 

* 
10 

Vanni 22 
2015 

* 
* 

* 
* 

* 
* 

* 
* 

8 
Vural 23 

2014 
* 

* 
* 

* 
** 

** 
* 

* 
10 
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1

Coronary artery disease (CAD) remains a significant 
healthcare concern despite improvements in preventative 

strategies and therapeutic possibilities. The majority of sud-
den ischemic coronary events are precipitated by rupture of a 
bulky, lipid-rich atheromatous plaque, resulting in the devel-
opment of intraluminal thrombosis and downstream myocar-
dial injury. Precursor lesions that share similar morphological 
features to ruptured plaques can be reliably identified using 
intravascular imaging modalities.1 Studies using intravas-
cular ultrasound have demonstrated a consistent association 
between baseline plaque morphology and the occurrence 
of future major adverse cardiovascular events (MACE).2–4 
However, the invasive nature of intravascular imaging limits 

widespread uptake and precludes use in the vast majority of 
patients with CAD.

See Editorial by Ferencik and Hoffmann 
See Clinical Perspective

Computed tomographic coronary angiography (CTCA) is 
an established, noninvasive imaging modality that can read-
ily identify the presence and distribution of CAD.5 CTCA 
allows for qualitative assessment of plaque morphology, clas-
sifying lesions as calcified, noncalcified, or partially calcified 
type (containing both calcified and noncalcified plaque tis-
sue). Interest in CTCA-derived plaque characteristics has led 
to identification of specific high-risk plaque (HRP) features, 

Background—Computed tomographic coronary angiography is a noninvasive imaging modality that permits identification 
and characterization of coronary plaques. Despite consensus statements supporting routine reporting of computed 
tomographic coronary angiography plaque characteristics, there remains uncertainty whether these data convey prognostic 
information. We performed a systematic review and meta-analysis assessing the strength of association between computed 
tomographic coronary angiography–derived plaque characterization and major adverse cardiovascular events (MACE).

Methods and Results—Electronic databases were searched for studies reporting computed tomographic coronary 
angiography plaque characterization and MACE. Data were gathered on plaque morphology (noncalcified, partially 
calcified, and calcified) and high-risk plaque (HRP) features, including low-attenuation plaque, napkin-ring sign, spotty 
calcification, and positive remodeling. Of 5496 citations, 13 studies met inclusion criteria. Five hundred fifty-two 
(3.9%) MACE occurred in 13 977 patients with mean follow-up ranging between 1.3 and 8.2 years. In terms of plaque 
morphology, the strongest association was observed for noncalcified plaque (hazard ratio [HR], 1.45; 95% confidence 
interval [CI], 1.24–1.70; P<0.001), with weaker associations found for partially calcified (HR, 1.37; 95% CI, 1.18–1.60; 
P<0.001) and calcified plaques (HR, 1.23; 95% CI, 1.16–1.30; P<0.001). All HRP features were strongly associated with 
MACE, including napkin-ring sign (HR, 5.06; 95% CI, 3.23–7.94; P<0.001), low-attenuation plaque (HR, 2.95; 95% 
CI, 2.03–4.29; P<0.001), positive remodeling (HR, 2.58; 95% CI, 1.84–3.61; P<0.001), and spotty calcification (HR, 
2.25; 95% CI, 1.26–4.04; P=0.006). The presence of ≥2 HRP features had highest risk of MACE (HR, 9.17; 95% CI, 
4.10–20.50; P<0.001).

Conclusions—These data demonstrate that HRP is most likely an independent predictor of MACE, which supports the 
inclusion of HRP reporting in clinical practice. However, at this point, it remains unclear whether HRP reporting has 
clinical implications.  (Circ Cardiovasc Imaging. 2017;10:e006973. DOI: 10.1161/CIRCIMAGING.117.006973.)

Key Words: atherosclerosis ◼ coronary angiography ◼ coronary artery disease ◼ meta-analysis ◼ tomography
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namely, the presence of low-attenuation plaque, napkin-ring 
sign, spotty calcification, and positive remodeling.5 Although 
prospective observational studies have demonstrated that 
many CTCA-defined plaque features may predict the occur-
rence of subsequent events,6 the overall strength of the associ-
ation between individual plaque features and MACE remains 
unknown. This has led to physician uncertainty as to whether 
CTCA-defined plaque characteristics should be stated in clini-
cal reports for patients with suspected CAD.7

We, therefore, conducted a systematic review and meta-
analysis to assess the association between baseline CTCA-
defined plaque characteristics and subsequent MACE in 
patients undergoing imaging for suspected stable CAD.

Methods
The data, analytic methods, and study materials will be made avail-
able to other researchers for purposes of reproducing the results or 
replicating the procedure. This material can be obtained by contacting 
the corresponding author.

Data Sources and Search Strategy
A digital literature search was performed through the MEDLINE, 
EMBASE, and PubMed databases for the period up to January 2017. 
Keywords using Medical Subject Heading (MeSH), where avail-
able, included coronary artery disease atherosclerosis, multidetector 
computed tomography, coronary CT angiography, vulnerable plaque, 
high-risk plaque, low attenuation plaque, spotty calcification, napkin 
ring, positive remodeling, prognosis, and major adverse cardiovascu-
lar events. The search was not limited by language nor date of pub-
lication. Reference lists of eligible articles were reviewed for further 
potential citations. The study protocol was prospectively registered 
with the PROSPERO international register (CRD42016044003) and 
adhered to the PRISMA statement (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses).8 An example search strat-
egy is presented in Table I in the Data Supplement.

Study Selection
Study characteristics for inclusion were as follows: (1) patients with 
stable cardiovascular disease; (2) assessment of plaque characteris-
tics, including plaque morphology (calcified, noncalcified, and par-
tially calcified) and assessment of individual HRP features, including 
low-attenuation plaque, napkin-ring sign, spotty calcification, and 
positive remodeling; (3) evaluation of the association between plaque 
characteristics and future MACE; (4) clinical follow-up of at least 1 
year after CTCA; and (5) fully published status. We excluded stud-
ies that included patients presenting with acute coronary syndrome 
undergoing CTCA assessment, studies evaluating coronary artery 
calcium score without specific lesion assessment, studies including 
asymptomatic patients, and studies that included elective revascular-
ization as part of their definition of MACE. Details on the clinical 
indication for CTCA for each included study are presented in Table II 
in the Data Supplement. Where multiple studies reported on the same 
cohort of patients, we only included articles with the longest clinical 
follow-up and largest cohort size.

Data Items and Collection Process
Data items to be collected were specified before conducting the litera-
ture search. Items for data extraction included study design; clinical 
rationale for CTCA; patient baseline characteristics; and definitions 
of plaque morphology, HRP features, and MACE. We defined plaque 
morphology and HRP features according to the definitions adopted by 
each individual study. For HRP features, low-attenuation plaque was 
most commonly defined as plaque with density ≤30 HU, although 
1 study used a threshold of ≤38 HU.9 Napkin-ring sign was gener-
ally defined as the presence of a plaque core with low computerized 

tomographic (CT) attenuation surrounded by a rim-like area of higher 
attenuation. Spotty calcification was either defined as a limit in visu-
alized calcification (<2–3 mm) or as a proportion of the vessel dimen-
sions (length of calcium deposit <3/2 of vessel diameter and width of 
<2/3 of vessel diameter). Full definitions of plaque morphology and 
HRP features across studies are detailed in Tables III and IV in the 
Data Supplement, respectively. Data were also collected on CAD bur-
den at baseline as determined by coronary artery calcium score10 and 
proportion of patients with obstructive CAD (≥50% luminal steno-
sis), follow-up completion, and clinical outcomes. Two investigators 
(N.N. and F.J.H.) independently conducted the literature search, and 
3 investigators (F.J.H, C.C., and H.R.) performed the data extraction. 
Eligible studies and extracted data were verified by the senior author 
(A.J.B) with any discrepancies resolved by consensus. Risk of bias 
within individual studies were evaluated according to the Newcastle-
Ottawa scale (Table V in the Data Supplement).11

Clinical End Points
The primary end point of this study was the association between 
plaque composition (calcified, noncalcified, and partially calcified) 
and subsequent MACE. Study-specific definitions of MACE were 
used for all analyses. In 4 studies, MACE was defined as the compos-
ite of cardiac death and nonfatal MI,12–15 with 9 studies also including 
unstable angina requiring either hospitalization9,16–19 or revasculariza-
tion20–23 in their MACE definition. One study did not include death 
from any cause in their MACE definition22 (ie, composite of nonfatal 
myocardial infarction and unstable angina), whereas another study 
used all-cause death instead of cardiac death.20 Secondary end points 
included the associations between specific HRP features on CTCA 
and subsequent MACE.

Statistical Analysis
Data concerning hazard ratio (HR) and 95% confidence intervals (CI) 
of plaque characteristics and risk of future MACE were extracted and 
log-transformed, with preference for the HR from the most adjusted 
model. Full details on the extracted HR and variables used within 
each model are provided in Table VI in the Data Supplement. Data 
were analyzed by random-effects modeling for the primary end point 
and individual secondary end points to produce overall summary es-
timates with 95% CI. Statistical heterogeneity was quantified using 
the I2 statistic and quantified as low (<25%), moderate (<50%), or 
high (>75%).24 Publication bias was assessed visually by funnel plots 
and by the Egger test. Sensitivity analyses were performed to explore 
the effect of systematic exclusion of individual studies to assess for 
changes in the pooled estimates. Subgroup analysis was performed 
with studies stratified by clinical end points (studies including and 
excluding revascularization), Asian versus non-Asian subjects, and 
using a 64-detector row threshold. A 2-sided P value <0.05 was 
considered significant. All statistical analyses were conducted using 
StataMP 14.0 (Stata Corp LP, College Station, TX).

Results
A total of 5496 potential citations were screened, with 72 
studies identified for potential inclusion and further evalu-
ation. Of these, 59 studies were excluded because they did 
not specifically evaluate CTCA plaque morphology or HRP 
features (38 studies), the study patients underwent CTCA for 
suspected acute coronary syndrome (7 studies), the outcomes 
reported did not include MACE (7 studies), the definition of 
MACE included elective coronary revascularization (5 stud-
ies), or studies failed to report HRs for individual HRP com-
ponents or reported on the same patient cohort (2 studies). 
Full identification and process of study exclusion are detailed 
in the PRISMA flow diagram (Figure 1).

Thirteen studies with a total of 13 977 patients met the 
prespecified inclusion criteria and were included in the final 
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quantitative analysis.9,12–23 The study period ranged from 2002 
to 2011 with 9 prospective studies and 4 studies of retrospec-
tive design. The reason for undergoing CTCA was predomi-
nantly for suspected CAD (11 studies), although patients with 
known CAD (eg, postcoronary intervention excluding bypass 
grafting) were included in 2 studies.16,22 Further details of study 
design and baseline demographics are presented in Table 1.

The slice capability on multidetector computed tomogra-
phy (MDCT) varied between studies, with 12 studies using 
64-slice MDCT, 2 studies using 16-slice MDCT, and 1 study 

using 4-slice MDCT (some studies used multiple, different 
MDCT scanners with different slice capability). The presence 
of obstructive CAD identified by CTCA ranged from 0% to 
38% in individual study cohorts. Further details of CT char-
acteristics can be found in Table 2 and Table VII in the Data 
Supplement.

Clinical Outcomes
In total, 552 (3.9%) MACE occurred in 13 977 patients with 
mean study follow-up ranging from 1.3 to 8.2 years. MACE 

Figure 1. Study flow chart. PRISMA 
(Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) flow 
diagram illustrating the study selection 
process for the systematic review and 
meta-analysis. ACS indicates acute 
coronary syndrome; CTCA, computed 
tomographic coronary angiography; and 
MACE, major adverse cardiovascular 
events.

Table 1. Baseline Characteristics of Included Studies

Author
Publication 

Year Study Period Location Design Reason for CTCA
No. of 

Patients Male, % Age, y HTN, %
Dyslipidemia, 

% DM, %

Matsumoto et al16

2007 2002–2006 Japan R
Suspected and 

known CAD
810 59 58±11 37 40 19

van Werkhoven et al20 2009 NR Europe P Suspected CAD 432 59 58±11 57 39 28

Chow et al12 2010 2006–2008 Canada P Suspected CAD 2172 76 59±11 51 53 14

Andreini et al13 2012 2005–2008 Italy P Suspected CAD 1196 62 62±11 59 45 11

Hou et al14 2012 2007–2008 China R Suspected CAD 4425 62 60±11 57 28 15

Miszalski-Jamka et al15 2012 2003–2004 Poland R Suspected CAD 494 52 58±10 78 63 11

Petretta et al21 2012 2006–2008 Italy P Suspected CAD 326 68 62±12 51 38 12

Otsuka et al17 2013 2007–2010 Japan P Suspected CAD 895 66 66±10 66 55 49

Yamamoto et al9 2013 2006–2009 Japan R Suspected CAD 453* 63 66±11 61 53 41

Nakanishi et al22

2014 2005–2013 Japan P
Suspected and 

known CAD
517 71 66±10 77 58 37

Otsuka et al23 2014 2007–2011 Japan P Suspected CAD 543 63 65±10 63 53 44

Conte et al18 2016 2004–2007 Italy P Suspected CAD 245 70 63±9 60 48 9

Feuchtner et al19 2016 2005–2011 Austria P Suspected CAD 1469 56 66 51 51 10

*Data presented on original cohort of 511 patients. CAD indicates coronary artery disease; CTCA, computed tomographic coronary angiography; DM, diabetes 
mellitus; HTN, hypertension; P, prospective; and R, retrospective.
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involved cardiac death in 112 patients, nonfatal myocardial 
infarction in 330 patients, and unstable angina requiring hos-
pitalization or revascularization in 110 patients. Full MACE 
breakdown for each study are presented in Table 3.

Plaque Morphology and MACE
Nine studies reported outcome data on the association between 
CTCA plaque morphology and MACE, with 8 studies report-
ing data on noncalcified plaque, 7 on calcified plaque, and 
8 on partially calcified plaque subtypes. The strongest asso-
ciation between CTCA plaque morphology and MACE was 
observed in noncalcified plaque with an overall HR of 1.45 
(95% CI, 1.24–1.70; P<0.001; I2=63%). Similarly significant, 

albeit less strong, associations were found both for partially 
calcified (HR, 1.37; 95% CI, 1.18–1.60; P<0.001; I2=73%) 
and calcified plaques (HR, 1.23; 95% CI; 1.16–1.30; P<0.001; 
I2=13%). Corresponding forest plots illustrating the associa-
tion between CTCA-defined plaque morphology and MACE 
are presented in Figure 2.

In sensitivity analyses, there were no marked differences 
in the pooled HR for each plaque subtype when the analysis 
was stratified by those studies including revascularization in 
their MACE definition, studies using <64-slice MDCT, nor 
when considering Asian versus non-Asian patient populations 
(Figures I through III in the Data Supplement, respectively). 
Similarly, systematic exclusion of individual studies did not 

Table 2. Plaque Characteristics and MACE Definitions

Author Year
MDCT 
Slice CACS

Obstructive 
CAD, %

Plaque Characteristics Analyzed

MACE Definition
F/U 

Duration, y
F/U 

Completion, %Analysis

Morphology Vulnerable features

CP NCP PCP LAP NRS SC PR/RI

Matsumoto 
et al16 2007 4/16 NS NS PP N Y N N N N N

Cardiac death, 
MI, UA

2.9±1.5 87

van Werkhoven 
et al20

2009 64 290±730 25 PP Y Y Y N N N N

All-cause death, 
nonfatal MI, 
UA requiring 

revascularization

1.8 (IQR, 
1.1–2.5)

93

Chow et al12

2010 64 NS 30 PP Y Y Y N N N N
Cardiac death, 

nonfatal MI
1.3±0.7 96

Andreini et al13

2012 64
151 

(range, 
0–380)

38 PP Y Y Y N N N N
Cardiac death, 

nonfatal MI
4.3±1.8 97

Hou et al14

2012 64 NS 20 PP N Y Y N N N N Cardiac death, MI
3.0 (IQR, 
2.6–3.3)

98

Miszalski-Jamka 
et al15 2012 64/16 NS 28 PP Y Y Y N N N N

Cardiac death, 
nonfatal MI

3.6±0.9 98

Petretta et al21

2012 64 87±127 34 PP Y N Y N N N N
Cardiac death, 
nonfatal MI, UA 

requiring revasc.
2.2±1.0 99

Otsuka et al17

2013 64 NS NS PS N N N Y Y N Y
Cardiac death, 

MI, UA
2.3±0.8 100

Yamamoto et al9

2013 64 NS 27 UK Y Y Y Y N Y Y

Cardiac death, 
nonfatal MI, UA 
requiring urgent 
hospitalization

3.3±1.2 89

Nakanishi et al22

2014 64 NS NS PP N N N Y Y N Y
MI, UA requiring 

immediate 
revascularization

4.1±1.8 NS

Otsuka et al23

2014 64 NS 30 PS Y Y Y Y Y N Y

Cardiac death, 
nonfatal MI, 
UA requiring 

revascularization

3.4 (range, 
1–5.4)

96

Conte et al18

2016 64 NS 0 PP N N N Y Y N Y
Cardiac death, 

MI, UA
8.2±1.7 94

Feuchtner et al19

2016 64 143±359 NS PP N N N Y Y Y Y
Cardiac death, 

MI, UA
7.8 (range, 
4.8–9.8)

49

CACS indicates coronary artery calcium score; CAD, coronary artery disease; CP, calcified plaque; F/U, follow-up; IQR, interquartile range; LAP, low-attenuation plaque; 
MACE, major adverse cardiovascular events; MDCT, multidetector computed tomography; MI, myocardial infarction; N, No; NCP, noncalcified plaque; NRS, napkin-ring 
sign; NS, not specified; PCP, partially calcified plaque; PP, per patient; PR, positive remodeling; PS, per segment; RI, remodeling index; SC, spotty calcification; UA, 
unstable angina; UK, unknown; and Y, yes.
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alter the corresponding pooled HR for each plaque subtype 
(Tables VIII through X in the Data Supplement). There was no 
evidence of small-study effects on the Egger test for noncalci-
fied (P=0.07), partially calcified (P=0.31), or calcified plaque 
type (P=0.42).

HRP Features and MACE
Six studies assessed the secondary end points of the presence 
of specific HRP features and risk of future MACE, with 6 
studies reporting outcomes on low-attenuation plaque, 5 on 
napkin-ring sign, 2 on spotty calcification, and 6 on positive 
remodeling. Full details of the included studies are provided in 
Table 2, with the prevalence of individual HRP features sum-
marized in Table 4. Of the 4 predefined HRP features, napkin-
ring sign was associated with the highest risk of future MACE 
(HR, 5.06; 95% CI, 3.23–7.94; P<0.001; I2=0%). Low-attenu-
ation plaque and positive remodeling demonstrated an overall 
HR of 2.95 (95% CI, 2.03–4.29; P<0.001; I2=40%) and 2.58 
(95% CI, 1.84–3.61; P<0.001; I2=70%), respectively. Spotty 
calcification demonstrated the lowest, although still signifi-
cant, association with risk of future MACE (HR 2.25; 95% CI, 
1.26–4.04; P=0.006; I2=0%). Corresponding forest plots for 
individual HRP features are presented in Figure 3. The signifi-
cant association between HRP features and MACE remained 
in sensitivity analyses stratifying studies including Asian ver-
sus non-Asian patient populations (Figure IV in the Data Sup-
plement). In addition, there remained a significant association 
between HRP features and MACE when the analysis was 
limited to studies that included stenosis severity and plaque 
burden in multivariate models (Figure V in the Data Supple-
ment). There was evidence of small-study effects specific to 
low-attenuation plaque (P=0.003) and positive remodeling 
(0.01) but not for napkin-ring sign (P=0.13). The presence of 

≥2 individual HRP features exhibited the strongest association 
with MACE (HR, 9.17; 95% CI, 4.10–20.50; P<0.001; I2=0%; 
Figure VI in the Data Supplement).

Discussion
To our knowledge, this is the first meta-analysis to evaluate 
the association between CTCA-defined plaque characteristics 
and subsequent MACE. For plaque morphology, we find that 
the strongest association occurred with noncalcified plaque, 
with the risk of subsequent clinical events reducing as plaque 
calcification increases. We also find that all established HRP 
features are associated with MACE, with the strongest asso-
ciation observed for lesions with the napkin-ring sign. These 
results demonstrate that the reporting of CTCA-defined 
plaque characteristics has potential to inform clinicians in the 
risk stratification of patients.

Pathological studies have established that lipid-rich 
fibroatheroma are responsible for the majority of ischemic 
coronary events through plaque rupture and subsequent 
intraluminal thrombosis.25 Prospective human studies have 
reaffirmed this observation, demonstrating an independent 
association between the presence of thin-cap fibroatheromata 
and future MACE.2 Our study is consistent with these obser-
vations and again highlights that the risk of MACE is highest 
in noncalcified plaques, which are generally composed of a 
mixture of lipid-rich and fibrous material. Although detailed 
analysis of plaque composition is challenging within the spa-
tial resolution of CTCA, lower plaque attenuation values have 
previously correlated with necrotic core and fibrofatty tissue 
on virtual histology intravascular ultrasound imaging.26 Thus, 
low-attenuation plaques should theoretically have a high pro-
portion of extracellular lipid content. Our data would again 
be consistent with this because we find a stronger association 
between low-attenuation plaques and MACE, when compared 
with noncalcified plaque. Taken together, these data suggest 
that interpretation of CTCA-defined plaque morphology 
may impart important prognostic information independent of 
established calcium-scoring algorithms.

Our data again highlights a potentially discrepant relation-
ship between coronary calcification and future cardiovascular 
risk. On one hand, previous observational studies have con-
sistently demonstrated that the risk of future cardiovascular 
events is progressively increased with higher coronary artery 
calcium scores.27 However, our pooled results suggest that 
calcified plaques have the weakest association with MACE, 
whereas the risk of future events was more than doubled if a 
lesion displayed evidence of spotty calcification. These data 
would, therefore, suggest that the pattern and extent of inti-
mal calcification may be an important determinant of risk. 
Biomechanical models have suggested that small, micro-
scopic calcific deposits in the fibrous cap and plaque archi-
tecture can act to amplify plaque structural stress, acting as 
a possible driver for plaque rupture.28,29 However, as calci-
fication becomes more extensive, the macroscopic plates of 
calcification can act as a stress shield, protecting the plaque 
from high mechanical loading.30 Support for this theory has 
also emerged from recent data highlighting that statins may 
promote plaque stabilization through progressive macro-
scopic intimal calcification.31 Further studies are now required 

Table 3. Individual Study Breakdown of MACE

Author Year

MACE

Total
Cardiac 
Death

Nonfatal 
MI

UA Requiring 
Hospitalizatio 
n/Revasculari 

zation

Matsumoto et al16 2007 28 6 7 15

van Werkhoven et al20 2009 21 6 8 7

Chow et al12 2010 34 11 23 N/A

Andreini et al13 2012 136 18 118 N/A

Hou et al14 2012 127 40 87 N/A

Miszalski-Jamka et al15 2012 17 9 8 N/A

Petretta et al21 2012 34 13 9 12

Otsuka et al17 2013 24 1 4 19

Yamamoto et al9 2013 15 2 7 6

Nakanishi et al22 2014 43 0 13 30

Otsuka et al23 2014 24 1 4 19

Conte et al18 2016 8 2 6 N/A

Feuchtner et al19 2016 41 3 36 2

MACE indicates major adverse cardiovascular events; MI, myocardial 
infarction; N/A, not applicable; NR, not recorded; and UA, unstable angina.
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to ascertain the role of calcification in plaque destabilization 
and to assess whether the mechanisms that promote intimal 
calcification can be induced in an effort to improve clinical 
outcomes.

We find that each prespecified HRP feature in our anal-
ysis was strongly associated with MACE and that there was 
an incremental risk when ≥2 HRP features were present 
within the same plaque. Although the presence of multiple 

Figure 2. Plaque morphology and risk 
of major adverse cardiovascular events 
(MACE). Forest plot displays summary 
hazard ratio (HR) and 95% confidence 
intervals (CI) for future MACE stratified 
by (A) calcified plaque, (B) noncalcified 
plaque, and (C) partially calcified plaque 
subtypes.9,12–16, 20, 21, 23
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HRP features in individual lesions was only evaluated in 
2 studies,9,18 similar results were reported by a large pro-
spective study.6 In this study, plaques with low-attenuation, 
positive remodeling, or both features were a significant 
predictor of the development of future acute coronary syn-
drome (adjusted HR, 8.24; 95% CI, 5.26–12.96). These 
data imply that future cardiovascular risk could be higher 
in patients who demonstrate multiple HRP features or even 
multiple plaques with HRP features. Further prospective 
studies are now required to assess whether CT-defined HRP 
features can be used to guide pharmacological strategies in 

an effort to improve clinical outcomes in a manner that is 
economically viable.

Positive predictive value (PPV) was not uniformly reported 
by the studies in our analysis, and when it was described, 
estimates were at a segmental level, and the inference at a 
patient-level remains unclear. In addition, the quoted PPV 
for individual plaque characteristics were discrepant between 
studies and were likely influenced by the low prevalence of 
HRP features in patients with stable symptoms because PPV 
is influenced by disease prevalence such that, when prevalence 
is low, so too is PPV. For example, in the study by Otsuka 

Table 4. Prevalence of HRP Features

Author LAP PR NRS SC

Plaque level 

        Otsuka et al*17 107/1174 (9.1%) 130/1174 (11%) 45/1174 (3.8%) N/A

        Yamamoto et al9 NS NS NS NS

        Nakanishi et al*22 113/864 (13%) 108/864 (13%) 26/864 (3%) N/A

        Otsuka et al*23 133/1107 (12%) 183/1107 (16%) 30/1107 (2.7%) N/A

Patient level

        Conte et al†18 8/245 (3.3%) 196/245 (80%) 3/245 (1.2%) 51/245 (21%)

        Feuchtner et al†19 55/1469 (3.7%) NS 66/1469 (4.4%) 231/1469 (16%)

HRP indicates high-risk plaque; LAP, low-attenuation plaque; N/A, not applicable; NRS, napkin-ring sign; NS, not specified; 
PR, positive remodeling; and SC, spotty calcification.

*Proportion of total coronary plaques.
†Proportion of total patients.

Figure 3. High-risk plaque features and risk of major adverse cardiovascular events (MACE). Forest plot displays summary hazard ratio 
(HR) and 95% confidence intervals (CI) for future MACE stratified by (A) low-attenuation plaque, (B) napkin-ring sign, (C) spotty calcifica-
tion, and (D) positive remodeling.9,17–19,22,23
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et al,23 the prevalence of HRP segments was 24%, and the 
associated PPV for MACE was 86%. Conversely, in another 
analysis by the same group,17 the prevalence of napkin-ring 
sign was 0.4%, yielding a PPV of 22%. Currently, there is 
no recommendation on the management of individual HRP 
features or whether these patients require more aggressive 
risk factor treatment. Plaque burden and stenosis severity are 
well-established markers of prognosis, and it is hypothesized 
that HRP may simply be a marker of greater atherosclerotic 
burden.32 Although no studies have reported HRP significance 
over plaque extent, in our pooled sensitivity analysis of stud-
ies that adjusted for obstructive stenosis, HRP presence was 
independently associated with MACE. These results should 
encourage the requirement for a uniform reporting system 
such as CAD-Reporting and Data System that incorporates 
HRP; however, it should also include plaque morphology and 
disease extent as well.7 Application of these parameters both 
in clinical practice and the research literature will overcome 
inconsistencies encountered in pooling data and allow future 
studies to ascertain the true independent effect of HRP on 
patient prognosis.

Study Limitations
There are certain limitations to our analysis that should be 
considered when interpreting the findings. First, the included 
studies have used variable definitions for plaque morphology 
and specific HRP features that will have introduced a degree 
of heterogeneity into the analysis. However, the differences in 
definitions were modest and are unlikely to affect the overall 
biological association between plaque characteristics and clin-
ical outcomes. Second, CT technology also varied between 
studies, which may have affected the interstudy reliability for 
the assessment of plaque morphology and influenced the prev-
alence of HRP identified. Although the majority of our studies 
reported outcomes at a patient-level, segment-based risk esti-
mates were used for 2 studies,17,23 and inclusion of these data 
may have had subtle effects on the overall pooled estimates. 
We had no access to patient- or segment-level data and were, 
therefore, unable to directly quantify any incremental prog-
nostic information provided by plaque characterization over 
other known CTCA-derived markers of risk, including steno-
sis severity and atheroma volume. Unstable angina requiring 
either revascularization or hospitalization was also part of 
the MACE definition in 9 included studies, which may limit 
ascertainment of the relative prognostic value of HRP ver-
sus stenosis severity. Finally, although some studies suggest 
that HRP is a predictor of MACE, independent of stenosis, 
the data do not demonstrate that HRP is a stronger predictor 
than significant stenosis, and most data suggest that it may 
not be. Given this limitation and the fact that the PPV is low, 
it remains unclear whether HRP reporting may have manage-
ment implications.

Conclusions
Our data demonstrate that HRP is most likely an indepen-
dent predictor of MACE, which supports the inclusion of 
HRP reporting in clinical practice. However, at this point, it 
remains unclear whether HRP reporting may have clinical 
implications.

Sources of Funding
N. Nerlekar is supported by a postgraduate scholarship from the 
National Health and Medical Research Council and National Heart 
Foundation. Dr Brown is supported by a School of Clinical Sciences 
at Monash Health, Monash University Early Career Practitioner 
Fellowship award.

Disclosures
None.

References
 1. Brown AJ, Obaid DR, Costopoulos C, Parker RA, Calvert PA, Teng Z, 

Hoole SP, West NE, Goddard M, Bennett MR. Direct comparison of 
virtual-histology intravascular ultrasound and optical coherence tomogra-
phy imaging for identification of thin-cap fibroatheroma. Circ Cardiovasc 
Imaging. 2015;8:e003487. doi: 10.1161/CIRCIMAGING.115.003487.

 2. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, 
Mehran R, McPherson J, Farhat N, Marso SP, Parise H, Templin B, 
White R, Zhang Z, Serruys PW; PROSPECT Investigators. A prospec-
tive natural-history study of coronary atherosclerosis. N Engl J Med. 
2011;364:226–235. doi: 10.1056/NEJMoa1002358.

 3. Brown AJ, Teng Z, Calvert PA, Rajani NK, Hennessy O, Nerlekar N, 
Obaid DR, Costopoulos C, Huang Y, Hoole SP, Goddard M, West NE, 
Gillard JH, Bennett MR. Plaque structural stress estimations improve pre-
diction of future major adverse cardiovascular events after intracoronary 
imaging. Circ Cardiovasc Imaging. 2016;9:e004172.

 4. Cheng JM, Garcia-Garcia HM, de Boer SP, Kardys I, Heo JH, Akkerhuis 
KM, Oemrawsingh RM, van Domburg RT, Ligthart J, Witberg KT, Regar 
E, Serruys PW, van Geuns RJ, Boersma E. In vivo detection of high-risk 
coronary plaques by radiofrequency intravascular ultrasound and cardio-
vascular outcome: results of the ATHEROREMO-IVUS study. Eur Heart 
J. 2014;35:639–647. doi: 10.1093/eurheartj/eht484.

 5. Maurovich-Horvat P, Ferencik M, Voros S, Merkely B, Hoffmann U. 
Comprehensive plaque assessment by coronary CT angiography. Nat Rev 
Cardiol. 2014;11:390–402. doi: 10.1038/nrcardio.2014.60.

 6. Motoyama S, Ito H, Sarai M, Kondo T, Kawai H, Nagahara Y, Harigaya 
H, Kan S, Anno H, Takahashi H, Naruse H, Ishii J, Hecht H, Shaw LJ, 
Ozaki Y, Narula J. Plaque characterization by coronary computed tomog-
raphy angiography and the likelihood of acute coronary events in mid-
term follow-up. J Am Coll Cardiol. 2015;66:337–346. doi: 10.1016/j.
jacc.2015.05.069.

 7. Cury RC, Abbara S, Achenbach S, Agatston A, Berman DS, Budoff MJ, 
Dill KE, Jacobs JE, Maroules CD, Rubin GD, Rybicki FJ, Schoepf UJ, 
Shaw LJ, Stillman AE, White CS, Woodard PK, Leipsic JA. Coronary 
Artery Disease - Reporting and Data System (CAD-RADS): an ex-
pert consensus document of SCCT, ACR and NASCI: endorsed by the 
ACC. JACC Cardiovasc Imaging. 2016;9:1099–1113. doi: 10.1016/j.
jcmg.2016.05.005.

 8. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis JP, 
Clarke M, Devereaux PJ, Kleijnen J, Moher D. The PRISMA statement 
for reporting systematic reviews and meta-analyses of studies that evaluate 
health care interventions: explanation and elaboration. Ann Intern Med. 
2009;151:W65–W94.

 9. Yamamoto H, Kitagawa T, Ohashi N, Utsunomiya H, Kunita E, Oka T, 
Urabe Y, Tsushima H, Awai K, Kihara Y. Noncalcified atherosclerotic 
lesions with vulnerable characteristics detected by coronary CT an-
giography and future coronary events. J Cardiovasc Comput Tomogr. 
2013;7:192–199. doi: 10.1016/j.jcct.2013.05.008.

 10. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, 
Detrano R. Quantification of coronary artery calcium using ultrafast com-
puted tomography. J Am Coll Cardiol. 1990;15:827–832.

 11. Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assess-
ment of the quality of nonrandomized studies in meta-analyses. Eur J 
Epidemiol. 2010;25:603–605. doi: 10.1007/s10654-010-9491-z.

 12. Chow BJ, Wells GA, Chen L, Yam Y, Galiwango P, Abraham A, Sheth T, 
Dennie C, Beanlands RS, Ruddy TD. Prognostic value of 64-slice car-
diac computed tomography severity of coronary artery disease, coronary 
atherosclerosis, and left ventricular ejection fraction. J Am Coll Cardiol. 
2010;55:1017–1028. doi: 10.1016/j.jacc.2009.10.039.

 13. Andreini D, Pontone G, Mushtaq S, Bartorelli AL, Bertella E, Antonioli 
L, Formenti A, Cortinovis S, Veglia F, Annoni A, Agostoni P, Montorsi 
P, Ballerini G, Fiorentini C, Pepi M. A long-term prognostic value of 

 by guest on January 7, 2018
http://circim

aging.ahajournals.org/
D

ow
nloaded from

 



9  Nerlekar et al  CTCA Plaque Morphology and MACE

coronary CT angiography in suspected coronary artery disease. JACC 
Cardiovasc Imaging. 2012;5:690–701. doi: 10.1016/j.jcmg.2012.03.009.

 14. Hou ZH, Lu B, Gao Y, Jiang SL, Wang Y, Li W, Budoff MJ. Prognostic 
value of coronary CT angiography and calcium score for major adverse 
cardiac events in outpatients. JACC Cardiovasc Imaging. 2012;5:990–
999. doi: 10.1016/j.jcmg.2012.06.006.

 15. Miszalski-Jamka T, Klimeczek P, Banyś R, Krupiński M, Nycz K, Bury K, 
Lada M, Pelberg R, Kereiakes D, Mazur W. The composition and extent of 
coronary artery plaque detected by multislice computed tomographic an-
giography provides incremental prognostic value in patients with suspect-
ed coronary artery disease. Int J Cardiovasc Imaging. 2012;28:621–631. 
doi: 10.1007/s10554-011-9799-0.

 16. Matsumoto N, Sato Y, Yoda S, Nakano Y, Kunimasa T, Matsuo S, Komatsu 
S, Saito S, Hirayama A. Prognostic value of non-obstructive CT low-dense 
coronary artery plaques detected by multislice computed tomography. 
Circ J. 2007;71:1898–1903.

 17. Otsuka K, Fukuda S, Tanaka A, Nakanishi K, Taguchi H, Yoshikawa J, 
Shimada K, Yoshiyama M. Napkin-ring sign on coronary CT angiography 
for the prediction of acute coronary syndrome. JACC Cardiovasc Imaging. 
2013;6:448–457. doi: 10.1016/j.jcmg.2012.09.016.

 18. Conte E, Annoni A, Pontone G, Mushtaq S, Guglielmo M, Baggiano A, 
Volpato V, Agalbato C, Bonomi A, Veglia F, Formenti A, Fiorentini C, 
Bartorelli AL, Pepi M, Andreini D. Evaluation of coronary plaque character-
istics with coronary computed tomography angiography in patients with non-
obstructive coronary artery disease: a long-term follow-up study. Eur Heart J 
Cardiovasc Imaging. 2017;18:1170–1178. doi: 10.1093/ehjci/jew200.

 19. Feuchtner G, Kerber J, Burghard P, Dichtl W, Friedrich G, Bonaros N, 
Plank F. The high-risk criteria low-attenuation plaque <60 HU and the 
napkin-ring sign are the most powerful predictors of MACE: a long-term 
follow-up study. Eur Heart J Cardiovasc Imaging. 2017;18:772–779. doi: 
10.1093/ehjci/jew167.

 20. van Werkhoven JM, Schuijf JD, Gaemperli O, Jukema JW, Kroft LJ, 
Boersma E, Pazhenkottil A, Valenta I, Pundziute G, de Roos A, van der 
Wall EE, Kaufmann PA, Bax JJ. Incremental prognostic value of multi-
slice computed tomography coronary angiography over coronary artery 
calcium scoring in patients with suspected coronary artery disease. Eur 
Heart J. 2009;30:2622–2629. doi: 10.1093/eurheartj/ehp272.

 21. Petretta M, Daniele S, Acampa W, Imbriaco M, Pellegrino T, Messalli G, 
Xhoxhi E, Del Prete G, Nappi C, Accardo D, Angeloni F, Bonaduce D, 
Cuocolo A. Prognostic value of coronary artery calcium score and coro-
nary CT angiography in patients with intermediate risk of coronary artery 
disease. Int J Cardiovasc Imaging. 2012;28:1547–1556. doi: 10.1007/
s10554-011-9948-5.

 22. Nakanishi K, Fukuda S, Tanaka A, Otsuka K, Jissho S, Taguchi H, 
Yoshikawa J, Shimada K. Persistent epicardial adipose tissue accumu-
lation is associated with coronary plaque vulnerability and future acute 
coronary syndrome in non-obese subjects with coronary artery disease. 
Atherosclerosis. 2014;237:353–360. doi: 10.1016/j.atherosclerosis. 
2014.09.015.

 23. Otsuka K, Fukuda S, Tanaka A, Nakanishi K, Taguchi H, Yoshiyama M, 
Shimada K, Yoshikawa J. Prognosis of vulnerable plaque on computed 
tomographic coronary angiography with normal myocardial perfusion im-
age. Eur Heart J Cardiovasc Imaging. 2014;15:332–340. doi: 10.1093/
ehjci/jet232.

 24. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring incon-
sistency in meta-analyses. BMJ. 2003;327:557–560. doi: 10.1136/
bmj.327.7414.557.

 25. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons 
from sudden coronary death: a comprehensive morphological classifica-
tion scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 
2000;20:1262–1275.

 26. Voros S, Rinehart S, Qian Z, Vazquez G, Anderson H, Murrieta L, Wilmer 
C, Carlson H, Taylor K, Ballard W, Karmpaliotis D, Kalynych A, Brown 
C III. Prospective validation of standardized, 3-dimensional, quantita-
tive coronary computed tomographic plaque measurements using radio-
frequency backscatter intravascular ultrasound as reference standard in 
intermediate coronary arterial lesions: results from the ATLANTA (as-
sessment of tissue characteristics, lesion morphology, and hemodynam-
ics by angiography with fractional flow reserve, intravascular ultrasound 
and virtual histology, and noninvasive computed tomography in athero-
sclerotic plaques) I study. JACC Cardiovasc Interv. 2011;4:198–208. doi: 
10.1016/j.jcin.2010.10.008.

 27. Detrano R, Guerci AD, Carr JJ, Bild DE, Burke G, Folsom AR, Liu K, 
Shea S, Szklo M, Bluemke DA, O’Leary DH, Tracy R, Watson K, Wong 
ND, Kronmal RA. Coronary calcium as a predictor of coronary events in 
four racial or ethnic groups. N Engl J Med. 2008;358:1336–1345. doi: 
10.1056/NEJMoa072100.

 28. Kelly-Arnold A, Maldonado N, Laudier D, Aikawa E, Cardoso L, 
Weinbaum S. Revised microcalcification hypothesis for fibrous cap rupture 
in human coronary arteries. Proc Natl Acad Sci USA. 2013;110:10741–
10746. doi: 10.1073/pnas.1308814110.

 29. Teng Z, Brown AJ, Calvert PA, Parker RA, Obaid DR, Huang Y, Hoole SP, 
West NE, Gillard JH, Bennett MR. Coronary plaque structural stress is as-
sociated 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;7:461–470. doi: 
10.1161/CIRCIMAGING.113.001526.

 30. Brown AJ, Teng Z, Evans PC, Gillard JH, Samady H, Bennett MR. Role 
of biomechanical forces in the natural history of coronary atherosclerosis. 
Nat Rev Cardiol. 2016;13:201–220. doi: 10.1038/nrcardio.2015.203.

 31. Puri R, Nicholls SJ, Shao M, Kataoka Y, Uno K, Kapadia SR, Tuzcu EM, 
Nissen SE. Impact of statins on serial coronary calcification during ather-
oma progression and regression. J Am Coll Cardiol. 2015;65:1273–1282. 
doi: 10.1016/j.jacc.2015.01.036.

 32. Arbab-Zadeh A, Fuster V. The myth of the “vulnerable plaque”: transition-
ing from a focus on individual lesions to atherosclerotic disease burden for 
coronary artery disease risk assessment. J Am Coll Cardiol. 2015;65:846–
855. doi: 10.1016/j.jacc.2014.11.041.

CLINICAL PERSPECTIVE
Computed tomographic coronary angiography (CTCA) is an established noninvasive imaging modality that permits identi-
fication and characterization of atherosclerotic coronary plaques. Despite consensus statements supporting routine reporting 
of CTCA plaque characteristics, there remains clinical uncertainty on whether such features convey important prognostic 
information. We, therefore, performed a systematic review and meta-analysis to assess the strength of association between 
CTCA-derived plaque characterization and major adverse cardiovascular events (MACE). Of the 5496 potential citations, 
13 studies encompassing 13 977 patients met inclusion criteria. Data were gathered on plaque morphology (noncalcified, 
partially calcified, and calcified) and high-risk plaque (HRP) features, including low-attenuation plaque, napkin-ring sign, 
spotty calcification, and positive remodeling. Overall, 522 (3.9%) patients sustained MACE with mean follow-up ranging 
between 1.3 and 8.2 years. We found that the strongest association between CTCA-defined plaque morphology and MACE 
was observed from noncalcified plaque, followed by partially calcified and then calcified plaque subtypes. All HRP features 
were strongly associated with MACE, with the strongest association found for plaques with napkin-ring sign. The presence 
of ≥2 HRP features within the same plaque conferred the highest risk of MACE. Importantly, sensitivity analysis demon-
strated that HRP features had an independent effect on prognosis beyond stenosis severity alone. These data reinforce that 
routine reporting of CTCA-defined plaque morphology and HRP features have potential to improve patient risk stratification.
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Table S1. Example search strategy for Medline 

# Searches Results 
1 Coronary Artery Disease/ 54096 
2 Coronary Stenosis/ 10503 
3 Atherosclerosis/ 33413 
4 Acute Coronary Syndrome/ 11741 
5 Non-obstructive coronary artery disease.mp 57 
6 Coronary Vessels/ 57645 
7 Multidetector Computed Tomography/ 5403 
8 Tomography, X-Ray Computed/ 389198 
9 Tomography, Spiral Computed/ 7435 
10 Coronary CT angiography.mp 1249 
11 Vulnerable plaque.mp 1057 
12 High-risk plaque.mp 145 
13 Plaque, Atherosclerotic/ 6422 
14 Low-attenuation plaque.mp 44 
15 Napkin ring.mp 47 
16 Spotty calcification.mp 82 
17 Positive remodeling.mp 370 
18 Prognosis/ 457689 
19 Myocardial Infarction/ 168210 
20 Myocardial Revascularization/ 10933 
21 Kaplan-Meier Estimate/ 51833 
22 Major adverse cardiovascular events.mp 1561 
23 1 or 2 or 3 or 4 or 5 or 6 153520 
24 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 407784 

25 18 or 19 or 20 or 21 or 22 655305 
26 23 and 24 and 25 1804 
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Table S2. Indications for CTCA for each included study 

Author Year Indications for CTCA  
Matsumoto et al. 2007 � Evaluation of chest pain (61%) 

� Post-coronary intervention status (9%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (15%) 
� Not specified (15%) 

van Werkhoven et al. 2009 � Suspected CAD referred for further assessment because of chest 
pain, positive exercise ECG test, or high-risk profile for CVD 
(100%) 

Chow et al. 2010 � Evaluation of chest pain (58%) 
o Typical angina (16%) 
o Atypical angina (15%) 
o Non-anginal chest pain (28%) 

� Evaluation of dyspnea (16%) 
� Evaluation of palpitations (1%) 
� Evaluation of syncope (1%) 
� Asymptomatic  

o Rule out CAD/CVD risk factors (11%) 
o Equivocal/abnormal stress test (6%) 
o Pre-cardiac surgery (4%) 
o LV dysfunction (0.6%) 
o Other, not specified (2%) 

Andreini et al. 2012 � Evaluation of chest pain (43%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (28%) 
� Equivocal/abnormal stress test (29%) 

Hou et al. 2012 � Evaluation of chest pain (69%) 
o Typical angina (6%) 
o Atypical angina (16%) 
o Non-anginal chest pain (47%) 

� Evaluation of CAD in asymptomatic patients with ≥1 CVD risk 
factors (NS %) 

� Evaluation of ECG abnormalities (NS %) 
� Evaluation of prior revascularization (NS %) 

Miszalski-Jamka et al. 2012 � Evaluation of chest pain (100%) 
o Typical angina (40%) 
o Atypical angina (30%) 
o Non-anginal chest pain (30%) 

Petretta et al. 2012 � Evaluation of chest pain 
o Typical angina (32%) 
o Atypical angina (63%) 
o Non-anginal chest pain (5%) 

Otsuka et al. 2013 � Evaluation of chest pain (60%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors and abnormal findings on exercise-stress 
echocardiography or single-photon emission computed 
tomography (40%) 
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Yamamoto et al. 2013 � Evaluation of chest pain (54%) 
� Asymptomatic with ischemic findings (25%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (22%) 
Nakanishi et al. 2014 � Evaluation of chest pain (77%) 

o Typical angina (27%) 
o Atypical angina (34%) 
o Non-anginal chest pain (16%) 

� Evaluation of CAD in asymptomatic patients with multiple CVD 
risk factors, PAD, cerebrovascular disease, abnormal findings 
ECG or echocardiography (23%) 

Otsuka et al. 2014 � Evaluation of chest pain (62%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (38%) 
Conte et al.  2017 � Evaluation of chest pain (50%) 

o Typical angina (6%) 
o Atypical angina (44%) 

� Evaluation of dyspnea (10%) 
� Evaluation of CAD in asymptomatic patients with multiple CVD 

risk factors (40%) 
Feuchtner et al. 2017 � Evaluation of chest pain (NS %) 

� Evaluation of CAD in asymptomatic patients with multiple CVD 
risk factors (NS %) 
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 Table S3. D

efinitions of plaque m
orphology  

A
uthor 

Y
ear 

Plaque M
orphology D

efinition 

C
alcified plaque 

N
on-C

alcified plaque 
Partially-calcified 

M
atsum

oto et al. 1 
2007 

N
/A

 
Low

-density plaque defined as <68 H
U

 
N

/A
 

van W
erkhoven et al. 2 

2009 
H

igh-density plaques 
Low

er density than contrast-enhanced lum
en 

B
oth calcified and non-calcified com

ponents 

C
how

 et al. 3 
2010 

N
S 

N
S 

N
S 

A
ndreini et al. 4 

2012 
H

igh-density plaques 
D

ensity less than contrast-enhanced vessel lum
en 

B
oth calcified and non-calcified com

ponents 

H
ou et al. 5 

2012 
Exclusively high-density m

aterial >130 H
U

 
Exclusively m

aterial of density ≤130 H
U

 
B

oth calcified and non-calcified com
ponents 

M
iszalski-Jam

ka et al. 6 
2012 

D
ensity greater than contrast-enhanced 

lum
en 

Low
er density than contrast-enhanced lum

en 
B

oth calcified and non-calcified com
ponents 

Petretta et al. 7 
2012 

Exclusively high-density m
aterial >130 H

U
 

Exclusively m
aterial of density ≤130 H

U
 

B
oth calcified and non-calcified com

ponents 

Y
am

am
oto et al. 8 

2013 
C

T density >130 H
U

 or greater than that of 

the contrast-enhanced coronary lum
en 

Low
-density area <1 m

m
2 in size w

ith C
T density 

≤130 H
U

 

N
/A

 

O
tsuka et al. 9 

2014 
Predom

inantly calcification 
D

ensity less than contrast-enhanced vessel lum
en 

w
ithout any calcification 

Sm
all am

ount of calcification elem
ents w

ithin 

a single plaque 

C
T, C

om
puted tom

ography; H
U

, H
ounsfield unit; N

/A, N
ot applicable; N

S, N
ot specified; PR, Positive rem

odelling; RI, Rem
odelling index 
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 Table S4. D

efinitions of specific high-risk plaque features 

A
uthor 

Y
ear 

H
R

P Features D
efinition 

LA
P 

N
R

S 
SC

 
PR

 

O
tsuka et al. 10 

2013 
<30 H

U
 

Presence of a plaque core w
ith low

 C
T attenuation surrounded by a 

rim
-like area of higher attenuation 

N
/A

 
R

I>1.1 

Y
am

am
oto et al. 8 

2013 
≤38 H

U
 

N
/A

 
Length of calcium

 deposit 

<3/2 of vessel diam
eter and 

w
idth <2/3 of vessel diam

eter 

R
I ≥1.05 

N
akanishi et al. 11 

2014 
<30 H

U
 

Presence of a plaque core w
ith low

 C
T attenuation surrounded by a 

rim
-like area of higher C

T attenuation 

N
/A

 
R

I >1.1 

O
tsuka et al. 9 

2014 
<30 H

U
 

Plaque core w
ith low

 attenuation surrounded by rim
-like area of 

higher attenuation. C
TC

A
 attenuation of the ring presenting higher 

than those of adjacent plaque and no >150 H
U

 

N
/A

 
R

I >1.1 

C
onte et al. 12 

2017 
<30 H

U
 

Presence of sem
icircular thin enhancem

ent around the plaque along 

the outer contour of the vessel 

C
alcification <2m

m
 

R
I >1.1 

Feutchner et al. 13 
2017 

<130 H
U

, 

although specify 

<30 H
U

, <60 

H
U

 and <90 H
U

 

O
uter high-density rim

 (<200 H
U

) w
ith inner hypodense area 

(<130 H
U

) not adjacent to calcification and present in ≥2 adjacent 

axial 1m
m

 slices 

C
alcification <3 m

m
 

N
o specific lim

it set – 

analyzed as continuous 

variable) 

H
RP, high-risk plaque; H

U
, H

ounsfield U
nits; LAP, Low

-attenuation plaque; N
/A, N

ot applicable; N
RS, N

apkin-ring sign; PR, Positive rem
odeling; RI, Rem

odeling index; 
SC

, Spotty calcification 
 



8 
 

Table S5. Assessment of study quality using the Newcastle-Ottawa scale 

Author Year Study quality 

Selection Comparability Outcome/exposure Total 

score 

Matsumoto et al.1  2007 *** - ** 5 

van Werkhoven et al.2  2009 **** - ** 5 

Chow et al.3  2010 **** - *** 7 

Andreini et al.4  2012 **** - *** 7 

Hou et al.5  2012 **** * ** 7 

Miszalski-Jamka et al.6  2012 **** - *** 7 

Petretta et al.7  2012 **** - ** 6 

Otsuka et al.10  2013 **** - *** 7 

Yamamoto et al.8  2013 **** - *** 7 

Nakanishi et al.11  2014 **** - *** 7 

Otsuka et al.9  2014 *** - *** 6 

Conte et al.12  2016 **** - ** 6 

Feutchner et al.13  2016 **** - ** 6 
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Table S6. Individual hazard ratios for plaque characteristics and variables included in 
multivariable modelling 

Author Year Plaque  Hazard Ratio  
(95% CI) 

Variables included in adjusted model 

Matsumoto et al. 2007 NCP 2.53 (1.08-5.92) Diabetes, previous MI* 
van Werkhoven 
et al. 

2009 CP 1.09 (0.9-1.3) Age, sex, calcium score ≥1000 
NCP 1.3 (1.1-1.4) 
Mixed 1.2 (1-1.4) 

Chow et al. 2010 CP 1.15 (1.01-1.31) Patient baseline characteristics (not 
further specified), CAD severity, LVEF  NCP 1.11 (0.93-1.33) 

Mixed 1.13 (1-1.27) 
Andreini et al. 2012 CP 1.31 (1.22-1.42) Unadjusted  

NCP 1.41 (1.28-1.54) 
Mixed 1.48 (1.34-1.64) 

Hou et al. 2012 NCP 3.01 (1.34-4.24) Unadjusted 
Mixed 4.23 (1.58-7.57) 

Miszalski-Jamka 
et al. 

2012 CP 1.7 (1.27-2.28) Plaque morphology (non-calcified, 
partially calcified, calcified)* NCP 1.74 (1.26-2.41) 

Mixed 1.27 (1.07-1.5) 
Petretta et al. 2012 CP 1.21 (1.1-1.33) Calcium score, significant CAD, plaque 

morphology (non-calcified, partially 
calcified, calcified), segment involvement 
score, segments-at-risk score* 

Mixed 1.21 (1.03-1.41) 

Otsuka et al. 2013 LAP 3.75 (1.43-9.79) Patient baseline characteristics (not 
further specified), obstructive plaque NR 5.55 (2.1-14.7) 

PR 5.25 (2.17-12.69) 
Yamamoto et al. 2013 CP 1.96 (0.62-8.59) Age, sex, diameter stenosis >50% 

NCP 1.27 (0.39-4.46) 
Mixed 1.54 (0.5-5.0) 
LAP 8.23 (2.41-37.7) 
PR 8.3 (2.83-26.7) 
SC 2.41 (0.8-7.5) 
HRP 11.2 (3.71-36.7) 

Nakanishi et al. 2014 LAP 1.82 (1.04-3.09) Previous revascularization, Δ LDL-C  
NRS 3.64 (1.72-7.81) 
PR 1.24 (0.73-2.03) 

Otsuka et al. 2014 CP 0.66 (0.18-2.42) Hypertension, CT luminal stenosis, 2 or 3 
vessel disease, calcified plaque, 
obstructive plaque, PR, LAP, NRS* 

NCP 2.3 (0.97-5.44) 
Mixed 1.76 (0.77-4.01) 
LAP 2.78 (0.98-7.9) 
NRS 4.63 (1.54-13.9) 
PR 5.12 (1.84-14.27) 

Conte et al. 2017 LAP 8.45 (2.22-32.21) Beta-blocker use 
NRS 12.5 (1.51-103.9) 
PR 3.31 (1.11-9.91) 
HRP 7.54 (2.43-23.34) 
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Feutchner et al. 2017 LAP 4.5 (1.4-14.8) Age, gender, arterial hypertension, 
nicotine, positive family history, BMI, 
dyslipidaemia, diabetes, CT stenosis 
severity, CT plaque type 

NRS 7 (2-13.6) 

SC 2.2 (1.1-4.3) 

PR 2.8 (1.09-7.4) 
 

*Only variables which reached significance (p<0.05) in the univariable model where included in the 
multivariable, adjusted model 

CAD, Coronary artery disease; CP, Calcified plaque; CT, Computed tomography; HRP, High risk 
plaque (≥2 features) LAP, Low attenuation plaque; LDL-C, Low density lipoprotein – cholesterol; 
LVEF, Left ventricular ejection fraction; MI, Myocardial Infarction; NCP, Non calcified plaque; NRS, 
Napkin ring sign; PR, Positive remodelling; SC, Spotty calcification 
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 Table S7. C

haracteristics of com
puted tom

ography coronary angiography 

A
uthor 

Y
ear 

C
T scanner 

m
A

 
kV

 
Softw

are 

M
atsum

oto et al. 1 
2007 

SO
M

A
TO

M
 V

olum
e Zoom

 (4 slice) 
320 

140 
3D

 V
irtuoso 

A
quilion 16 

400 
140 

M
900 Q

uadra 

van W
erkhoven et al. 2  

2009 
A

quilion 64 
200-250 

120 
V

itrea2 

G
E Lightspeed V

CT (64-slice) 
A

dvantage 

C
how

 et al. 3 
2010 

G
E V

olum
e C

T (64-slice) 
400-800 

120 
G

E A
dvantage V

olum
e 

Share W
orkstation 

A
ndreini et al. 4 

2012 
G

E V
olum

e C
T (64-slice) 

N
S 

N
S 

C
ardioQ

3 package 

H
ou et al. 5 

2012 
Light Speed V

CT (64-slice) 
200-550 

120 
D

eep B
lu, A

D
W

 4.3 

M
iszalski-Jam

ka et al. 6  
2012 

Som
atom

 Sensation 64 
350-400 

120 
3D

 Leonardo 

Som
atom

 Sensation 16 
400-500 

120 
3D

 Leonardo 

Petretta et al. 7 
2012 

Lightspeed V
C

T (64-slice) 
600 

100-120 
A

dvantage W
orkstation 

O
tsuka et al. 10 

2013 
Som

atom
 64 

770-850 
120 

N
S 

Y
am

am
oto et al. 8 

2013 
Lightspeed V

C
T (64-slice) 

300 
120 

N
S 

N
akanishi et al. 11 

2014 
Som

atom
 Sensation 64 

770-850 
120 

Synapse V
incent 

O
tsuka et al. 9 

2014 
SO

M
A

TO
M

 64 
770-850 

120 
N

S 

C
onte et al. 12 

2016 
G

E V
olum

e C
T (64-slice) 

N
S 

N
S 

N
S 

Feutchner et al. 13 
2016 

Sensation 64 

D
efinition FLA

SH
 128 

N
S 

N
S 

SyngoV
ia 

C
T; C

om
puted Tom

ography; N
S, N

ot specified 
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Table S8. Calcified plaque and risk of MACE: Sensitivity Analyses with systematic 
exclusion of individual studies 

 

Excluded study Year Pooled Hazard 

Ratio 

Lower 95% CI Upper 95% CI 

Van Werkhoven et al.2 2009 1.25 1.19 1.32 

Chow et al.3 2010 1.25 1.18 1.33 

Andreini et al.4 2012 1.19 1.11 1.27 

Miszalski-Jamka et al.6 2012 1.22 1.14 1.31 

Petretta et al.7 2012 1.23 1.13 1.33 

Yamamoto et al.8 2013 1.23 1.15 1.30 

Otsuka et al.9 2014 1.23 1.16 1.30 

All studies included 1.23 1.16 1.30 
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Table S9. Non-calcified plaque and risk of MACE: Sensitivity Analyses with systematic 
exclusion of individual studies 

 

Excluded study Year Pooled Hazard 

Ratio 

Lower 95% CI Upper 95% CI 

Matsumoto et al.1 2007 1.42 1.22 1.66 

Van Werkhoven et al.2 2009 1.58 1.26 1.98 

Chow et al.3 2010 1.54 1.31 1.82 

Andreini et al.4 2012 1.56 1.23 1.98 

Hou et al.5 2012 1.36 1.20 1.55 

Miszalski-Jamka et al.6 2012 1.41 1.20 1.67 

Yamamoto et al.8 2013 1.46 1.25 1.72 

Otsuka et al.9 2014 1.43 1.22 1.67 

All studies included 1.45 1.24 1.70 
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Table S10. Partially-calcified plaque and risk of MACE: Sensitivity Analyses with systematic 
exclusion of individual studies 

 

Excluded study Year Pooled 

Hazard Ratio 

Lower 95% CI Upper 95% CI 

Van Werkhoven et al.2  2009 1.43 1.19 1.72 

Chow et al.3 2010 1.44 1.22 1.70 

Andreini et al.4 2012 1.34 1.13 1.60 

Hou et al.5 2012 1.31 1.15 1.49 

Miszalski-Jamka et al.6 2012 1.33 1.13 1.56 

Petretta et al.7 2012 1.43 1.19 1.72 

Yamamoto et al.8 2013 1.37 1.17 1.61 

Otsuka et al.9 2014 1.36 1.17 1.60 

All studies included 1.37 1.18 1.60 
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Figure S1. Forest plots of pooled hazard ratio estimates in studies grouped by the inclusion or 
exclusion of unstable angina requiring revascularization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 
(A) calcified plaque, (B) partially-calcified plaque and (C) non-calcified plaque  
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Figure S2. Forest plots of pooled hazard ratio estimates grouped in studies using either <64 
versus t64 detector row scanners 

 

 (A) calcified plaque, (B) partially calcified plaque and (C) non-calcified plaque  
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Figure S3. Forest plots of pooled hazard ratio estimates stratified by Asian vs. non-Asian 
subjects for plaque morphology. 

 

(A) calcified plaque, (B) partially calcified plaque and (C) non-calcified plaque.  
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Figure S4. Forest plots of pooled hazard ratio estimates stratified by Asian vs. non-Asian 
subjects for HRP features  

 

(D) low attenuation plaque, (E) napkin ring sign and, (F) positive remodeling. 
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Figure S6. Forest plot of overall hazard ratio for the presence of 2 or more high-risk plaque 
features 
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LETTER TO THE EDITOR

Poor Correlation, Reproducibility, and

Agreement Between Volumetric vs. Linear

Epicardial Adipose Tissue Measurement

A 3D Computed Tomography vs.

2D Echocardiography Comparison

Epicardial adipose tissue (EAT) is a visceral adipose
tissue depot and, as such, has been investigated in
several metabolic and inflammatory disorders. EAT
has been associated with coronary artery disease and
myocardial dysfunction, and it remains a burgeoning
subject of research due to its potential as a thera-
peutic target. No endorsed guidelines exist on the
measurement of EAT, with studies predominantly
reporting linear thickness according to transthoracic
echocardiography (EAT-TTE) or area/volume
measured by using cardiac computed tomography
(EAT-CT). TTE is advantageous because of its rapid
performance at the bedside and low cost, but its

reproducibility and accuracy may be limited by the
effects of probe angulation on 2-dimensional imag-
ing, as well as an inability to quantify periatrial fat or
total EAT volume. CT imaging has the drawback of
radiation exposure but allows 3-dimensional volu-
metric quantification. Because EAT is not uniformly
distributed around the heart, volumetric quantifica-
tion is arguably preferred (1). Few data compare
agreement between these modalities, and we aimed
to compare EAT-TTE versus volumetric EAT-CT by
using commonly described methods.

We studied 106 consecutive patients who under-
went clinically indicated CT scanning for suspected
coronary artery disease who also had TTE performed
within 30 days. CT imaging was performed on a 320-
row scanner by using a previously described proto-
col (2), and EAT-CT images were measured by using a
research-specific tool (QFAT 2.0, Cedars-Sinai Medi-
cal Center, Los Angeles, California) (3). Briefly, EAT
was measured from the bifurcation of the pulmonary
trunk to the cardiac apex. Manual pericardial con-
tours were drawn at 5- to 10-interval slices with
assessment for slice interpolation and corrected as
required. Contiguous voxels between !190 and !30
Hounsfield units were used to define and quantify
EAT. EAT-TTE was performed by using the technique
of Iacobellis et al. (4); EAT was considered the echo-
free space in the parasternal long-axis view between
the free wall of the right ventricle and the pericar-
dium. The average value of 3 cycles at end-systole
was used with linear measurement along the
midline of the ultrasound beam perpendicular to the
aortic annulus. Pearson correlation coefficients and
linear regression with 95% prediction intervals be-
tween methods are reported. Thirty random studies
were assessed for interobserver and intraobserver
agreement.

EAT-CT compared with EAT-TTE revealed poor
correlation (r ¼ 0.29; p ¼ 0.002), and poor precision
was demonstrated by the broad prediction limits
(Figure 1). In 28 (26%) cases, observers reported un-
certainty as to placement of the linear marker for
EAT-TTE, suggesting reduced confidence. When
these cases were excluded, correlation was not
significantly altered (r ¼ 0.25; p ¼ 0.01); estimated
prediction limits were also not significantly altered
(data not shown). Poor interobserver and intra-
observer agreement was seen with EAT-TTE
(intraclass correlation coefficient [ICC]: 0.39; 95%
confidence interval [CI]: 0.04 to 0.65; p ¼ 0.02; ICC:
0.56; 95% CI: 0.07 to 0.79; p ¼ 0.001, respectively);

FIGURE 1 Scatter Plot Between EAT-CT and EAT-TTE
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the predicted EAT-CT is between 23.7 and 160.1 ml, representing wide variability and
suggesting poor precision.

J A C C : C A R D I O V A S C U L A R I M A G I N G VO L . - , N O . - , 2 0 1 8

ª 2 0 1 8 B Y T H E AM E R I C A N C O L L E G E O F C A R D I O L O G Y F O UN DA T I O N

P U B L I S H E D B Y E L S E V I E R

I S S N 1 9 3 6 - 8 7 8 X / $ 3 6 . 0 0



Bland-Altman analysis demonstrated a mean bias of
!0.35 mm with 95% limits of agreement from !4.5 to
3.8 mm. Dispersion was particularly evident at higher
EAT thickness measurements. Conversely, excellent
ICC was noted for EAT-CT (ICC: 0.99; 95% CI: 0.98 to
1; p < 0.001 for both interobserver and intraobserver)
with a mean bias of 0.9 ml and 95% limits of agree-
ment of !11.6 to 13.4 ml.

There is significant research interest in EAT-TTE,
with its proponents advocating the benefits of easy
bedside assessment. However, the poor reproduc-
ibility and uncertainty of measurement require
caution in drawing associative or causative relation-
ships with EAT. The difference of approximately 8 mm
in interrater EAT-TTE, and corresponding wide
prediction limits for EAT-CT, may have significant
implications in patient misclassification. There are no
well-conducted studies comparing imaging-measured
EAT versus human autopsy specimens, likely due to
the extreme adherence of EAT to the underlying
myocardium. However, CT scanning allows adipose
tissue thresholding, optimal spatial resolution for
pericardium identification, and high reproducibility
regardless of the use of iodinated contrast (5).

In conclusion, EAT-CT is highly reproducible
compared with EAT-TTE and could be considered as
the optimal reference standard for EAT-based
research.
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Around 5% of patients undergoing coronary angiography 
are found to have significant unprotected left main coro-

nary artery (ULMCA) stenosis.1 Patients with ULMCA steno-
sis are typically advised to undergo revascularization because 
this has been shown to improve prognosis when compared 
with optimal medical therapy.2 Historically, coronary artery 
bypass grafting (CABG) has been considered the preferred 
method for revascularization based on a wealth of data dem-
onstrating the safety and durability of surgery.3 This has been 
reflected in current international guidelines, where CABG 
carries a class I recommendation for ULMCA disease.4,5

Percutaneous coronary intervention (PCI) is becoming 
increasingly used as an alternative method of ULMCA revas-
cularization. The development of drug-eluting stents (DES) 
has significantly reduced repeat revascularization rates after 
PCI, whereas advances in technique permit treatment of more 
complex coronary anatomies including the distal ULMCA 
bifurcation. Clinical trials comparing PCI and CABG for 
ULMCA stenosis have shown that subsequent major adverse 
cardiovascular event rates between treatment strategies were 
similar. However, these trials were limited in their ability to 
definitely answer whether individual clinical end points were 

Background—Current guidelines suggest that coronary artery bypass grafting (CABG) should be the preferred 
revascularization method for unprotected left main coronary artery stenosis. In light of evidence from recent randomized 
trials, we assessed whether percutaneous coronary intervention (PCI) using drug-eluting stents is as safe and effective as 
CABG for the treatment of unprotected left main coronary artery disease.

Methods and Results—Digital databases and manual searches were performed for randomized trials comparing PCI and 
CABG for unprotected left main coronary artery stenosis. Among 3887 potentially relevant studies, 5 met inclusion 
criteria. The primary safety end point was defined as the composite of all-cause death, myocardial infarction, or stroke. 
Secondary end points included a clinical effectiveness composite, which was defined as all-cause death, myocardial 
infarction, stroke, or repeat revascularization. Summary estimates were obtained using random-effects modeling. In total, 
4594 patients were included in the analysis. There was no significant difference in the primary safety end point between 
the revascularization strategies (odds ratio [OR], 0.97; 95% confidence interval [CI], 0.79–1.17; P=0.73). However, when 
compared with CABG, PCI was less effective (OR, 1.36; 95% CI, 1.18–1.58; P<0.001) because of significantly higher 
rates of repeat revascularization (OR, 1.85; 95% CI, 1.53–2.23; P<0.001). The incidence of all-cause death (OR, 1.03; 
95% CI, 0.78–1.35; P=0.61), myocardial infarction (OR, 1.46; 95% CI, 0.88–2.45; P=0.08), and stroke (OR, 0.88; 95% 
CI, 0.39–1.97; P=0.53) did not differ between PCI and CABG.

Conclusions—PCI using drug-eluting stents and CABG are equally safe methods of revascularization for patients at 
low surgical risk with significant unprotected left main coronary artery stenosis. However, CABG is associated with 
significantly lower rates of repeat revascularization.  (Circ Cardiovasc Interv. 2016;9:e004729. DOI: 10.1161/
CIRCINTERVENTIONS.116.004729.)

Key Words: coronary angiography ◼ coronary artery bypass ◼ drug-eluting stent ◼ meta-analysis  
◼ percutaneous coronary intervention
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significantly different between revascularization strategies. 
Previous meta-analyses have been influenced by the inclusion 
of observational studies,6,7 whereas results of additional mul-
ticenter randomized trials are now available.8,9 We, therefore, 
performed an updated systematic review and meta-analysis 
of randomized trials to evaluate clinical outcomes with PCI 
using DES compared with CABG in patients with significant 
ULMCA stenosis.

Methods

Data Sources and Search Strategy
A digital literature search was performed through the MEDLINE, 
EMBASE, and PubMed databases for the period January 1, 2000, to 
October 31, 2016. Keywords using Medical Subject Heading (MeSH), 
where available, included percutaneous coronary intervention, drug-elut-
ing stent, coronary artery bypass, coronary artery disease, and left main. 
The search was not limited by language. Reference lists of eligible articles 
and previous meta-analyses were reviewed for further potential citations, 
along with a manual search through presentations and abstracts of major 
international conferences. The study protocol was prospectively regis-
tered with the PROSPERO international register (CRD42016050141) 
and fully adhered to the PRISMA statement (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses).10 An example search strat-
egy is presented in Table I in the Data Supplement.

Study Selection
Study characteristics for inclusion were as follows: (1) randomized 
controlled clinical trial, (2) involvement of left main coronary artery, 
(3) comparison of clinical outcomes between CABG and PCI using 
DES, and (4) fully published status. Only studies that specified out-
comes in treatment of left main coronary artery disease and evalu-
ated PCI involving DES platforms were included. Studies that did not 
specify clinical outcomes in the treatment of ULMCA specifically 
or used bare-metal stents or a combination of bare-metal stents and 
DES were excluded. Studies arising from observational registry data 

or that evaluated only angiographic outcomes without assessment of 
clinical outcomes at follow-up were also excluded. We evaluated clin-
ical outcomes for each trial, with preference for the longest reported 
follow-up. The study characteristics are presented in Table II in the 
Data Supplement.

Data Items and Collection Process
Data items to be collected were specified before the literature 
search. Two investigators (N.N. and F.J.H.) independently con-
ducted the literature search and performed data extraction for study 
design, baseline demographics, angiographic characteristics, and 
clinical outcomes. Extracted data were verified by the senior author 
(A.J.B.), with any discrepancies resolved by consensus. Risk of bias 
within individual articles was assessed according to the Cochrane 
Collaboration Assessment for risk of bias in included studies (Table 
III in the Data Supplement).

Clinical End Points
The primary end point of this study was clinical safety, defined as a 
composite of all-cause death, myocardial infarction (MI), or stroke. 
Secondary end points included an effectiveness/safety composite 
(henceforth called effectiveness end point), which was defined as all-
cause death, MI, stroke, or repeat revascularization. Other secondary 
end points included all individual components of the effectiveness 
composite. Although the definition of MI varied slightly between tri-
als, all required an elevation in cardiac biomarkers (either creatine 
kinase MB or troponin). However, the thresholds used for MI diag-
nosis and timing of definitions varied between trials. Periprocedural 
MI was included in 4 trials,9,11–13 whereas 1 trial only assessed non-
procedural MI.8 Stroke was generally defined as the rapid or sudden 
onset of new neurological deficit persisting for >24 hours with no 
apparent nonvascular cause. Repeat revascularization was preferen-
tially defined as ischemia-driven revascularization by either PCI or 
CABG. If these data were not reported, then data on any repeat re-
vascularization were taken. Comprehensive details of individual trial 
end points and trial definitions are presented in Tables IV and V in the 
Data Supplement.

Statistical Analysis
Data were analyzed by random-effects modeling for the primary end 
point and for analysis of individual secondary end points. We also per-
formed additional analyses for both the primary and secondary effec-
tiveness composites in studies reporting 1-year outcomes. Sensitivity 
analyses were performed to assess differences between early- and 
newer-generation DES, by duration of clinical follow-up (≤36 versus 
>36 months), by patients with and without diabetes mellitus, and by 
complexity of coronary artery disease as defined by the SYNTAX 
(Synergy Between Percutaneous Coronary Intervention With TAXUS 
and Cardiac Surgery) score (<22 versus ≥22). Summary statistics are 
reported as pooled odds ratios (ORs) with 95% confidence intervals 
(CIs). Statistical heterogeneity was quantified with the I2 statistic. 
Heterogeneity was quantified as low, moderate, or high based on I2 
values of 25%, 50%, and 75%, respectively.14 Publication bias was 
visually assessed by funnel plots. A 2-sided P value of <0.05 was 
considered significant. Statistical analyses were performed using 
Stata MP 14.0 (Stata Corp LP, College Station, TX) and the metan 
suite of commands.

Results
A total of 3887 citations were reviewed and screened, with 27 
studies identified for potential inclusion and further evalua-
tion. Of these articles, 22 studies were excluded because they 
either did not specifically report clinical outcomes in ULMCA 
disease (13 studies) or reported clinical outcomes at an earlier 
time point (3 studies). Other reasons for study exclusion are 
provided in the PRISMA study flow chart (Figure 1).

WHAT IS KNOWN

s�There is continued debate on the optimal revascular-
ization strategy for patients with significant left main 
coronary artery stenosis.

s�Previous meta-analyses comparing percutaneous 
coronary intervention and coronary artery bypass 
grafting have demonstrated equivalence between 
revascularization strategies but are influenced by in-
clusion of observational data.

WHAT THE STUDY ADDS

s�This meta-analysis is limited to randomized trials 
at the longest reported follow-up duration and dem-
onstrates no difference in clinical safety outcomes 
between percutaneous coronary intervention using 
drug-eluting stents and coronary artery bypass graft-
ing in patients at low surgical risk.

s�However, coronary artery bypass grafting may be a 
more clinically effective revascularization strategy 
because percutaneous coronary intervention is asso-
ciated with significantly higher rates of repeat revas-
cularization at long-term follow-up.
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Five randomized trials met the predefined inclusion cri-
teria and were included in the final quantitative analysis. 
The multicenter randomized controlled trials included were 
PRECOMBAT (Premier of Randomized Comparison of 
Bypass Surgery versus Angioplasty Using Sirolimus-Eluting 
Stent in Patients with Left Main Coronary Artery Disease)12 
(60-month follow-up), SYNTAX13 (60-month follow up), 
NOBLE (Coronary Artery Bypass Grafting Vs Drug Eluting 
Stent Percutaneous Coronary Angioplasty in the Treatment 
of Unprotected Left Main Stenosis)8 (60-month follow-up), 
EXCEL9 (36-month follow-up), and 1 trial with 12-month 
clinical follow-up.11 Overall, 4594 patients were included in 
the analysis with 2297 patients (50.0%) undergoing PCI using 
DES. The prevalence of isolated ULMCA stenosis ranged 
from 10% to 29%, with between 55% and 80% of patients 
having a distal bifurcation ULMCA lesion. Three trials com-
pared PCI using early-generation DES with CABG,11–13 with 
2 trials using newer-generation DES.8,9 The baseline clinical, 
angiographic, and procedural characteristics for the included 
studies are presented in Table 1.

Primary Safety End Point
Four studies reported the incidence of the primary safety end 
point, the composite of all-cause death, MI, and stroke. The 
summary OR for these studies was 0.97 (95% CI, 0.79–1.17; 
P=0.73), demonstrating no significant difference in safety out-
comes between PCI and CABG for the treatment of ULMCA 
stenosis (Figure 2). Clinical event rates for each trial in the 
analysis are presented in Table 2. There was no evidence of 
statistical heterogeneity between studies (I2=0%). The equi-
poise between revascularization strategies was also present 
in those studies reporting 1-year outcomes (OR, 0.73; 95% 
CI, 0.48–1.12; P=0.16; I2=0%; Figure I in the Data Supple-
ment). In sensitivity analyses, again there remained no dif-
ference between PCI and CABG in terms of safety when the 

analysis was stratified by DES type (Pinteraction=0.45; Figure II 
in the Data Supplement), nor by clinical follow-up duration 
(Pinteraction=0.69; Figure III in the Data Supplement). Further 
sensitivity analysis was performed for the 2 studies report-
ing data of patients with diabetes mellitus,9,13 again demon-
strating no difference in outcomes (Pinteraction=0.84; Table VI 
in the Data Supplement). Two studies reported SYNTAX 
score–specific outcomes. This demonstrated that in patients 
with anatomically more complex disease (SYNTAX ≥22), the 
safety composite rates were significantly higher in patients 
undergoing PCI using DES (OR, 1.64; 95% CI, 1.22–2.20;  
Pinteraction=0.006; Table VI in the Data Supplement).

Secondary Effectiveness End Point
Four trials reported the incidence of the secondary effective-
ness composite end point, which included all-cause death, 
MI, stroke, or repeat revascularization. The summary OR 
was 1.36 (95% CI, 1.18–1.58; P<0.001) in favor of CABG 
(Figure 3), with again no evidence of statistical heterogene-
ity (I2=0%). However, in the 3 trials reporting 1-year data, 
there was no significant difference between PCI and CABG 
in terms of effectiveness (OR, 1.14; 95% CI, 0.86–1.49; 
P=0.33; I2=0%). In sensitivity analyses performed at lon-
gest clinical follow-up, PCI continued to have a significantly 
higher risk of events, regardless of DES generation used  
(Pinteraction between early- and newer-generation DES=0.85; Figure II in the Data 
Supplement). Analysis by trial duration confirmed the benefit 
of CABG, with no demonstrable differences between stud-
ies that reported outcomes at ≤36- and >36-month follow-
up (Pinteraction=0.38; Figure III in the Data Supplement), and 
no difference observed in patients with diabetes mellitus  
(Pinteraction=0.51; Table VI in the Data Supplement).

Individual Clinical End Points
All five trials individually reported the incidence of all-
cause death, MI, and repeat revascularization (Figure 4). The 
incidence of all-cause death was not significantly different 
between revascularization strategies (OR, 1.03; 95% CI, 0.78–
1.35; P=0.61; I2=23.7%). Similar outcomes between PCI and 
CABG were also observed for the incidence of MI (OR, 1.46; 
95% CI, 0.88–2.45; P=0.08; I2=58.1%). However, CABG was 
associated with a significant reduction in the risk of repeat 
revascularization (OR, 1.85; 95% CI, 1.53–2.23; P<0.001; 
I2=0%). Four studies reported the incidence of stroke, with 
again no difference observed in this outcome between revas-
cularization strategies (OR, 0.88; 95% CI, 0.39–1.97; P=0.53; 
I2=62.5%).

Publication Bias
There was no visually observed publication bias either in the 
trials included in the primary safety outcome, nor the second-
ary effectiveness outcome (Figure IV in the Data Supple-
ment). However, the small number of trials included in the 
analysis does limit the interpretation of funnel plots.

Discussion
To our knowledge, this is the largest meta-analysis of random-
ized trials investigating whether PCI using DES is as effective 
as CABG for the treatment of ULMCA stenosis. Our major 

Figure 1. Study flow chart. Flow diagram illustrating the study 
selection process for the systematic review and meta-analysis. 
CABG indicates coronary artery bypass grafting; PCI, percutane-
ous coronary intervention; and ULMCA, unprotected left main 
coronary artery.
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finding is to demonstrate that rates of the safety composite 
were similar between PCI using DES and CABG for revas-
cularization of significant ULMCA stenosis in patients at 
low surgical risk. In addition, we find that CABG is associ-
ated with a reduction in rates of the effectiveness composite, 
although this benefit was not apparent within the first year. In 
terms of individual clinical end points, there was no difference 

in the rates of all-cause death, MI, or stroke between PCI 
using DES and CABG. However, CABG was associated with 
significantly lower rates of repeat revascularization. These 
results are important for informing treatment decisions made 
by multidisciplinary teams worldwide.

Revascularization of ULMCA stenosis is frequently per-
formed for prognostic gain because CABG has been shown 

Table 1. Study Patient Demographics, Angiographic Characteristics, and Procedural Characteristics

 Boudriot et al11 PRECOMBAT12 SYNTAX13 NOBLE8 EXCEL9

Sample, n 100/100 300/300 357/348 592/592 948/957

Age, y 66/69 62/63 65/66 66/66 66/66

Male sex, % 72/77 76/77 72/76 80/76 76/78

Diabetes mellitus, % 40/33 34/30 24/26 15/15 30/28

Hypertension, % 82/82 54/51 67/62 65/66 75/74

Hyperlipidemia, % 68/64 42/40 81/75 82/78 72/69

CRF, % NR 1/0 ½ NR 18/15

Current smoker, % 35/28 30/28 18/24 19/22 24/21

Previous CVA, % 3/6 NR 5/4 NR 6/7

Previous MI, % 19/14 4/7 29/25 NR 18/17

ACS, % NR 47/54 31/29 18/17 39/39

LVEF, % 65/65 62/61 NR 60/60 57/57

BMI, kg/m2 27/27 25/25 28/28 28/28 29/29

EuroSCORE 2.4/2.6 2.6/2.8 3.9/3.9 2/2 NR

LMCA only, % 28/29 9/11 12/14 NR 17/18

LMCA+SVD, % 35/27 17/18 19/20 NR 31/31

LMCA+DVD, % 26/28 34/30 31/31 NR 35/32

LMCA+TVD, % 11/17 41/41 38/35 NR 17/19

SYNTAX score, mean 24/23 24/26 30/30 23/22 21/21

Distal LMCA involvement, % 74/69 67/62 56/52 81/81 NR

DES type SES SES PES BES* EES

No. of stents† NR 2.7±1.4 NR 1 (IQR, 1–2) 2.4±1.5

Stent length†, mm NR 60±42 NR NR 49±36

Bifurcation: FKB, % 100 70 NR 55 NR

IVUS guided, % NR 91 NR 75‡ 77

No. of grafts† NR 2.7±0.9 NR 2.5 2.6±0.8

IMA, % 99 94 NR NR 99

Off-pump surgery, % 46 64 NR 16 29

Data are presented as percentage treated with PCI/percentage treated with CABG unless otherwise stated. 
ACS indicates acute coronary syndrome; BES, biolimus-eluting stent; BMI, body mass index; CABG, coronary artery bypass grafting; 

CRF, chronic renal failure; CVA, cerebrovascular accident; DES, drug-eluting stent; DVD, double-vessel disease; EES, everolimus-eluting 
stent; EXCEL, Evaluation of the Xience Everolimus-Eluting Stent Versus Coronary Artery Bypass Surgery for Effectiveness of Left Main 
Revascularization; FKB, final kissing balloon; IMA, internal mammary artery; IQR, interquartile range; IVUS, intravascular ultrasound; 
LMCA, left main coronary artery; LVEF, left ventricular ejection fraction (presented as median or mean); MI, myocardial infarction; NOBLE, 
Coronary Artery Bypass Grafting Vs Drug Eluting Stent Percutaneous Coronary Angioplasty in the Treatment of Unprotected Left Main 
Stenosis; NR, not recorded; PCI, percutaneous coronary intervention; PES, paclitaxel-eluting stent; PRECOMBAT, Premier of Randomized 
Comparison of Bypass Surgery versus Angioplasty Using Sirolimus-Eluting Stent in Patients with Left Main Coronary Artery Disease; SES, 
sirolimus-eluting stent; SVD, single-vessel disease; SYNTAX, Synergy Between Percutaneous Coronary Intervention With TAXUS and 
Cardiac Surgery; and TVD, triple-vessel disease.

*BES was the recommended study stent but other Conformité Européene-marked DES could be used at the operators’ discretion.
†Per-patient level analysis.
‡Postimplantation IVUS evaluation only.
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in randomized trials to improve survival when compared with 
optimal medical therapy.15 Thus, it is imperative when consid-
ering alternate revascularization strategies, such as PCI, that 
the treatment offered does not confer deleterious outcomes. 
In our study, we demonstrate that there is no difference in 
the composite outcome of all-cause mortality, MI, or stroke 
between PCI using DES and CABG. Importantly, the rates of 
the individual end points of the composite also remain similar 
between groups, and this equipoise appears regardless of trial 
follow-up duration. These data imply that PCI using DES for 
ULMCA disease is not harmful and should be considered an 
acceptable revascularization option. However, this does not 
mean that undertaking PCI for ULMCA intervention is not 
without risk, and suboptimal PCI results may have profound 
implications for the patient. Previous studies have emphasized 

that short- and long-term clinical outcomes can be improved 
when ULMCA PCI procedures are performed in high-volume 
centers by experienced operators.16 Ultimately, the decision on 
which revascularization strategy should be used rests with the 
patient, who should be fully informed of the risks and poten-
tial benefits of each treatment option by a multidisciplinary 
heart team that understands the local expertise available.17

Although we find no difference in the primary safety out-
come in our study, we did observe that PCI was associated with 
significantly higher rates of repeat revascularization (14.2% 
versus 8.3%). This drove the secondary outcome of clinical 
effectiveness in favor of CABG. Previous trials comparing 
PCI using DES with CABG in multivessel coronary artery dis-
ease have shown similar findings, with repeat revasculariza-
tion rates often more than doubled after PCI.18,19 The beneficial 

Figure 2. Risk estimates for primary safety end point for percutaneous coronary intervention vs coronary artery bypass grafting (CABG). 
Forest plot displays summary odds ratio (OR) and 95% confidence intervals (CI) for combined outcome of all-cause death, myocardial 
infarction (MI), or stroke. DES indicates drug-eluting stent.

Table 2. Summary and Individual Trial Clinical Event Rates

 Overall Boudriot et al11 PRECOMBAT12 SYNTAX13 NOBLE8 EXCEL9

Safety end point 13.7/14.1 5.0/8.9 8.4/9.6 19.0/20.8 NR 15.4/14.7

Effectiveness end point 23.3/18.2 NR 17.5/14.3 36.9/31.0 29.0/19.0 23.1/19.1

All-cause death 7.4/7.0 2.0/5.0 5.7/7.9 12.8/14.6 12.0/9.0 8.2/5.9

MI 6.0/4.8 3.0/3.0 2.0/1.7 8.2/4.8 7.0/2.0 8.0/8.3

Stroke 2.0/2.2 NR 0.7/0.7 1.5/4.3 5.0/2.0 2.3/2.9

Repeat revascularization 14.2/8.3 14.0/5.9 13.0/7.3 26.7/15.5 16/10 12.9/7.6

Data are presented as percentage treated with PCI/percentage treated with CABG. CABG indicates coronary artery bypass grafting; 
MI, myocardial infarction; NOBLE, Coronary Artery Bypass Grafting Vs Drug Eluting Stent Percutaneous Coronary Angioplasty in the 
Treatment of Unprotected Left Main Stenosis; NR, not recorded; PCI, percutaneous coronary intervention; PRECOMBAT, Premier of 
Randomized Comparison of Bypass Surgery versus Angioplasty Using Sirolimus-Eluting Stent in Patients with Left Main Coronary 
Artery Disease; and SYNTAX, Synergy Between Percutaneous Coronary Intervention With TAXUS and Cardiac Surgery.
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effect of CABG in reducing the need for repeat intervention is 
multifactorial. Graft occlusion, in stark contrast to stent throm-
bosis, does not necessarily result in clinical symptoms, as the 
subtended myocardium may be partly supplied through the 
native vessel. The high use of internal mammary grafts also 
plays an important role in reducing the need for future revas-
cularization because this conduit almost seems protected from 
the development of atherosclerosis.20 Although refinements in 
DES technology continues to reduce rates of target lesion fail-
ure, it is unlikely to ever match the long-term patency rates of 
an adequately harvested internal mammary graft.

One interventional technique that has proven itself in 
reducing the need for repeat intervention during DES implan-
tation is use of intravascular ultrasound (IVUS).21 Although 
IVUS-guided PCI was frequent (91%) in PRECOMBAT, only 
47% of patients underwent pre-PCI IVUS in NOBLE. Use 
of IVUS during PCI allows for robust measurement of refer-
ence vessel dimensions and assessment of lesion character-
istics, acting to inform on stent selection and interventional 
strategy.22 Stent expansion can also be assessed after implan-
tation, guiding operators on the need for aggressive balloon 
post-dilatation. Previous studies have shown that DES under-
expansion is one of the strongest predictors of restenosis and 
stent thrombosis.23 Thus, methods that act to minimize under-
expansion are of paramount importance. Meta-analyses have 
found that IVUS-guided PCI is associated with significantly 
lower rates of ischemia-driven target lesion revasculariza-
tion,24 principally because of larger postinterventional luminal 
dimension.25 Although similar gains in stent expansion can be 
achieved using optical coherence tomography,26 achieving the 
blood-free field required for optimal OCT image acquisition 

can be challenging in ULMCA intervention. Accordingly, 
operators should give due consideration to IVUS guidance 
when considering PCI using DES for ULMCA stenosis par-
ticularly to reduce the risk of repeat revascularization.

Finally, it is important to appreciate that our results may 
not necessarily be generalizable to all patients under consider-
ation for ULMCA revascularization. The majority of patients 
included in the randomized trials presented either with stable 
angina or with clinically adjudicated unstable angina and the 
absence of biomarkers indicating myocardial injury. In addi-
tion, the predicted operative mortality risk for the cohort was 
low, as evidenced by the EuroScore values reported by the 
included trials (2.0%–3.9%). Thus, choice of revascularization 
strategy is not solely dependent on anatomy and is affected by 
many other factors including clinical presentation and pres-
ence of adverse medical comorbidities. This is most evident in 
patient presenting with ST-segment elevation MI, where PCI 
may be preferable as it has the advantage of providing more 
rapid revascularization, particularly when complicated by car-
diogenic shock or ventricular arrhythmias.27

Study Limitations
There are some limitations to our analysis that should be 
considered. First, follow-up data between trials was vari-
able, with 1 trial having follow-up at 12 months, 1 having 
midterm follow-up at 36 months, and 3 having long-term 
follow-up at 60 months. Because the benefits of CABG may 
accumulate over time, the reported pooled results may not 
adequately estimate a true long-term effect between inter-
ventions. Second, the definition of repeat revascularization 
slightly differed between trials. Ischemia-driven target lesion 

Figure 3. Risk estimates for secondary effectiveness end point for percutaneous coronary intervention vs coronary artery bypass grafting 
(CABG). Forest plot displays summary odds ratio (OR) and 95% confidence intervals (CI) for combined outcome of all-cause death, myo-
cardial infarction (MI), stroke, or repeat revascularization. DES indicates drug-eluting stent.
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revascularization rates were not reported in all trials, which 
made it difficult to assess the durability of DES results. Third, 
the included randomized studies used a variety of DES plat-
forms with differing stent designs. Thus, the pooled event 
rates, including repeat revascularization, may not accurately 
reflect the performance of any one particular DES. Fourth, 
ORs were chosen to represent differences in clinical out-
comes and have potential to overestimate effect size, particu-
larly when the risk of events is high or when the OR departs 
from unity. However, the overall clinical event rates and ORs 
reported were modest and are unlikely to have significantly 
misrepresented differences between revascularization strate-
gies.28 Finally, we did not have access to patient-level data 
and have, therefore, been unable to assess the effect of spe-
cific patient or procedural characteristics that may influence 
clinical end points.

Conclusions
PCI using DES and CABG are equally safe methods of revas-
cularization for patients with significant ULMCA stenosis in 
patients at low surgical risk. However, CABG is associated 
with significantly lower rates of repeat revascularization. 
Multidisciplinary teams should be aware of these results when 
considering treatment options.
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Table S1. Example search strategy (Medline) 

# Searches Results 
1 Exp Stents/ or exp Drug-Eluting Stents/ 62948 

2 Exp Percutaneous Coronary Intervention/ 43031 

3 Exp Coronary Artery Bypass/ 48744 
4 Coronary Stenosis/su [Surgery] 2414 
5 Coronary Artery Disease/su [Surgery] 6566 

6 Left main.mp. 8819 
7 1 or 2 91144 
8 3 or 4 or 5 52405 
9 6 and 7 and 8 903 
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 T

able S2. Study characteristics 

T
rial 

L
ocation 

Period 
F/U

, m
onths 

C
enter 

N
o. of patients 

R
egistration no. 

B
oudriot et al. 1 

G
erm

any 
2003-2009 

12 
M

ulticenter 
201 

N
C

T00176397 

PR
E

C
O

M
B

A
T

2 
South K

orea 
2004-2009 

60 
M

ulitcenter 
600 

N
C

T00422968 

SY
N

T
A

X
3 

Europe and U
nited States 

2005-2007 
60 

M
ulticenter 

705 
N

C
T00114972 

N
O

B
L

E
4 

Europe 
2008-2015 

60 
M

ulticenter 
1184 

N
C

T01496651 

E
X

C
E

L
5 

U
nited States 

2010-2016 
36 

M
ulticenter 

1905 
N

C
T01205776 

 EXCEL, Evaluation of the Xience Everolim
us-Eluting Stent Versus Coronary Artery Bypass Surgery for Effectiveness of Left M

ain Revascularization; F/U
, 

Follow up; NO
BLE, Coronary Artery Bypass G

rafting Vs D
rug Eluting Stent Percutaneous Coronary Angioplasty in the Treatm

ent of U
nprotected Left M

ain 

Stenosis; PRECO
M

BAT, Prem
ier of Random

ized Com
parison of Bypass Surgery versus Angioplasty U

sing Sirolim
us-Eluting Stent in Patients w

ith Left M
ain 

Coronary Artery D
isease; SYNTAX, Synergy Between Percutaneous C

oronary Intervention W
ith TAXU

S and Cardiac Surgery. 
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 T

able S3. C
ochrane R

eview
 of bias 

 

Random Sequence 
Generation  

(selection bias) 

Allocation concealment  
(selection bias) 

Blinding of participants 
and personnel  

(performance bias) 

Blinding of outcome 
assessment  

(detection bias) 

Incomplete outcome data  
(attrition bias) 

Selective reporting  
(reporting bias) 

Overall judgment 

B
oudriot et al. 

Low 
Low 

H
igh 

Low 
Low 

Low 
Low 

SY
N

T
A

X
 

Low 
Low 

H
igh 

Low 
Low 

Low 
Low 

PR
E

C
O

M
B

A
T

 
Low 

Low 
H

igh 
Low 

Low 
Low 

Low 

N
O

B
L

E
 

Low 
Low 

H
igh 

Low 
Low 

Low 
Low 

E
X

C
E

L
 

Low 
Low 

H
igh 

Low 
Low 

Low 
Low 
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 T

able S4. Study inclusion/exclusion criteria and endpoints 

T
rial 

M
ain inclusion criteria 

M
ain exclusion criteria 

Prim
ary endpoint 

Secondary endpoint 
B

oudriot et al. 
Patients aged 18 to 80 years 
w

ith U
LM

C
A

 (stenosis 
≥50%

) w
ith or w

ithout 
additional m

ulti-vessel 
C

A
D

  

M
I <48 hours requiring im

m
ediate 

intervention, additional valvular heart 
disease requiring surgery, previous 
surgical treatm

ent for coronary artery or 
valvular disease, severe peripheral 
arterial disease, significant carotid 
stenosis requiring treatm

ent, renal 
dysfunction requiring dialysis, any 
disease w

ith lim
ited life expectancy, 

overt congestive heart failure, and 
contraindication to antiplatelet therapy 

Freedom
 from

 
com

posite of all-
cause death, M

I, 
and the need for 
repeat 
revascularization 
w

ithin 12 m
onths 

Each individual com
ponent of the 

prim
ary endpoint  

PR
E

C
O

M
B

A
T

 
Patients older than 18 years 
of age w

ith a diagnosis of 
stable angina, unstable 
angina, silent ischem

ia, or 
non-ST-segm

ent elevation 
M

I.  

A
ny previous PC

I w
ithin 1 year, 

previous bypass surgery, acute M
I 

w
ithin 1 w

eek, ejection fraction <30%
, 

cardiogenic shock, any stroke w
ith a 

persistent neurological deficit or any 
cerebrovascular accident w

ithin 6 
m

onths 

M
A

C
C

E as a 
com

posite of all-
cause death, M

I, 
stroke or ischem

ia-
driven TV

R
 after 

random
isation 

Individual com
ponents of the prim

ary 
endpoint; com

posite of all-cause 
death, M

I, or stroke; clinically driven 
TV

R
; ST 

SY
N

T
A

X
 

Patients w
ith U

LM
C

A
 

and/or 3V
D

 and ≥50%
 

target vessel stenosis w
ith 

M
I (stable, unstable, silent) 

Prior PC
I or C

A
B

G
, acute M

I, 
concom

itant cardiac valve disease 
requiring surgical therapy 
(reconstruction or replacem

ent) 

M
A

C
C

E as a 
com

posite of all-
cause death, M

I, 
cerebrovascular 
accident/stroke, 
and repeat 
revascularization 

Individual com
ponents of the prim

ary 
endpoint; Q

uality of Life  

N
O

B
L

E
 

Patients w
ith stable, 

unstable angina pectoris or 
A

C
S; significant lesion of 

U
LM

C
A

 ostium
, m

id-shaft 
and/or bifurcation w

ith no 
m

ore than three additional 
non-com

plex PC
I lesions; 

ST-elevation M
I w

ithin 24 hours; 
C

A
B

G
 clearly better treatm

ent option 
(U

LM
C

A
 stenosis and >3, or com

plex 
additional coronary lesions); patient is 
too high risk for C

A
B

G
 

C
om

posite of all-
cause death, non-
procedurally 
related M

I, stroke 
and repeat 
revascularization 
(PC

I or C
A

B
G

) 

Individual com
ponents of the prim

ary 
endpoint; com

posite of all-cause 
death, stroke or M

I; definite 
ST/sym

ptom
atic graft occlusion; C

C
S 

angina score; N
Y

H
A

 functional class; 
duration of adm

ission for index 
treatm

ent 
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patient eligible to be treated 
by C

A
B

G
 and by PC

I 
E

X
C

E
L

 
Patients ≥18 years of age 
w

ith U
LM

C
A

 w
ith 

angiographic diam
eter 

stenosis ≥70%
  

Prior PC
I of left m

ain trunk, PC
I of any 

other (non-left m
ain) coronary artery 

lesions w
ithin one year prior to 

random
isation, C

A
B

G
 at any tim

e; need 
for any concom

itant cardiac surgery 
other than C

A
B

G
; non-cardiac 

com
orbidities w

ith life expectancy <3 
years 

C
om

posite of all-
cause death, M

I, or 
stroke 

Individual com
ponents of the prim

ary 
endpoint; revascularization (all, 
ischem

ia-driven and non-ischem
ia-

driven); disability follow
ing stroke 

event; com
posite of all-cause death, 

M
I, or stroke; com

posite of all-cause 
death, M

I, stroke, or ischem
ia-driven 

revascularization; ST; bleeding 
com

plications; elapsed tim
es: 

random
isation to procedure, 

procedure to discharge, procedure to 
return to w

ork and IC
U

 days; m
ajor 

adverse events: com
posite of all-cause 

death, M
I, stroke, TIM

I m
ajor or 

m
inor bleeding, transfusion of ≥2 

units of blood, m
ajor arrhythm

ia, 
unplanned coronary revascularization 
for ischem

ia, any unplanned surgery 
or therapeutic radiologic procedure, 
renal failure, sternal w

ound 
dehiscence, infection requiring 
antibiotics for treatm

ent, intubation 
for >48 hours, post-pericardiotom

y 
syndrom

e  
 3VD

, Triple-vessel disease; ACS, Acute coronary syndrom
e; CAD

, Coronary artery disease; CABG
, Coronary artery bypass grafts; CCS, Canadian 

Cardiovascular Society; M
ACCE, M

ajor adverse cardiac and cerebrovascular events; M
I, M

yocardial infarction; NYH
A, New

 York H
eart Association; ICU

, 

Intensive Care U
nit; PCI, Percutaneous coronary intervention; ST, Stent throm

bosis; TIM
I, Throm

bolysis in m
yocardial infarction; TVR, Target vessel 

revascularization; U
LM

C
A, U

nprotected left m
ain coronary artery 
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 T

able S5. D
efinition of outcom

es 

B
oudriot et al.  

M
ajor adverse cardiovascular events: all-cause death, m

yocardial infarction and the need for repeat revascularization w
ithin 12 m

onths 
M

yocardial infarction: increase in CK
-M

B
 activity >3 tim

es U
LN

 after PC
I and >5 tim

es after C
A

B
G

 w
ith standard electrocardiographic criteria applied 

Stent throm
bosis: defined in accordance w

ith the A
cadem

ic R
esearch C

onsortium
 definitions 6 

R
epeat revascularization: any revascularization by C

A
B

G
 or PC

I w
ithin 12 m

onths 
SY

N
T

A
X

  
M

ajor adverse cardiac and cerebrovascular events: all-cause death, cerebrovascular event, docum
ented m

yocardial infarction, repeat revascularization 
(PC

I and/or C
A

B
G

) 
C

erebrovascular event: any acute event related to the im
pairm

ent of the cerebral circulation that lasts m
ore than 24 hours and results in irreversible brain 

dam
age or perm

anent body im
pairm

ent. Strokes m
ay be further classified as ischem

ic or hem
orrhagic based on im

aging studies. The definitive evaluation 
for the absence or presence of C

V
A

 w
as conducted and confirm

ed in both revascularization arm
s by a local neurologist.  

M
yocardial infarction: a definitive diagnosis of M

I is m
ade based on the follow

ing:  
x 

w
ithin the first 7 days post intervention (PC

I or C
A

B
G

) – either new
, abnorm

al Q
 w

aves and 1 ratio of peak C
K

-M
B

/peak total CK
>10%

 or new
, 

abnorm
al Q

-w
aves and 1 plasm

a level of CK
-M

B
 5x U

LN
 

x 
7 day after any intervention procedure (PC

I or C
A

B
G

) – either new
, abnorm

al Q
 w

aves or enzym
e changes defined as m

ore than 10%
 of the ratio 

of peak C
K

-M
B

/peak total C
K

 on one or m
ore than one sam

ple (if no ratio is available – one or m
ore than 1 plasm

a level of CK
-M

B
 5x upper lim

it 
for norm

al) 
R

epeat revascularization: any revascularization by C
A

B
G

 or PC
I 

PR
E

C
O

M
B

A
T

 
M

yocardial infarction: 
x 

W
ithin the first 48 hours after procedure (C

A
B

G
 or PCI) – the presence of new

 Q
 w

aves in at least 2 or m
ore contiguous leads, or new

 LB
B

B
 and 

one plasm
a level of C

K
-M

B
 5x upper lim

it for norm
al 

x 
M

ore than 48 hours after the procedure (C
A

B
G

 or PC
I) – typical rise and gradual fall of troponin or m

ore rapid rise and fall of CK
-M

B
 for 

detecting m
yocardial necrosis w

ith at least one of the follow
ing: 

o 
Ischem

ic sym
ptom

s or atypical sym
ptom

s of ischem
ia; 

o 
D

evelopm
ent of pathologic Q

 w
aves on the EC

G
, or new

 LB
B

B
; A

N
D

 
o 

Enzym
e changes defined as one or m

ore than one plasm
a level of C

K
-M

B
 above upper level of norm

al 
Stent throm

bosis: occurrence of any of the follow
ing defined by the A

cadem
ic R

esearch C
onsortium

 D
efinitions 6: 

1. 
D

efinite stent throm
bosis – clinical presentation of acute coronary syndrom

e w
ith angiographic confirm

ation of throm
bus or occlusion or 

pathologic confirm
ation of acute throm

bosis 
2. 

Probable stent throm
bosis – U

nexplained death w
ithin 30 days or target vessel M

I w
ithout angiographic confirm

ation of throm
bosis or other 

identified culprit lesion 
3. 

Possible stent throm
bosis – unexplained death after 30 days 



9 
 Stent throm

bosis can be A
cute (≤1 day post-procedure), Sub-acute (>1 day and ≤30 days post-procedure), Late (>30 days and ≤1-year post-procedure) or 

V
ery Late (>1 year post-procedure) 

C
erebrovascular accident: defined as sudden onset of vertigo, num

bness, aphasia, or dysarthria to vascular lesions of the brain such as hem
orrhage, 

em
bolism

, throm
bosis, or rupturing aneurysm

, that persisted >24 hours 
R

epeat coronary vascularization: any subsequent PCI procedure or C
A

B
G

 surgery, as determ
ined by the patient’s physician to be clinically indicated.  

T
arget lesion revascularization: any repeat PC

I or bypass surgery of the lesion w
as treated during the index procedure. A

 target lesion revascularization 
w

ill be considered ischem
ia-driven if the target lesion diam

eter stenosis is ≥50%
 by Q

C
A

 and any of the follow
ing occur: 

x 
The patient had a positive functional study corresponding to the area served by the target lesion; 

x 
Ischem

ic EC
G

 changes at rest in a distribution consistent w
ith the target vessel; or 

x 
Ischem

ic sym
ptom

s referable to the target lesion 
T

arget vessel revascularization: A
ny PC

I of the target vessel or bypass surgery of the target vessel. The target vessel consists of the target lesion(s) plus 
any additional lesions in the m

ain epicardial coronary artery or branches containing the target lesion (LA
D

, LC
X

 or R
C

A
) 

T
hrom

bocytopenia: N
adir platelet count <100,000 cells/m

m
3 in a patient w

ith a baseline platelet count >100,000 cells/m
m

3. Further divided into m
ild 

(50,000 - <100,000 cells/m
m

3), m
oderate (20,000 - <50,000 cells/m

m
3), or severe (<20,000 cells/m

m
3, or requiring platelet transfusion) 

N
O

B
L

E
 

C
ardiac death: any death due to a suspected cardiac cause (M

I, low
-output heart failure, fatal arrhythm

ia), unw
itnessed death and death of unknow

n 
cause. A

ll procedure-related deaths, including those related to concom
itant treatm

ent, w
ere classified as cardiac death. 

N
on-procedure-related m

yocardial infarction: a rise in biochem
ical m

arkers exceeding the decision lim
it for m

yocardial infarction (99
th percentile 

including <10%
 CV

) w
ith at least one of the follow

ing: 
1. 

Ischem
ic sym

ptom
s 

2. 
EC

G
 changes indicative of ischem

ia (ST segm
ent elevation or depression) 

3. 
D

evelopm
ent of a pathologic Q

-w
ave w

ith no relation to a PC
I procedure 

Procedural m
yocardial infarction: diagnosis of procedural M

I for both PC
I and C

A
B

G
 patients w

as based on C
K

-M
B

 elevations w
hen available. 

Patients needed to have stable angina pectoris as the clinical indication O
R

 a norm
al baseline C

K
-M

B
, TnI, TnT, or highly-sensitive TnT, to be assessable 

for procedural M
I. D

iagnosis required a CK
-M

B
 value above 10 x U

R
L or U

LN
 to establish the diagnosis. The diagnosis could also be placed by the 

com
bination of a CK

-M
B

 value above 5 x U
R

L or U
LN

, A
N

D
 one or m

ore of the follow
ing:  

1. 
N

ew
 pathological Q

 w
aves in at least 2 contiguous leads or new

 persistent non-rate-related LB
B

B 
2. 

A
ngiographically docum

ented graft or native coronary artery occlusion or new
 severe stenosis w

ith throm
bosis and/or dim

inished epicardial flow
 

3. 
Im

aging evidence of new
 loss of viable m

yocardium
 or new

 regional w
all m

otion abnorm
ality 

R
epeat revascularization: any new

 PC
I or C

A
B

G
 operation perform

ed during follow
-up. If an index revascularization w

as attem
pted or successful, any 

subsequent revascularization w
as counted as repeat revascularization.  

T
arget lesion revascularization: repeat revascularization by PC

I of any target segm
ent treated during the index procedure. A

 target lesion segm
ent w

as 
defined as a stented or balloon treated segm

ent and its 5 m
m

 m
argin 

D
efinite stent throm

bosis: defined in accordance w
ith the A

cadem
ic R

esearch C
onsortium

 definitions 6 
Sym

ptom
atic graft occlusion: diagnosis of sym

ptom
atic graft occlusion required it to be detected during a clinically indicated coronary angiography 
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 Stroke: Ischem

ic or hem
orrhagic cerebrovascular event verified by C

T or M
R

I brain 
E

X
C

E
L

 
Post-procedure m

yocardial infarction: defined as the occurrence w
ithin 7 hours after either PC

I or C
A

B
G

 of either: 
x 

C
K

-M
B

 >10x U
R

L O
R

 
x 

C
K

-M
B

 >5x U
R

L plus 
o 

N
ew

 pathological Q
-w

aves in at least tw
o contiguous leads or new

 persistent non-rate-related LB
B

B
, or 

o 
A

ngiographically docum
ented graft or native coronary artery occlusion or new

 severe stenosis w
ith throm

bosis and/or dim
inished 

epicardial flow
, or 

o 
Im

aging evidence of new
 loss of viable m

yocardium
 or new

 regional w
all m

otion abnorm
ality 

Spontaneous m
yocardial infarction: defined as the occurrence >72 hours after any PC

I or C
A

B
G

 of: 
x 

The rise and/or fall of cardiac biom
arkers (CK

-M
B

 or troponin) >1x U
R

L PLU
S 

o 
EC

G
 changes indicative of new

 ischem
ia [ST-segm

ent elevation or depression, in the absence of other causes of ST-segm
ent changes such 

as left ventricular hypertrophy or bundle branch block] or 
o 

D
evelopm

ent of pathological Q
 w

aves (≥0.04 seconds in duration and ≥1 m
m

 in depth) in ≥2 contiguous precordial leads or ≥2 adjacent 
lim

b leads) of the EC
G

, or 
o 

A
ngiographically docum

ented graft or native coronary artery occlusion or new
 severe stenosis w

ith throm
bosis and/or dim

inished 
epicardial flow

, or 
o 

Im
aging evidence of new

 loss of viable m
yocardium

 or new
 regional w

all m
otion abnorm

ality 
Stroke: the rapid onset of a new

 persistent neurologic deficit attributed to an obstruction in cerebral blood flow
 and/or cerebral hem

orrhage w
ith no 

apparent non-vascular cause (e.g., traum
a, tum

our, or infection). A
 vascular neurologist or stroke specialist determ

ined w
hether a stroke had occurred and 

determ
ined the stroke severity using the N

IH
SS TIA

/stroke questionnaire. A
vailable neuroim

aging studies w
as considered to support the clinical 

im
pression and to determ

ine if there w
as a dem

onstrable lesion com
patible w

ith an acute stroke. Strokes w
ere classified as ischem

ic, hem
orrhagic, or 

unknow
n. Four criteria m

ust be fulfilled to diagnose stroke: 
1. 

R
apid onset of a focal/global neurological deficit w

ith at least one of the follow
ing: change in level of consciousness, hem

iplegia, hem
iparesis, 

num
bness or sensory loss affecting one side of the body, dysphasia/aphasia, hem

ianopia, am
aurosis fugax, other new

 neurological 
sign(s)/sym

ptom
(s) consistent w

ith stroke; and 
2. 

D
uration of a focal/global neurological deficit ≥

24 hours or <24 hours if any of the follow
ing conditions exist: 

a. 
A

t least one of the follow
ing therapeutic interventions: 

i. 
Pharm

acologic (i.e., throm
bolytic drug adm

inistration) 
ii. 

N
on-pharm

acologic (i.e., neurointerventional procedure such as intracranial angioplasty) 
b. 

A
vailable brain im

aging clearly docum
ents a new

 hem
orrhage or infarct 

c. 
The neurological deficit results in death 

3. 
N

o other readily identifiable non-stroke cause for the clinical presentation (e.g., brain tum
our, traum

a, infection, hypoglycaem
ia, other m

etabolic 
abnorm

ality, peripheral lesion, or drug side effect). Patients w
ith non-focal global encephalopathy w

ill not be reported as a stroke w
ithout 

unequivocal evidence based upon neuroim
aging studies. 
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4. 
C

onfirm
ation of the diagnosis by a neurology or neurosurgical specialist and at least one of the follow

ing: 
a. 

B
rain im

aging procedure (at least one of the follow
ing): 

i. 
C

T scan 
ii. 

M
R

I scan 
iii. 

C
erebral vessel angiography 

b. 
Lum

bar puncture (i.e., spinal fluid analysis diagnostic of intracranial hem
orrhage) 

Ischem
ia-driven revascularization:  

A
 coronary revascularization procedure m

ay be either a C
A

B
G

 or PC
I. The coronary segm

ents revascularized w
ill be sub-classified as: 

x 
Target lesion: a lesion revascularized in the index procedure (or during a planned or provisional staged procedure) 

x 
Target vessel: the target vessel is defined as the entire m

ajor coronary vessel proxim
al and distal to the target lesion including upstream

 and 
dow

nstream
 branches and the target lesion itself 

x 
Target vessel non-target lesion: the target vessel non-target lesion consists of a lesion in the epicardial vessel/branch/graft that contains the target 
lesion; how

ever, this lesion is outside of the target lesion by at least 5 m
m

 distal or proxim
al to the target lesion determ

ined by Q
C

A
 

x 
N

on-target vessel: for the purposes of this trial, the only possible non-target vessel w
ould be the R

C
A

 and its m
ajor branches that w

ere not treated 
by either PC

I or C
A

B
G

 at the index procedure (unless either the LA
D

 or LCX
 is occluded at baseline and no attem

pt w
as m

ade to revascularize 
these territories by either PC

I or C
A

B
G

) 
A

ll revascularization events w
ill be adjudicated as either ischem

ia-driven or non-ischem
ia-driven. R

evascularization w
ill be considered ischem

ia-driven if 
the diam

eter stenosis of the revascularized coronary segm
ent is ≥50%

 by Q
C

A
 and any of the follow

ing criteria for ischem
ia are m

et: 
x 

A
 positive functional study corresponding to the area served by the target lesion; or 

x 
Ischem

ic EC
G

 changes at rest in a distribution consistent w
ith the target vessel; or 

x 
Typical ischem

ic sym
ptom

s referable to the target lesion; or 
x 

IV
U

S of the target lesion w
ith a M

LA
 of ≤4 m

m
2 for non-left m

ain lesions or ≤6 m
m

2 for left m
ain lesions. If the lesions are de novo (i.e., not 

restenotic), the plaque burden m
ust also be ≥60%

; or FFR
 of the target lesion ≤0.80 

CABG
, Coronary artery bypass grafts; CK, Creatine-kinase; CK-M

B, Creatine-kinase M
B; CT, Com

puted tom
ography; CVA, Cerebrovascular accident; 

ECG
, Electrocardiogram

; FFR, Fractional flow reserve; IVU
S; Intravascular ultrasound; LAD

, Left anterior descending; LBBB, Left bundle branch block; 

LCX, Left circum
flex artery; M

LA, M
inim

al Lum
en area; M

RI, M
agnetic Resonance Im

aging; M
I, M

yocardial Infarction; NIH
SS, National Institutes of 

H
ealth Strokes Scale; PCI, Percutaneous coronary intervention; Q

CA, Q
uantitative coronary angiography; RCA, Right coronary artery; TIA, Transient 

ischem
ic attack; TnI, Troponin-I; TnT, Troponin-T; U

LN, U
pper lim

it of norm
al; U

RL, U
pper reference lim

it 
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 T

able S6. Sensitivity analysis 

Studies included 
O

utcom
e 

Subgroup 
O

R
 

95%
 C

I 
I 2 

p-value 
P-interaction 

SY
N

TA
X

 
EX

C
EL 

D
eath, M

I, stroke 

D
iabetics 

0.92 
0.60-1.42 

17.2%
 

0.78 

0.84 
N

on-D
iabetic 

0.99 
0.76-1.28 

0%
 

0.99 

PR
EC

O
M

B
A

T 
SY

N
TA

X
 

D
eath, M

I, stroke, 
revascularization 

D
iabetics 

1.46 
0.90-2.36 

0%
 

0.18 

0.51 
N

on-D
iabetics 

1.20 
0.88-1.64 

0%
 

0.16 

PR
EC

O
M

B
A

T 
EX

C
EL 

D
eath, M

I, stroke 
Syntax <22 

0.78 
0.50-1.21 

0%
 

0.26 
0.006 

Syntax ≥22 
1.64 

1.22-2.20 
68%

 
0.002 

 Table displays results stratified by D
iabetic group and SY

N
TA

X
 score w

ith at least 2 studies reporting outcom
es. R

esults are pooled O
R by random

-effects 

m
odelling.  

M
I, m

yocardial infarction; O
R, odds ratio 
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 Figure S1. R

isk estim
ates at 1-year follow

 up 

Forest plot displays sum
m

ary odds ratio (O
R

) and 95%
 confidence intervals (C

I) for A
) Safety endpoint of all-cause death, M

I and stroke; and 

B
) Efficacy-safety endpoint of all-cause death, M

I, stroke and repeat revascularization. 

 

C
ABG

, coronary artery bypass grafting, D
ES, drug-eluting stent; M

I, m
yocardial infarction,  
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 Figure S2. R

isk estim
ates by stent generation 

Forest plot displays sum
m

ary estim
ates (odds ratios and 95%

 confidence intervals) of studies using early generation D
ES vs. new

 generation 

D
ES com

pared to C
A

B
G

. A
) Safety endpoint of death, M

I or stroke. B
) Efficacy-safety endpoint of death, M

I, stroke or revascularization. p-

value for interaction is displayed as heterogeneity betw
een groups.  

 

C
ABG

, C
oronary artery bypass grafts; D

ES, D
rug eluting stent;  
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 Figure S3: R

isk estim
ates by follow

-up duration 

Forest plot displays sum
m

ary estim
ates (odds ratios and 95%

 confidence intervals) of studies by short-term
 (12-m

onths), m
id-term

 (36-m
onths) 

and long-term
 (60-m

onths) follow
-up. A

) Safety endpoint of all-cause death, M
I or stroke. B

) Efficacy-safety endpoint of all-cause death, M
I, 

stroke or revascularization. P-value for interaction is displayed as heterogeneity betw
een groups. 

 

C
ABG

, C
oronary artery bypass grafts; D

ES, D
rug eluting stent; 
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 Figure S4. Funnel plot for visual estim

ation of publication bias 

A
) Safety endpoint of all-cause death, M

I, stroke. B
) Efficacy-safety endpoint of all-cause death, M

I, stroke or revascularization. 
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Abstract
Aims: Our aim was to assess whether intravascular ultrasound (IVUS) improves clinical outcomes during 

implantation of first- and second-generation drug-eluting stents (DES). IVUS guidance is associated with 

improved clinical outcomes during DES implantation, but it is unknown whether this benefit is limited to 

either first- or second-generation devices.

Methods and results: MEDLINE, EMBASE and PubMed were searched for studies comparing outcomes 

between IVUS- and angiography-guided PCI. Among 909 potentially relevant studies, 15 trials met the 

inclusion criteria. The primary endpoint was MACE, defined as death, myocardial infarction, target vessel/

lesion revascularisation (TVR/TLR) or stent thrombosis (ST). Summary estimates were obtained using Peto 

modelling. In total, 9,313 patients from six randomised trials and nine observational studies were included. 

First-generation DES were implanted in 6,156 patients (3,064 IVUS-guided and 3,092 angiography-guided) 

and second-generation in 3,157 patients (1,528 IVUS-guided and 1,629 angiography-guided). IVUS guid-

ance was associated with a significant reduction in MACE (odds ratio [OR] 0.73, 95% CI: 0.64-0.85, 

p<0.001), across both first- (OR 0.79, 95% CI: 0.67-0.92, p=0.01) and second-generation DES (0.57, 95% 

CI: 0.43-0.77, p<0.001). For second-generation DES, IVUS guidance was associated with significantly 

lower rates of cardiac death (OR 0.33, 95% CI: 0.14-0.78, p=0.02), TVR (OR 0.47, 95% CI: 0.28-0.79, 

p=0.006), TLR (OR 0.61, 95% CI: 0.42-0.90, p=0.01) and ST (OR 0.31, 95% CI: 0.12-0.78, p=0.02). 

Cumulative meta-analysis highlighted progressive temporal benefit towards IVUS-guided PCI to reduce 

MACE (OR 0.60, 95% CI: 0.48-0.75, p<0.001).

Conclusions: IVUS guidance is associated with a significant reduction in MACE during implantation of 

both first- and second-generation DES platforms. These data support the use of IVUS guidance in contem-

porary revascularisation procedures using second-generation DES.
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Introduction
Percutaneous coronary intervention (PCI) and stenting is an estab-

lished therapeutic option for patients with stable angina and con-

fers prognostic advantage when performed in the context of acute 

coronary syndromes. However, recurrent major adverse cardio-

vascular events (MACE) following successful stenting remains 

an ongoing clinical problem. Although the introduction and wide-

spread uptake of the drug-eluting stent (DES) contributed to sig-

nificant reductions in the need for repeat revascularisation, ~20% 

of patients will re-present with further symptoms within five years 

following PCI1. Thus, strategies that can improve clinical out-

comes are of great importance.

Intravascular ultrasound (IVUS) use during PCI is known to 

impact on interventional strategy by providing important informa-

tion on target lesion and reference vessel characteristics. Following 

stent deployment, IVUS can accurately quantify stent expansion and 

strut apposition, and may identify stent edge-related complications 

not always apparent on angiography2. Although previous meta-ana-

lyses have shown that IVUS-guided DES implantation is associated 

with a significant reduction in MACE, the results were either pre-

dominantly based on studies in first-generation DES3,4 or were lim-

ited to randomised trials5. However, the majority of PCI procedures 

performed worldwide use second-generation DES, often in “off-

label” indications, where the role of IVUS remains uncertain.

We sought to assess whether the clinical benefit of IVUS-guided DES 

implantation is maintained in second-generation devices by performing 

a systematic review and meta-analysis, stratified by DES generation.

Editorial, see page 1564

Methods
DATA SOURCES AND SEARCH STRATEGY
A keyword search was performed through the MEDLINE, 

EMBASE and PubMed databases for the period January 2000 to 

May 2016. Keywords using Medical Subject Heading included: 

“intravascular ultrasound”, “ultrasound, intravascular”, “percutane-

ous coronary intervention”, “drug-eluting stents”, “coronary artery 

disease”, “coronary angioplasty” and “coronary angiography” with 

no limits set (Online Table 1). The reference lists of selected arti-

cles were also reviewed for relevant citations. Abstract lists of 

major international conferences were also manually searched to 

identify other potential sources of data. Conferences included were 

the European Society of Cardiology, EuroPCR, American College 

of Cardiology Scientific Sessions, American Heart Association 

Scientific Sessions and Transcatheter Cardiovascular Therapeutics. 

The study was registered with the PROSPERO international register 

(CRD42016037632) and adhered to the PRISMA statement6. 

STUDY SELECTION
Two investigators (A.J. Brown and N. Nerlekar) independently 

conducted the literature search, and two further investigators 

(C.J. Cheshire and K.P. Verma) performed data extraction for study 

demographics, design, angiographic characteristics and clinical out-

comes. Randomised clinical trials, observational and registry studies 

were included. Other specific inclusion criteria required reported 

clinical outcomes at a minimum of six months, comparison of 

IVUS- and angiography-guided strategies and differentially reported 

outcomes for first- and second-generation stents. For observational 

studies, matched propensity data were included in the final analysis, 

where available. First (or early)-generation stents were defined as 

either paclitaxel (e.g., TAXUS™; Boston Scientific, Marlborough, 

MA, USA) or sirolimus (e.g., CYPHER®; Cordis, Johnson & 

Johnson, Miami Lakes, FL, USA) eluting, durable polymer, metal-

lic stents with thick strut design, while second (or new)-generation 

stents were defined as either zotarolimus (Endeavor®; Medtronic, 

Minneapolis, MN, USA) or everolimus (XIENCE V®; Abbott 

Vascular, Santa Clara, CA, USA, or PROMUS™; Boston Scientific, 

Marlborough, MA, USA) eluting, durable polymer, metallic plat-

forms with a strut thickness <100 µm. A.J. Brown and N. Nerlekar 

verified extracted data and discrepancies for included studies. 

Where studies included both stent generations, corresponding 

authors were contacted to provide individual outcomes if available. 

The remaining studies with mixed stent platforms were excluded. 

The risk of bias within individual studies was assessed according to 

the Cochrane Collaboration Assessment (Online Table 2).

CLINICAL ENDPOINTS
The primary endpoint of this study was MACE, with secondary end-

points including cardiac death, non-fatal myocardial infarction (MI), 

target lesion revascularisation (TLR), target vessel revascularisation 

(TVR), and stent thrombosis. The definition of MACE differed 

slightly across trials, but generally included death, MI and TVR. 

Two studies included cardiac and non-cardiac death7,8, while seven 

reported cardiac death9-15 and four all-cause death16-19. Six stud-

ies used TLR instead of TVR8,13,14,17-19, while stent thrombosis was 

included as part of MACE in two studies12,13. MACE could not be 

calculated from the reported data of two studies20,21, but these stud-

ies contributed to individual clinical endpoints. Trial-specific defini-

tions of MACE were used in the analysis. MI was defined as either 

Q-wave or non-Q-wave MI. Stent thrombosis was defined as defi-

nite or probable according to the Academic Research Consortium22. 

STATISTICAL ANALYSIS
Statistical analysis was performed by using STATA MP 13.0 

(StataCorp LP, College Station, TX, USA). Outcomes were ana-

lysed using a Peto model as a small number of events were 

expected, especially in randomised controlled trials. Sensitivity 

analysis was also performed using a DerSimonian and Laird ran-

dom effects model and inverse variance method with a fixed model 

which did not differ from the Peto model. Summary statistics are 

reported as a pooled odds ratio (OR) with 95% confidence inter-

vals (CI) between first- and second-generation DES for the out-

come of MACE. Further sensitivity analysis was also performed 

comparing only RCTs between first- and second-generation stents. 

Additional subgroup analysis was performed to evaluate summary 

statistics for various components of MACE (all-cause death, cardiac 

death, MI, TVR, TLR and stent thrombosis). Finally, we performed 
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a cumulative meta-analysis to evaluate the impact of publication 

date on the summary odds ratios and to assess temporal trends in 

effect size. Statistical heterogeneity was quantified with the I2 statis-

tic. Heterogeneity was quantified as low, moderate or high based on 

I2 values of 25%, 50% and 75%, respectively23. Publication bias was 

assessed by the Harbord test between first- and second-generation 

studies24. A two-sided p-value of <0.05 was considered significant.

Results
A total of 909 publications were reviewed, with 32 studies selected 

for potential inclusion and further evaluation. Of these studies, 17 

were excluded as they included bare metal stents or their reported 

outcomes included both first- and second-generation DES25-42. The 

authors of two studies provided individualised outcome data strati-

fied by DES generation and these were included8,11. This resulted 

in 15 studies meeting the predefined inclusion criteria (Figure 1).
Six studies in the analysis were randomised controlled trials, 

including the HOME DES IVUS study17, the AVIO trial10, the 

RESET trial12, the IVUS-XPL trial14, CTO-IVUS15 and one ran-

domised trial of unprotected left main coronary artery stenting in 

the elderly19. The other nine were observational studies assessing 

the use of IVUS in specific lesion subsets, including left main coro-

nary artery stenting7,8,20, bifurcation PCI11,18,21 or chronic total occlu-

sions13, while two were consecutive patient registries9,16. Baseline 

characteristics of the included studies are presented in Table 1.

Of the 9,313 patients included, 6,156 received a first-genera-

tion DES and 3,157 received a second-generation DES. For first-

Table 1. Characteristics of included studies and patients.

Study Year Design DES  
type

Sample 
(n)

Age 
(years)

Male  
(%)

Diabetes 
mellitus 

(%)

Hyperlipi-
daemia 

(%)

HTN  
(%)

Smoker 
(%)

Previous 
PCI  
(%)

Previous 
MI  
(%)

Previous 
CABG  
(%)

LVEF  
(%)

Agostoni et al 2005 Observational 1st 24/34 62/64 62/73 37/29 29/30 58/59 17/21 50/21 37/50 NA 52/44

Roy et al 2008 Observational 1st 884/884 66/66 69/70 36/34 86/87 82/82 21/21 27/24 43/41 23/22 47/48

MAIN-COMPARE 2009 Observational 1st 145/145 64/65 70/70 34/34 29/30 59/59 19/21 26/26 7/8 NA 61/61

Kim et al 2010 Observational 1st 473/285 59/60 73/72 20/22 28/35 43/46 36/36 10/7 52/64 0.2/0.4 60/59

HOME DES IVUS 2010 RCT 1st 105/105 59/60 73/71 42/45 63/66 67/71 40/35 17/14 37/32 14/10 NA

MATRIX 2011 Observational 1st 548/548 65/64 74/74 32/31 84/82 82/81 11/12 44/42 30/34 16/16 NA

COBIS 2011 Observational 1st 487/487 62/62 67/67 32/33 35/35 60/58 22/23 NA 9/8 NA 60/59

Chen et al 2013 Observational 1st/2nd 324/304 63/65 81/75 19/18 33/35 67/61 45/41 18/17 15/12 0/0 61/60

RESET 2013 RCT 2nd 269/274 63/64 66/55 32/30 61/62 61/66 22/17 NA 1/3 NA 55/54

AVIO 2013 RCT 1st 142/142 64/64 82/77 24/27 71/77 70/67 34/31 NA 30/26 NA 55/56

ESTROFA-LM 2014 Observational 1st/2nd 415/355 NA NA NA NA NA NA NA NA NA NA

K-CTO 2014 Observational 2nd 201/201 62/62 77/77 30/31 42/43 58/60 29/31 21/20 11/10 NA NA

CTO-IVUS 2015 RCT 2nd 201/201 61/61 81/81 35/34 NA 63/64 35/34 15/16 8/8 2/3 57/57

IVUS-XPL 2015 RCT 2nd 700/700 64/64 69/69 36/37 67/65 65/63 22/26 11/10 5/4 3/2 63/62

Tan et al 2015 RCT 1st 61/62 77/76 62/69 34/30 NA 41/47 44/47 NA 16/21 NA 55/53
Values are mean or % and presented as intravascular ultrasound (IVUS)-guided/angiography-guided. AVIO: angiography vs. IVUS optimisation; CABG: coronary artery bypass grafting; 
COBIS: Korean Coronary Bifurcation Stent registry; CTO-IVUS: chronic total occlusion InterVention with drUg-eluting Stents guided by IVUS; ESTROFA-LM: comparison of paclitaxel-eluting 
stents (TAXUS) and everolimus-eluting stents (XIENCE) in left main coronary artery disease; HOME-DES IVUS: long-term health outcome and mortality evaluation after invasive coronary 
treatment using drug eluting stents with or without the IVUS guidance; HTN: hypertension; IVUS-XPL: effect of intravascular ultrasound-guided vs. angiography-guided everolimus-eluting 
stent implantation; K-CTO: Korean Chronic Total Occlusion registry; LVEF: left ventricular ejection fraction; MAIN-COMPARE: revascularisation for unprotected left MAIN coronary artery stenosis: 
COMparison of Percutaneous coronary Angioplasty versus surgical REvascularization; MATRIX: comprehensive assessment of sirolimus-eluting stents in complex lesions; MI: myocardial 
infarction; NA: not applicable; PCI: percutaneous coronary intervention; RCT: randomised controlled trial; RESET: real safety and efficacy of a 3-month dual antiplatelet therapy following 
zotarolimus-eluting stent implantation

Records identified through systematic search of MEDLINE (n=733), 
PubMed (n=1,292) and EMBASE (n=2,193). Total=4,218

909 studies screened

32 studies reviewed full text

11 studies met inclusion criteria
from the outset

2 studies included with 
non-MACE data points

2 studies included after stent-specific
data provided by authors

15  studies included
in final meta-analysis

Exclusion of duplicates (n=3,309)

877 studies excluded
by screening abstracts

17 studies excluded:
– Combination of first and second

DES stents and no specific data 
despite correspondence with authors

– Combined BMS stents
– Raw numbers of events not provided

Figure 1. Flow diagram of study. Flow diagram illustrating the 
identification and screening of eligible studies. BMS: bare metal 
stent; DES: drug-eluting stent; MACE: major adverse 
cardiovascular events
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generation DES, 3,064 patients underwent IVUS-guided PCI and 

3,092 angiography-guided PCI, while for second-generation DES 

1,528 patients underwent IVUS-guided PCI and 1,629 angio-

graphy-guided PCI. Angiographic and procedural characteristics 

of the included studies are presented in Table 2. Data on IVUS-

guided PCI for first-generation DES were available for eleven 

studies7-11,16-21, while data on IVUS-guided PCI for second-genera-

tion DES were available from six studies8,11-15. 

MAJOR ADVERSE CARDIOVASCULAR EVENTS
Thirteen of the included studies reported the incidence of MACE. 

The summary OR for all studies was 0.73 (95% CI: 0.64-0.85, 

p<0.001) in favour of IVUS-guided PCI (Figure 2). There was 

no evidence of statistical heterogeneity between studies (I2=0%). 

The beneficial effect of IVUS-guided PCI was observed for both 

first-generation (OR 0.79, 95% CI: 0.67-0.92, p=0.01, I2=0%) and 

second-generation DES (OR 0.57, 95% CI: 0.43-0.77, p<0.001, 

I2=0%). No difference was noted with inverse variance and ran-

dom-effects modelling (Online Figure 1), and there was no signifi-

cant interaction between first- and second-generation stent groups 

(p=0.06). The potential for publication bias was assessed statis-

tically by the Harbord test, which demonstrated no evidence of 

small study effects, either in first-generation (p=0.08) or in sec-

ond-generation DES studies (p=0.73). Sensitivity analysis lim-

ited to randomised trials was consistent with these findings, with 

IVUS-guided PCI associated with reduced MACE in both first-

generation (OR 0.62, 95% CI: 0.41-0.93, p=0.02, I2=0.0%) and 

second-generation DES (OR 0.49, 95% CI: 0.34-0.72, p<0.001, 

I2=0.0%) (Online Figure 2, Online Figure 3).

CARDIAC DEATH AND MYOCARDIAL INFARCTION
The incidence of cardiac death was reported in nine studies, while 

ten studies reported the incidence of MI. IVUS-guided PCI was 

associated with a significant reduction in the risk of cardiac death 

(OR 0.55, 95% CI: 0.36-0.83, p=0.005, I2=0%). This benefit 

appeared limited to second-generation DES (OR 0.33, 95% CI: 

0.14-0.78, p=0.02, I2=0%), with no clear benefit in first-generation 

DES (OR 0.64, 95% CI: 0.39-1.04, p=0.07, I2=0%) (Figure 3). 
IVUS-guided PCI was also associated with a significant reduction 

in the risk of MI (OR 0.67, 95% CI: 0.50-0.90, p=0.01, I2=8.6%). 

IVUS-guided PCI did not appear to reduce the risk of MI in 

second-generation DES (OR 0.82, 95% CI: 0.45-1.49, p=0.65, 

I2=13.3%), but did for first-generation DES (OR 0.63, 95% CI: 

0.45-0.89, p=0.007, I2=13.6%).

Table 2. Angiographic and procedural characteristics.

Study Year
Left 
main  

%

LAD 
%

RCA 
%

LCx 
%

Multi-
vessel 
PCI %

Bifur-
cation 

PCI  
%

CTO PCI 
%

Predi-
lation  

n

Post-
dilation 

n

Kissing 
balloon 

%

Mean 
lesion 
length 

mm

Mean 
stent 
length  

mm

Mean 
stent 

diameter 
mm

Mean 
number of 

stents

GP 
IIb/
IIIa,    
%

Agostoni  
et al

2005 100/100 0/0 0/0 0/0 NA 70/50 NA 50/62 92/76 40/45 7.5±3.1/
7.3±3.1

27.0±14.0/
23.0±12.0

3.2±0.4/
3.2±0.3

1.5±0.5/
1.4±0.5

46/23

Roy et al 2008 2/2 33/33 34/34 25/23 NA NA NA 71/59 31/17 NA NA 20.7±6.4/
20.1±6.9

3.1±0.4/
3.1±1.8

1.5±0.8/
1.5±0.9

18/18

MAIN-
COMPARE

2009 100/100 0/0 0/0 0/0 0/0 NA NA NA NA NA NA 35.2±23.8/
35.6±22.7

NA 1.2±0.5/
1.2±0.6

NA

Kim et al 2010 NA NA NA NA 29/34 100/100 3/3 NA NA NA 25.0±14/
21±10

34.0±19.0/
26.0±14.0

NA 1.4±0.7/
1.2±0.5

4/3

HOME DES 
IVUS

2010 3/4 56/54 29/24 11/15 15/17 NA NA 74/77 33/0 NA 18.1±7.3/
17.6±6.7

23.6 /22.1 NA 1.3/1.3 20/16

MATRIX 2011 3/3 51/51 29/28 38/38 NA NA NA 54/70 43/34 NA 17.5±9.6/
17.9±9.3

23.3±12.0/
23.8±12.2

3.1±0.4/
3.0±0.4

NA 8/8

COBIS 2011 4/4 83/83 4/4 13/13 46/47 100/100 NA 100/100 NA 53/34 NA NA NA NA 4/4

Chen et al 2013 42/27 40/61 4/3 14/9 NA 100/100 NA NA NA 95/93 NA NA NA NA 3/7

RESET 2013 0/0 62/68 23/20 15/13 41/38 NA 0/0 NA 55/45 1/2 29.6/30.6 32.4/32.3 NA NA NA

AVIO 2013 0/0 53/49 NA NA NA 23/27 14/18 NA 88/68 NA 27.4±15.9/
25.5±15.0

23.9±6.7/
23.2±6.5

3.0±0.4/
2.9±0.4

NA NA

ESTROFA-LM 2014 100/100 0/0 0/0 0/0 NA NA NA NA NA NA NA NA NA NA NA

K-CTO 2014 0/0 44/34 NA 16/25 NA NA 100/100 NA NA NA 26.7±12.9/
26.9±18.0

44.9±21.2/
37.3±20.6

3.0±0.4/
2.8±0.4

1.7±0.8/
1.4±0.7

NA

CTO-IVUS 2015 0/0 42/47 44/37 14/16 10/8 NA 100/100 NA 51/41 NA 36.3±17.1/
35.5±17.0

43.6±18.7/
41.5±17.6

2.9±0.5/
2.9±0.4

1.7±0.8/
1.6±0.7

4/4

IVUS-XPL 2015 0/0 65/60 21/25 14/15 NA NA NA NA 76/57 NA 34.7±10.8/
35.2±10.5

39.3±13.1/
39.2±12.3

NA 1.3±0.5/
1.3±0.5

NA

Tan et al 2015 100/100 0/0 0/0 0/0 0/0 40/42 0/0 NA 23/9 NA NA 21.5±6.4/
18.2±4.9

3.4±0.1/
3.4±0.1

NA NA

Values are %, mean±standard deviation and presented as IVUS/no IVUS. CTO: chronic total occlusion; GP IIb/IIIa: glycoprotein IIb/IIIa inhibitor; LAD: left anterior descending artery; LCx: left 
circumflex artery; RCA: right coronary artery; TIMI: Thrombolysis In Myocardial Infarction



1636

EuroIntervention 2
017;12

:1632-16
42

OTHER CLINICAL ENDPOINTS
Seven studies reported the incidence of TVR and eight stud-

ies reported the incidence of TLR. Overall, IVUS-guided PCI 

significantly reduced the risk of TVR (OR 0.79, 95% CI: 0.64-

0.98, p=0.04, I2=23.2%) and TLR (OR 0.66, 95% CI: 0.52-

0.84, p<0.001, I2=0.0%) (Figure 4). Although IVUS-guided PCI 

reduced the incidence of both TVR and TLR in second-generation 

DES, only TLR was reduced in first-generation DES (Table 3). 
IVUS-guided PCI significantly reduced the risk of ST across both 

first- (OR 0.56, 95% CI: 0.40-0.79, p<0.001, I2=0.0%) and second-

generation DES (OR 0.31, 95% CI: 0.12-0.78, p=0.02, I2=0.0%).

CUMULATIVE META-ANALYSIS
Finally, we performed a cumulative meta-analysis on the whole 

cohort, assessing for temporal trends in the effectiveness of 

IVUS-guided PCI (Figure 5). Until the end of 2011 (total of 

4,111 patients), the summary OR was 0.83 (95% CI: 0.69-0.99, 

p=0.04). However, after this date there was an incremental pro-

gressive trend towards a greater beneficial effect of IVUS-guided 

PCI to reduce MACE (total of 4,154 patients), with a summary 

OR of 0.60 (95% CI: 0.48-0.75, p<0.001).

Discussion
Our results demonstrate that IVUS-guided DES implantation is 

associated with a significant reduction in MACE, when compared 

with angiography-guided PCI. Importantly, the benefit of an IVUS-

guided PCI strategy applies across both first- and second-genera-

tion DES. In second-generation DES, IVUS guidance reduces the 

incidence of cardiac death and clinical endpoints related to DES 

failure. Finally, we show a temporal and progressive improvement 

in clinical outcomes for IVUS-guided DES implantation. These 

results should continue to encourage the use of IVUS-guided PCI 

and reinforce that clinical benefits are maintained independent of 

DES type.

Previous meta-analyses have reported that IVUS-guided DES 

implantation is associated with significantly lower rates of MACE, 

with an OR of between 0.60 and 0.753-5. However, these three 

reports included studies using a mixture of DES types and there 

remains uncertainty on the clinical utility of an IVUS-guided 

strategy in newer platforms. Here we show that an IVUS-guided 

second-generation DES implantation is associated with an ~40% 

relative risk reduction of MACE, when compared with an angio-

graphy-guided strategy. Importantly, the majority of the benefit we 

observed for IVUS guidance with second-generation DES was in 

clinical endpoints of stent failure, including TVR, TLR and ST 

(relative risk reductions of 55%, 46% and 80%, respectively). 

Based on these data, we find that the number needed to treat using 

IVUS to prevent one MACE event during second-generation DES 

implantation is ~30 (95% CI: 19.7-57.0). Cost-effectiveness ana-

lyses are now required to assess whether the current threshold for 

IVUS use is appropriate or whether operators should be expanding 

use to more “routine” cases.

Our results also suggest that there has been a continual temporal 

improvement in the reported clinical outcomes for studies assess-

ing the role of IVUS guidance during DES implantation. Although 

definitive mechanisms underlying this observation cannot be 

0.1 1 10Favours IVUS Favours angiography

MACE
First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
Agostoni et al 2005 Observational 0.40 (0.10, 1.67) 2/24 7/34 0.94
Roy et al 2008 Observational 0.87 (0.67, 1.13) 128/887 143/884 28.76
HOME DES IVUS 2010 RCT 0.91 (0.40, 2.10) 12/105 13/105 2.77
MATRIX 2011 Observational 0.74 (0.53, 1.03) 71/549 92/549 17.40
COBIS 2011 Observational 0.89 (0.60, 1.31) 53/487 59/487 12.43
AVIO 2013 RCT 0.60 (0.34, 1.07) 24/142 36/142 5.95
Chen et al 2013 Observational 0.88 (0.44, 1.78) 18/83 22/92 3.88
ESTROFA-LM 2014 Observational 0.69 (0.32, 1.50) 7/108 29/307 3.18
Tan et al 2015 RCT 0.42 (0.17, 1.00) 8/61 17/62 2.51
Subtotal (I-squared=0.0%, p=0.737) 0.79 (0.67, 0.92) 323/2,446 418/2,662 77.81

Second generation
RESET 2013 RCT 0.60 (0.29, 1.22) 12/269 20/274 3.78
Chen et al 2013 Observational 0.49 (0.10, 2.42) 3/32 4/23 0.76
ESTROFA-LM 2014 Observational 0.65 (0.32, 1.31) 10/125 28/230 3.89
K-CTO 2014 Observational 0.80 (0.42, 1.54) 18/201 22/201 4.52
IVUS-XPL 2015 RCT 0.49 (0.29, 0.82) 19/700 39/700 6.97
CTO-IVUS 2015 RCT 0.37 (0.15, 0.93) 5/201 14/201 2.27
Subtotal (I-squared=0.0%, p=0.791) 0.57 (0.43, 0.77) 67/1,528 127/1,629 22.19

Overall (I-squared=0.0%, p=0.675) 0.73 (0.64, 0.84) 390/3,974 545/4,291 100.00

Figure 2. MACE for IVUS-guided versus angiography-guided PCI stratified by DES generation. The incidence and odds ratios (OR) for 
major adverse cardiovascular events (MACE) following both intravascular ultrasound (IVUS)-guided and angiography-guided drug-eluting 
stent (DES) implantation. The benefit of IVUS-guided PCI is consistent across both first- and second-generation DES. CI: confidence interval; 
RCT: randomised controlled trial
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0.1 1 10
Favours IVUS Favours angiography

0.1 1 10
Favours IVUS Favours angiography

Cardiac death

Myocardial infarction

First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
Roy et al 2008 Observational 0.66 (0.35, 1.24) 16/884 24/884 45.33
MATRIX 2011 Observational 0.51 (0.18, 1.41) 5/548 10/548 17.16
AVIO 2013 RCT 0.13 (0.01, 2.16) 0/142 2/142 2.31
Chen et al 2013 Observational 1.68 (0.28, 9.89) 3/83 2/92 5.65
Tan et al 2015 RCT 0.67 (0.11, 4.00) 2/61 3/62 5.60
Subtotal (I-squared=0.0%, p=0.635) 0.64 (0.39, 1.04) 26/1,718 41/1,728 76.05

Second generation
RESET 2013 RCT 0.14 (0.00, 6.95) 0/269 1/274 1.16
Chen et al 2013 Observational 0.08 (0.01, 0.86) 0/32 3/23 3.26
K-CTO 2014 Observational 0.42 (0.09, 1.86) 2/201 5/201 7.99
IVUS-XPL 2015 RCT 0.61 (0.15, 2.43) 3/700 5/700 9.22
CTO-IVUS 2015 RCT 0.13 (0.01, 2.16) 0/201 2/201 2.31
Subtotal (I-squared=0.0%, p=0.601) 0.33 (0.14, 0.78) 5/1,403 16/1,399 23.95

Overall (I-squared=0.0%, p=0.634) 0.55 (0.36, 0.83) 31/3,121 57/3,127 100.00

First generation
Roy et al 2008 Observational 0.69 (0.38, 1.25) 18/884 26/884 24.26
HOME DES IVUS 2010 RCT 0.29 (0.05, 1.73) 1/105 4/105 2.77
MATRIX 2011 Observational 0.40 (0.22, 0.73) 12/548 31/548 23.37
AVIO 2013 RCT 0.82 (0.34, 1.96) 10/142 12/142 11.51
Chen et al 2013 Observational 1.24 (0.53, 2.88) 13/83 12/92 12.15
Tan et al 2015 RCT 0.52 (0.05, 5.06) 1/61 2/62 1.67
Subtotal (I-squared=13.6%, p=0.327) 0.63 (0.45, 0.89) 55/1,823 87/1,833 75.72

Second generation
RESET 2013 RCT 0.14 (0.01, 2.20) 0/269 2/274 1.13
Chen et al 2013 Observational 1.23 (0.27, 5.53) 5/32 3/23 3.83
K-CTO 2014 Observational 1.00 (0.50, 2.02) 17/201 17/201 17.63
IVUS-XPL 2015 RCT 0.14 (0.00, 6.82) 0/700 1/700 0.57
CTO-IVUS 2015 RCT 0.13 (0.01, 2.16) 0/201 2/201 1.13
Subtotal (I-squared=13.3%, p=0.329) 0.82 (0.45, 1.49) 22/1,403 25/1,399 24.28

Overall (I-squared=8.6%, p=0.362) 0.67 (0.50, 0.90) 77/3,226 112/3,232 100.00

Figure 3. Summary plot for clinical endpoints of cardiovascular mortality and myocardial infarction. The incidence and odds ratios (OR) for 
cardiac death (A) and myocardial infarction (B) following both intravascular ultrasound (IVUS)-guided and angiography-guided drug-eluting 
stent (DES) implantation, stratified by drug-eluting stent generation. CI: confidence interval; RCT: randomised controlled trial

Table 3. Summary estimates for clinical endpoints following IVUS-guided and angiography-guided DES implantation.

First-generation DES Second-generation DES

Event rate 
(%) IVUS/

angiography-
guided PCI

OR 95% CI p-value I2 (%)

Event rate 
(%) IVUS/

angiography-
guided PCI

OR 95% CI p-value I2 (%)

MACE 13.2/15.7 0.79 0.67-0.92 0.01 0.0 4.4/7.8 0.57 0.43-0.77 <0.001 0.0

Cardiac death 1.5/2.4 0.64 0.39-1.04 0.07 0.0 0.3/1.1 0.33 0.14-0.78 0.02 0.0

MI 3.0/4.7 0.63 0.45-0.89 0.007 13.6 1.6/1.7 0.82 0.45-1.49 0.65 13.3

TVR 9.2/10.3 0.88 0.70-1.11 0.29 0.0 2.8/5.9 0.47 0.28-0.79 0.006 3.7

TLR 5.6/7.9 0.70 0.51-0.95 0.02 0.0 3.8/6.0 0.61 0.42-0.90 0.01 30.5

ST 2.4/4.2 0.56 0.40-0.79 <0.001 0.0 0.2/1.0 0.31 0.12-0.78 0.02 0.0

DES: drug-eluting stent; IVUS: intravascular ultrasound; MACE: major adverse cardiovascular events; MI: myocardial infarction; OR: odds ratio; 
ST: stent thrombosis; TLR: target lesion revascularisation; TVR: target vessel revascularisation
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0.1 1 10
Favours IVUS Favours angiography

0.1 1 10
Favours IVUS Favours angiography

0.1 1 10
Favours IVUS Favours angiography

Target vessel revascularisation

Target lesion revascularisation

First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
Roy et al 2008 Observational 0.94 (0.68, 1.32) 73/884 77/884 39.38
MATRIX 2011 Observational 0.90 (0.62, 1.30) 60/548 66/548 32.00
AVIO 2013 RCT 0.60 (0.30, 1.21) 14/142 22/142 9.04
Chen et al 2013 Observational 0.92 (0.27, 3.11) 5/83 6/92 2.96
Subtotal (I-squared=0.0%, p=0.725) 0.88 (0.70, 1.11) 152/1,657 171/1,666 83.39

Second generation
RESET 2013 RCT 0.67 (0.32, 1.39) 12/269 18/274 8.14
Chen et al 2013 Observational 0.15 (0.03, 0.84) 1/32 5/23 1.52
K-CTO 2014 Observational 0.29 (0.08, 1.03) 2/201 8/201 2.80
CTO-IVUS 2015 RCT 0.50 (0.18, 1.40) 5/201 10/201 4.15
Subtotal (I-squared=3.7%, p=0.374) 0.47 (0.28, 0.79) 20/703 41/699 16.61

Overall (I-squared=23.2%, p=0.245) 0.79 (0.64, 0.98) 172/2,360 212/2,365 100.00

First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
Roy et al 2008 Observational 0.69 (0.47, 1.03) 43/884 61/884 36.95
HOME DES IVUS 2010 RCT 1.00 (0.31, 3.20) 6/105 6/105 4.29
AVIO 2013 RCT 0.74 (0.35, 1.58) 13/142 17/142 10.16
Chen et al 2013 Observational 0.92 (0.27, 3.11) 5/83 6/92 3.90
Tan et al 2015 RCT 0.39 (0.14, 1.10) 5/61 12/62 5.57
Subtotal (I-squared=0.0%, p=0.774) 0.70 (0.51, 0.95) 72/1,275 102/1,285 60.87

Second generation
Chen et al 2013 Observational 0.08 (0.01, 0.86) 0/32 3/23 1.06
K-CTO 2014 Observational 0.86 (0.46, 1.60) 21/201 24/201 15.11
IVUS-XPL 2015 RCT 0.52 (0.29, 0.91) 17/700 33/700 18.20
CTO-IVUS 2015 RCT 0.62 (0.21, 1.87) 5/201 8/201 4.76
Subtotal (I-squared=30.5%, p=0.229) 0.61 (0.42, 0.90) 43/1,134 68/1,125 39.13

Overall (I-squared=0.0%, p=0.607) 0.66 (0.52, 0.84) 115/2,409 170/2,410 100.00

Stent thrombosis

First generation
Roy et al 2008 Observational 0.58 (0.40, 0.85) 41/881 69/881 69.62
HOME DES IVUS 2010 RCT 0.66 (0.19, 2.34) 4/105 6/105 6.46
MATRIX 2011 Observational 0.60 (0.15, 2.43) 3/548 5/548 5.36
COBIS 2011 Observational 0.37 (0.05, 2.61) 1/487 3/487 2.69
Chen et al 2013 Observational 0.28 (0.06, 1.43) 1/83 5/92 3.92
Subtotal (I-squared=0.0%, p=0.913) 0.56 (0.40, 0.79) 50/2,104 88/2,113 88.05

Second generation
RESET 2013 RCT 1.02 (0.06, 16.33) 1/269 1/274 1.35
Chen et al 2013 Observational 0.35 (0.03, 3.59) 1/32 2123 1.90
K-CTO 2014 Observational 0.13 (0.03, 0.66) 0/201 6/201 4.00
IVUS-XPL 2015 RCT 1.00 (0.14, 7.11) 2/700 2/700 2.69
CTO-IVUS 2015 RCT 0.13 (0.01, 1.30) 0/201 3/201 2.01
Subtotal (I-squared=0.0%, p=0.450) 0.31 (0.12, 0.78) 4/1,403 14/1,399 11.95

Overall (I-squared=0.0%, p=0.730) 0.52 (0.38, 0.72) 54/3,507 102/3,512 100.00

First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

Figure 4. Summary plot for stent-specific endpoints of target vessel/lesion revascularisation and stent thrombosis. The incidence and odds 
ratios (OR) for target vessel revascularisation (A), target lesion revascularisation (B) and stent thrombosis (C) following both intravascular 
ultrasound (IVUS)-guided and angiography-guided drug-eluting stent (DES) implantation, stratified by drug-eluting stent generation. 
CI: confidence interval; RCT: randomised controlled trial
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provided by the current analysis, this evolutionary effect may be 

a consequence of operators becoming increasingly aware of what 

constitutes optimal stent deployment. The use of IVUS allows 

operators to evaluate stent expansion quantitatively, with under-

expansion independently associated with repeat revascularisation 

and ST43. Additionally, the continual improvement in IVUS cathe-

ter technology and image resolution now makes it easier for opera-

tors to identify small edge-related complications of PCI, including 

inflow/outflow dissections and geographical miss of plaque, which 

have potential to impact on long-term prognosis2,44. Further trials 

that refine our definitions of IVUS-guided optimal stent deploy-

ment are now required to ensure treatment benefits are consistent 

across interventional institutions.

Limitations
There are some limitations to this study that should be highlighted. 

Firstly, the definitions of MACE differed among studies. However, 

the clinical benefit of IVUS-guided PCI was observed across all 

study endpoints and we observed no statistical heterogeneity for 

the outcome of MACE among studies. Secondly, we were unable 

to obtain trial-specific DES outcomes for 17 studies identified by 

our systematic search criteria, and inclusion of these data may 

have affected the final results. Third, most studies in the current 

analysis were observational studies. In an effort to ensure that our 

results were robust, we used propensity-matched data when avail-

able, with a sensitivity analysis limited to randomised controlled 

trial data showing similar findings.

Conclusions
IVUS guidance is associated with a significant reduction in MACE 

when utilised during PCI with both first- and second-generation 

DES platforms. These data should support the use of IVUS-guided 

PCI for contemporary revascularisation procedures, especially in 

patient and lesion subsets that are known to have a worse clini-

cal prognosis.

Impact on daily practice
IVUS-guided PCI is known to improve clinical outcomes dur-

ing implantation of DES, particularly in the treatment of com-

plex lesion subsets. However, there remains uncertainty as to 

whether this beneficial effect is limited to first-generation DES 

platforms. These data suggest that IVUS guidance is associated 

with a significant reduction in adverse events during implanta-

tion of both first- and second-generation DES, supporting IVUS 

use during the contemporary procedures performed in daily 

clinical practice.
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Online Table 1. Systematic search strategy for MEDLINE database.

Searches Results
1 exp ultrasonography, interventional/ or intravascular 

ultrasound.mp. 20,537

2 exp percutaneous coronary intervention/ 42,534

3 exp drug-eluting stents/ 7,972

4 exp coronary artery disease/ 48,706

5 exp angioplasty, balloon, coronary/ 34,179

6 exp coronary angiography/ 55,312

7 2 or 5 42,534

8 1 or 6 72,926

9 3 and 4 and 7 and 8 733

Online Table 2. Risk of bias summary in accordance with Cochrane Collaboration methods.

Random 
sequence 
generation 

(selection bias)

Allocation 
concealment 

(selection  
bias)

Blinding of 
participants and 

personnel 
(performance bias)

Blinding of 
outcome 

assessment 
(detection bias)

Incomplete 
outcome data 
(attrition bias)

Selective 
reporting 
(reporting  

bias)

Overall 
judgement

Agostoni et al High High High Unclear Low Low High

Roy et al High High High Low Low Low Moderate

MAIN-COMPARE High High High Unclear Low Low High

Kim et al High High High Low Unclear Low High

HOME DES IVUS High Unclear High Unclear Low High High

MATRIX High High High Low Low Low High

COBIS High High High High High Low High

Chen et al High High High Low Low Low High

RESET Low Unclear High Unclear Low Low Low

AVIO High Low High Low Low Low Moderate

ESTROFA-LM High High Low Low Low Low Low

K-CTO High High High Low Low Low High

CTO-IVUS Low Unclear Unclear Low Low Low Low

IVUS-XPL Low Low High Low Low Low Low

Tan et al High Unclear High Unclear Unclear High High

Supplementary data
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0.1 1 10Favours IVUS Favours angiography

First generation
Agostoni et al 2005 Observational 0.35 (0.07, 1.86) 2/24 7/34 0.72
Roy et al 2008 Observational 0.87 (0.67, 1.13) 128/887 143/884 29.63
HOME DES IVUS 2010 RCT 0.91 (0.40, 2.11) 12/105 13/105 2.87
MATRIX 2011 Observational 0.74 (0.53, 1.03) 71/549 92/549 17.83
COBIS 2011 Observational 0.89 (0.60, 1.31) 53/487 59/487 12.88
AVIO 2013 RCT 0.60 (0.34, 1.07) 24/142 36/142 5.97
Chen et al 2013 Observational 0.88 (0.43, 1.79) 18/83 22/92 3.99
ESTROFA-LM 2014 Observational 0.86 (0.28, 1.56) 7/108 29/307 2.73
Tan et al 2015 RCT 0.40 (0.16, 1.01) 8/61 17/62 2.32
I-V Subtotal (I-squared=0.0%, p=0.727) 0.79 (0.67, 0.92) 323/2,446 418/2,662 79.13
D+L Subtotal    0.79 (0.67, 0.92)

Second generation
RESET 2013 RCT 0.59 (0.28, 1.24) 12/269 20/274 3.69
Chen et al 2013 Observational 0.49 (0.10, 2.45) 3132 4/23 0.78
ESTROFA-LM 2014 Observational 0.83 (0.29, 1.34) 10/125 28/230 3.49
K-CTO 2014 Observational 0.80 (0.42, 1.54) 18/201 22/201 4.65
IVUS-XPL 2015 RCT 0.47 (0.27, 0.83) 19/700 39/700 6.41
CTO-IVUS 2015 RCT 0.34 (0.12, 0.96) 5/201 14/201 1.85
I-V Subtotal (I-squared=0.0%, p=0.777) 0.56 (0.41, 0.77) 67/1,528 127/1,629 20.87
D+L Subtotal    0.56 (0.41, 0.77)

Heterogeneity between groups: p=0.060
I-V Overall (I-squared=0.0%, p=0.861) 0.74 (0.64, 0.85) 390/3,974 545/4,291 100.00
D+L Overall    0.74 (0.64, 0.85)

MACE
First   Study   Events,  Events,  % weight 
author Year type OR (9 5% CI) treatment control (I-V)

Online Figure 1. MACE for IVUS-guided versus angiography-guided PCI stratified by DES generation using random-effects model and 
inverse variance method.

0.1 1 10
Favours IVUS Favours angiography

MACE
First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
HOME DES IVUS 2010 RCT 0.91 (0.40, 2.10) 12/105 13/105 11.43
AVIO 2013 RCT 0.60 (0.34, 1.07) 24/142 36/142 24.52
Tan et al 2015 RCT 0.42 (0.17, 1.07) 8/61 17/62 10.37
Subtotal (I-squared=0.0%, p=0.442)   0.62 (0.41, 0.93) 44/308 66/309 46.32

Second generation
RESET 2013 RCT 0.60 (0.29, 1.22) 12/269 20/274 15.58
IVUS-XPL 2015 RCT 0.49 (0.29, 0.82) 19/700 39/700 28.73
CTO-IVUS 2015 RCT 0.37 (0.15, 0.93) 5/201 14/201 9.37
Subtotal (I-squared=0.0%, p=0.719)   0.49 (0.34, 0.72) 36/1,170 73/1,175 53.68

Overall (I-squared=0.0%, p=0.719)   0.55 (0.41, 0.72) 80/1,478 139/1,484 100.00

Online Figure 2. MACE for IVUS-guided versus angiography-guided PCI in randomised controlled trials stratified by DES generation using 
Peto model.
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0.1 1 10
Favours IVUS Favours angiography

MACE
First   Study   Events,  Events,  %
author Year type OR (9 5% CI) treatment control weight 

First generation
HOME DES IVUS 2010 ACT 0.91 (0.40, 2.11) 12/105 13/105 12.40
AVIO 2013 ACT 0.60 (0.34, 1.07) 24/142 36/142 25.82
Tan et al 2015 ACT 0.40 (0.16, 1.01) 8/61 17/62 10.03
I-V Subtotal (I-squared=0.0%, p=0.429) 0.61 (0.40, 0.94) 44/308 66/309 48.26
D+L Subtotal    0.61 (0.40, 0.94)

Second generation
RESET 2013 ACT 0.59 (0.28, 1.24) 12/269 20/274 15.98
IVUS-XPL 2015 ACT 0.47 (0.27, 0.83) 19/100 39/700 27.76
CTO-IVUS 2015 ACT 0.34 (0.12, 0.96) 5/201 14/201 8.00
I-V Subtotal (I-squared=0.0%, p=0.692) 0.48 (0.32, 0.73) 38/1,170 73/1,175 51.74
D+L Subtotal    0.48 (0.32, 0.73)

Heterogeneity between groups: p=0.422
I-V Overall (I-squared=0.0%, p=0.689) 0.54 (0.40, 0.73) 80/1,478 139/1,484 100.00
D+L Overall    0.54 (0.40, 0.73)

Online Figure 3. MACE for IVUS-guided versus angiography-guided PCI in randomised controlled trials stratified by DES generation using 
random-effects model and inverse variance method.
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Introduction

The high diagnostic accuracy of 320 detector-row computed 

tomography coronary angiography (320-CTCA) in 

patients with suspected coronary artery disease (CAD) 

has been demonstrated in multiple single-centre trials, 

when compared with invasive coronary angiography (ICA)  
(1-4). In contrast with traditional 64-detector CT, 320-CTCA 
enables complete acquisition of the coronary tree in a single 
gantry rotation. However, 320-CTCA using first generation 
scanners requires strict heart rate (HR) control (≤60 beats 
per minute) due to a limited effective temporal resolution 
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Objective: To assess the impact of elevated heart rate (HR) on the diagnostic accuracy and image quality of 

second-generation 320-detector computed tomography coronary angiography (320-CTCA). 

Methods: Consecutive patients with suspected coronary disease referred for invasive coronary angiography 

(ICA) were prospectively recruited and underwent 320-CTCA. Pre-scan beta-blockers were administered 

if native HR>80 bpm and post-scan cohorts stratified by traditional (HR ≤60 bpm) and elevated HR  

(61–80 bpm). A wider phase window was used for the elevated HR group (30–80%). 320-CTCA and ICA 

were analyzed by independent readers blinded to other data. Significant disease was defined as ≥50% visual 

stenosis on ICA. Uninterpretable segments by 320-CTCA were considered to be significant on an intention-
to-diagnose principle. Image quality was assessed by 5-point Likert score.

Results: Of 107 patients studied (1,662 segments), there was no significant difference in sensitivity, 

specificity, positive and negative predictive value between patients with HR ≤60 bpm (n=55) vs. HR 61–80 

bpm (n=52): 97%, 88%, 95%, 94% vs. 100%, 88%, 95%, 100%; Receiver operator characteristic-area under 

the curve 0.93 vs. 0.94, P=0.82). Overall per-patient diagnostic accuracy was 96% in both groups with no 

significant difference in interpretable segments (Likert ≥2) or median radiation dose (2.4 mSv vs. 2.7 mSv, 

P=0.35). Only 4/1,662 (0.2%) segments were uninterpretable by motion artefact in the whole cohort. 

Conclusions: In patients with HR >60 and up to 80bpm, second generation 320-CTCA provides 

comparably adequate diagnostic accuracy to HR ≤60 without significantly impacting upon overall segmental 
evaluability. 

Keywords: Multi-detector CT; 320 row CT coronary angiography; diagnostic accuracy; sensitivity; specificity; 

positive predictive value; negative predictive value; image quality
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of 175msec, which is similar to traditional 64-detector  
systems (5). To achieve strict HR control, negative 
chronotropes (most commonly beta-blockers) are often 
administered via oral or intravenous route. This may increase 
patient length of stay, time to 320-CTCA, and may be 
contraindicated in a proportion of patients (6-10). 

Imaging at higher HR (11-14) is often associated with 
motion artifacts resulting in suboptimal image quality (15). 
It is also associated with increased radiation exposure due 
to requirement for multiple gantry rotations (13), or wider 
padding around a mid-diastolic phase. 

Second generation 320-CTCA has an effective temporal 
resolution of 137.5 msec with half-segment reconstruction. 
This has the potential to image the entire coronary tree 
at elevated HR with a single gantry rotation at 0.5mm 
slice collimation with complete 16 cm cranio-caudal 
coverage. Recent studies using second-generation 320-
CTCA have demonstrated superior image quality at varying 
HR (11) and lower radiation dose (12) when compared 
with first-generation scanners (14). Data on the diagnostic 
performance in comparison to ICA at low and high HR 
is lacking. This study’s primary aim is to evaluate the 
diagnostic accuracy of second-generation 320-CTCA 
compared to ICA in patients with traditionally controlled 
(HR ≤60 bpm) and elevated HR (61–80 bpm). The 
secondary aim is to determine the impact of HR control on 
image quality and radiation exposure.

Methods

Study population

Consecutive patients referred for clinically mandated 
ICA to a tertiary referral centre (Monash Heart, Monash 
Medical Centre, Melbourne, Australia) between November 
2012 and March 2014 for evaluation of suspected CAD 
were prospectively screened. Patients were excluded 
if they had known obstructive CAD as determined on 
invasive angiography (≥50% stenosis), coronary artery 
bypass grafting, previous coronary stenting, advanced 
atrioventricular block, atrial or ventricular arrhythmia, 
decompensated heart failure, steroid-dependent asthma or 
renal insufficiency (eGFR <60 mL/min/1.73 m2). 

All patients gave written consent prior to inclusion in the 
study. After informed consent, all eligible patients who did 
not fulfill exclusion criteria underwent research 320-CTCA 
within one week of ICA. No patients required intervention 
between ICA and 320-CTCA. The institutional review 

board approved the study and all recruited patients provided 
signed informed consent. 

ICA protocol and interpretation

ICA was performed via standard techniques by either radial 
or femoral approach at operator discretion. ICA images 
were visually evaluated by an interventional cardiologist 
blinded to clinical data and CTCA results by visual stenosis 
grade. Coronary segments were classified according to the 
modified American Heart Association 17-segment model (16) 
and significant stenosis was defined as ≥50% reduction of 
maximal coronary luminal diameter. 

320-CTCA protocol and interpretation

Upon arrival in the CTCA department, HR was evaluated. 
Patients with baseline HR ≤80 bpm underwent 320-
CTCA acquisition at their native HR; for patients with HR  
>80 bpm, 25 mg oral metoprolol or 5 mg oral ivabradine 
was administered with repeat dosing at 30-minute intervals 
to allow imaging to be performed at HR ≤80 bpm. On-
table intravenous metoprolol was administered if the HR 
increased above >80 bpm. All studies were performed on a 
second-generation 320-detector row system (AquilionOne 
VISION, Toshiba Medical Systems, Tokyo, Japan). 
Nitroglycerin 400 µg sublingually was administered  
1 minute before contrast injection. A bolus of 75 mL 
of 100% Iohexal (Omnipaque 350) was administered at  
6 mL/s followed by a 50 mL normal saline chaser. Scanning 
was manually triggered when peak contrast enhancement 
in the left ventricle was observed with no enhancement 
in the right ventricle. Scans were performed via an axial 
technique with detector collimation of 320 mm × 0.5 mm 
and no requirement for table movement due to 16 cm 
cranio-caudal coverage. Tube current was determined with 
the use of automatic exposure control (SUREExposure3D, 
Toshiba medical systems) on the basis of X-ray attenuation 
on anterior-posterior and lateral scout images and the 
reconstruction kernel. Tube potential was manually set by 
the radiographer with default at 100 kVp and adjusted to 
120 or 135 kVp when the automatic tube current selected 
was maximum. Gantry rotation time was 275 msec with 
effective temporal resolution of 137.5 msec. Scans were 
performed with prospective electrocardiographic triggering 
using 70–85% of the phase window at HR <70 bpm 
and 30–80% when HR >70 bpm. Image acquisition was 
restricted to single beat acquisition (multi-beat acquisition 



298 Nerlekar et al. Diagnostic accuracy of second generation 320-CTCA

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2017;7(3):296-304cdt.amegroups.com

was not performed). Images were reconstructed with a 512 
× 512 matrix, 0.5 mm thick sections and 0.25 mm increments 
using kernel FC43, iterative reconstruction with adaptive 
iterative dose reduction 3D (AIDR3D, Toshiba Medical Systems) 
standard and asymmetric cone beam reconstruction (17).  
Mean effective radiation exposure was derived from the dose-
length product multiplied by a conversion co-efficient for the 
chest (DLP × 0.014 mSv/mGy) (18). 

CTCA images were visually assessed by consensus by two 
CT trained cardiologists. Readers were blinded to clinical 
and ICA datasets. Reconstructed images were reviewed on 
a computer-based platform (Vitrea FX 2.0, Vital Images, 
Minnetonka, Minnesota) with the best phase chosen for 
interpretation. Quantification was performed according 
to standardized 17-segment model (16) for all segments 
≥1.5 mm diameter. Significant stenosis was defined as 
≥50% reduction of the maximal luminal diameter. Image 
quality was assessed at per-segment level according to a 
previously published 5-point Likert score (19): 1=poor, 
impaired image quality limited by excessive noise or poor 
vessel wall definition; 2=adequate, reduced image quality 
with poor vessel wall definition or excessive image noise, 
limitations in low contrast resolution remain evident; 
3=good, impact of image noise, limitations of low contrast 
resolution and vessel margin definition are minimal; 4=very 
good, good attenuation of vessel lumen and delineation 
of vessel walls, relative image noise is minimal, coronary 
wall definition and low contrast resolution well maintained 
and 5=excellent, excellent attenuation of the vessel lumen 
and clear delineation of the vessel walls, limited perceived 
image noise. If the segment was described as poor, the 
predominant artifact was identified as calcification, motion 
or noise. Non-interpretable segments were regarded as 
containing severe stenosis.

Statistical analysis

Continuous variables are reported as mean ± standard 
deviation or median with interquartile range. Normality 
of variables was assessed visually by plotting histograms 
and statistically by the Shapiro-Wilk test. Variables were 
compared using a Student t-test, Mann-Whitney or Kruskal 
Wallis as appropriate. Categorical variables were compared 
with a chi-square or Fishers exact test. Interobserver 
agreement between CT readers was measured the Cohen 
κ test with the scale: κ<0.2 indicates poor agreement, 0.21–
0.40 fair agreement, 0.41–0.60 moderate agreement, 0.61–
0.80 good agreement, 0.81–1.00 excellent agreement (12). 

Diagnostic accuracy of 320-CTCA compared to ICA are 
presented as sensitivity, specificity, positive predictive value 
(PPV) and negative predictive values (NPV); with precision 
expressed as 95% confidence intervals as well as by receiver 
operator characteristic (ROC) analysis comparison and 
chi-square test (20). Computation of confidence limits 
for vessels and segments were calculated by generalized 
estimating equations to account for within-patient 
clustering (21). Assessment of the Likert score of image 
quality probability according to HR group was evaluated by 
ordered logistic regression. Binary logistic regression was 
performed to assess the image quality difference between 
high and low HR groups against interpretable (Likert >2) vs. 
non-interpretable segments. Study analysis was performed 
on an intention-to-diagnose principle (3) to represent ‘real-
world’ practices. A P value <0.05 was considered statistically 
significant. Statistical analysis was performed using Stata 
14/MP (StataCorp, College Station, Texas, USA). 

Results

Patient population

Of 885 consecutive patients undergoing ICA, 107 met 
inclusion criteria for study participation (Figure 1). During 
scan acquisition, 55 patients (Group 1) met traditional rate 
control criteria with HR ≤60 bpm and 52 (Group 2) had 
elevated HR from 61–80 bpm. The mean HR in Group 1 
was 52±5 bpm compared to 69±8 bpm in Group 2 (P<0.001). 
The range of heart rate in the study was from minimum  
37 bpm to maximum 80bpm. Twenty-nine patients required 
rate control medication due to baseline HR >80 bpm with 
17 patients in Group 1 (31%) and 12 in Group 2 (21%), 
P=0.25. Baseline demographics and 320-CTCA scan 
parameters are shown in Tables 1 and 2 respectively.

Invasive angiography

There were 215 significant stenoses identified with 110 in 
Group 1 and 105 in Group 2 (P=0.93). Single vessel disease 
was present in 36 patients, double vessel disease in 28 
patients and triple vessel disease in 10 patients in the entire 
cohort. There were no complications related to ICA. 

Diagnostic accuracy

Disease prevalence

There was a high prevalence of significant CAD (≥50% 
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stenosis in any coronary segment) with per-patient 
prevalence in Group 1 in 39/55 (70.9%) on ICA vs. 37/55 
(67.2%) on 320-CTCA (P=0.68). In Group 2 the prevalence 
of significant disease was 35/52 patients (67.3%) on ICA vs. 
34/52 (65.3%) on 320-CTCA (P=0.84). 

Per-segment analysis

In Group 1,855 segments were evaluated by 320-CTCA 
and 807 segments in Group 2. At a per-segment level in 
Group 1 vs. Group 2, there was no significant difference in 

the sensitivity (89% vs. 84%, P=0.78), specificity (95% vs. 
96%, P=0.54), PPV (73% vs. 76%, P=0.57) and NPV (98% 
vs. 97%, P=0.28) (Table 3). Overall per-segment accuracy 
was 94% in both groups. 

Per-vessel analysis

There were 220 vessels analysed in Group 1 and 208 in 
Group 2. Overall accuracy was 92% in the Group 1 and 
95% in Group 2. There was no significant difference in 
sensitivity (94% vs. 98% P=0.92), specificity (91% vs. 94%, 
P=0.35), PPV (81% vs. 86% p=0.32) or NPV (97% vs. 99% 
P=0.37) between groups. 

885 consecutive patients referred for invasive coronary angiography 
from November 2012 to March 2014

778 patients excluded

107 patients recruited

HR <80bpm on arrival
N=78

Imaging performed when  
HR <80

Group 2
(HR 60–80 n=52)

11 received rate control medication

Imaging performed at native HR Imaging performed when HR <80

HR <80bpm on arrival
N=78

• Known CAD n=709
• CAD on CTCA n=342
• CAD on ICA n=367

• eGFR <60, n=24
• Refused informed consent, n=11
• Persistent atrial fibrillation, n=18
• Included in another CT trial, n=16

R
eceived rate control 

m
edication

Ye
s

No

Figure 1 Group selection. CTCA, computed tomography 
coronary angiography; CAD, coronary artery disease; ICA, invasive 

coronary angiography; eGFR, estimated glomerular filtration rate; 
HR, heart rate.

Table 1 Baseline clinical demographics

Characteristic
Group 1 (HR 
≤60) (n=55)

Group 2 (HR 
60–80) (n=52)

P value

Age (y) 63±10 63±9 0.99

BMI (m/kg)
2

28.5±4.3 28.3±5 0.81

Males 36 (65%) 32 (62%) 0.35

Hypertension 34 (62%) 30 (55%) 0.47

Hyperlipidaemia 24 (44%) 25 (48%) 0.76

Diabetes 10 (18%) 12 (23%) 0.59

Smoker 24 (44%) 23 (44%) 0.93

Family history of IHD 26 (47%) 24 (44%) 0.78

Baseline beta blocker 23 (42%) 19 (37%) 0.58

Values are mean ± SD or n (%). BMI, body mass index; IHD, 
ischaemic heart disease

Table 2 320-CTCA scan parameters

Parameter
Group 1 (HR 
≤60) (n=55)

Group 2 (HR 
60–80) (n=52)

P value

Acquisition heart rate 
(bpm), (mean ± SD)

52±5 69±8 <0.001

Received rate control 
medication, n (%)

17 (31%) 12 (23%) 0.36

Tube current (mA), 
(mean ± SD)

590±191 568±178 0.57

Tube Voltage, kVp, 
median (IQR)

100 (100–120) 100 (100–120) 0.51

Radiation dose (mSv), 
median (IQR)

2.45  
(1.62–3.24)

2.70  
(1.58–4.39)

0.35
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Per-patient analysis

The overall per-patient diagnostic accuracy across all 107 
patients was 96%. There was no significant difference in 
accuracy parameters in the Group 1 vs. Group 2. Sensitivity 
was 97% vs. 100% (P>0.99), specificity 88% vs. 88% 
(P>0.99), PPV 95% vs. 95% (P=0.96) and NPV 94% vs. 
100% (P=0.37). 

ROC analysis at a per-patient level found no difference 
in diagnostic accuracy between groups (Group 1 0.93 vs. 
Group 2 0.94, P=0.82).

Image quality

The interobserver agreement between readers was excellent 
(κ=0.84). Of 1,662 segments evaluated on 320-CTCA, 
1,632 (98%) were interpretable (defined as Likert score 
≥2). There was a significant difference in image quality 
between groups, with median Likert score 4 (IQR 3–4) in 
Group 1 vs. 4 (IQR 3–4) in Group 2 (P<0.01) with a larger 
proportion of ‘adequate’ (Likert score=2) segments in the 
Group 2 (73 vs. 21 in Group 1, P<0.01) (Table 4). 

Ordered logistic regression demonstrated a decrease 

in image quality, with increasing Likert score for each 
unit increase in HR (β coefficient –0.371 (95% CI: –0.56, 
–0.17, P<0.001) with reducing probabilities across all levels 
of Likert score. However when assessed according to 
interpretable vs. non-interpretable segments, there was no 
significant difference in the log odds of higher image quality 
in Group 1 vs. Group 2 (β coefficient –0.19 (95% CI: –1.00, 
0.61, P=0.64) (Table 4). 

There was no difference in the number of poor or non-
interpretable segments between groups (P=0.13) with 
assessment of the best CT phase. Of these 30 poor/non-
interpretable segments in the entire cohort, 4 were due 
to motion artefact: 2 in controlled HR group (in the right 
posterior descending artery and posterolateral ventricular 
branch in the same patient) vs. 2 in elevated HR group: (in 
the mid left anterior descending artery and first diagonal 
branch in two different patients). The remaining segmental 
non-interpretability was due to severe calcium burden. 

Radiation dose

There was no significant difference in median radiation 

Table 3 Diagnostic accuracy parameters of 320-CTCA

Classification Group
Disease 

prevalence 
(%)

Sensitivity 
(%)

P value
Specificity 

(%)
P value

Positive 
predictive 
value (%)

P value
Negative 
predictive 
value (%)

P value
Accuracy  

(%)

Per patient, 
n=107

Group 1,  
(HR≤60),  

n=55

69 97 (86–100)  
(37/38)

>0.99 88 (64–99)  
(15/17)

1.00 95 (83–99)  
(37/39)

0.96 94 (70–100)  
(15/16)

0.37 96 (85–99)  
(52/55)

Group 2,  
(HR 60–80),  

n=52

67 100 (90–100)  
(34/34)

88 (64–99)  
(15/17)

95 (81–99)  
(34/36)

100 (78–100)  
(15/15)

96 (87–100)  
(50/52)

Per vessel, 
n=428

Group 1,  
(HR≤60)  
n=220

28 94 (84–98)  
(58/62)

0.92 91 (86–95)  
(144/158)

0.35 81 (69–89)  
(58/72)

0.32 97 (93–99)  
(144/148)

0.37 92 (87–95)  
(202/220)

Group 2,  
(HR 60–80),  

n=208

28 98 (91–100)  
(57/58)

94 (89–97)  
(137/146)

86 (76–94)  
(57/66)

99 (96–100)  
(137/138)

95 (91–98)  
(198/208)

Per segment, 
n=1,662

Group 1,  
(HR ≤60),  

n=855

13 89 (81–94)  
(95/107)

0.78 95 (93–97)  
(712/748)

0.54 74 (64–80)  
(95/128)

0.57 98 (97–99)  
(712/724)

0.28 94 (93–96)  
(807/855)

Group 2,  
(HR 60–80),  

n=807

13 84 (76–90)  
(90/107)

96 (94–97)  
(671/700)

76 (67–83)  
(90/119)

97 (96–99)  
(671/688)

94 (92–95)  
(761/807)

Diagnostic parameter values represented by parameter percentage and respective 95% confidence intervals with raw numbers for 
parameter calculation below.  
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Table 4 Analysis of image quality between groups

Parameter Group 1, (HR ≤60), (n=855) Group 2, (HR 60–80), n=807 P value

Median Likert Score [IQR] 4 [3, 4] 4 [3, 4] <0.01

Likert score

Uninterpretable 2 (0.2%) 6 (0.7%) 0.13

(I) Poor 9 (1.0%) 13 (1.6%) 0.32

(II) Adequate 21 (2.4%) 73 (9.0%) <0.01

(III) Good 258 (30.2%) 242 (30.0%) 0.93

(IV) Very good 446 (52.2%) 380 (47.1%) 0.04

(V) Excellent 119 (13.9%) 93 (11.5% 0.14

Predicted probabilities

(I) Poor 0.014 0.019

(II) Adequate 0.035 0.049

(III) Good 0.281 0.347

(IV) Very good 0.527 0.481

(V) Excellent 0.144 0.104

Ordinal logistic regression β coefficient –0.371 (95% CI: –0.57, –0.17) <0.01

Binary logistic regression β coefficient 
(interpretable vs. non-interpretable)

–0.19 (95% CI: –1.00, 0.61) 0.64

Predicted probabilities as based on ordinal logit. Ordinal logistic regression co-efficient as based on ordinal outcome variable Likert 1 to 5. 
Binary logistic regression coefficient as based on non-interpretable (Likert <2) vs. interpretable (Likert ≥2) segments.

dose between groups [2.45 (IQR 1.62–3.24) mSv in Group 1 
vs. 2.70 (IQR 1.58–4.39) mSv in Group 2 (P=0.35)] (Table 2).  
When stratified by HR of ≤60, 61–70 and 71–80 bpm, 
there was no difference in radiation dose (2.45 vs. 2.24 
vs. 3.51 mSv, P=0.31). There remained no difference 
when the lowest cohort of HR (≤60 bpm) vs. the highest  
(71–80 bpm) were compared, P=0.10. 

Discussion

We evaluated the diagnostic accuracy of second generation 
320-CTCA in 107 consecutively enrolled patients with 
suspected CAD. Our results demonstrate that second 
generation 320-CTCA preserves diagnostic accuracy with 
HR up to 80bpm compared to traditional HR controlled 
patients ≤60 bpm. Diagnostic accuracy was preserved despite 
the high prevalence of obstructive CAD (67%) and diagnostic 
performance is similar to previously reported results in first 
generation 320-detector scanners (21). Our results do not 
advise liberal avoidance of heart rate control prior to CTCA, 

but rather serve as reassuring data in patients in whom rate 
control can be challenging or contraindicated. The results 
also demonstrate that image quality, and radiation dose 
may not be significantly compromised using the second 
generation scanner. 

This is the first reported study of diagnostic accuracy 
in second generation 320-scanners. Previous studies have 
focused primarily on image quality and radiation exposure. 
Notably patients in this study underwent a scan protocol 
in which the acquisition window was widened when HR 
was elevated to allow for multiple phase reconstruction and 
evaluation. This obviated the need for 2 beat scans using 
multi-segment reconstruction which has described as a 
limitation in previous studies (22). Furthermore the AIDR 
3D algorithm was incorporated into our protocol which may 
improve spatial resolution and reduce image noise to enhance 
image quality and lower radiation dose (23). 

Surprisingly our findings indicate a comparable radiation 
dose in scans acquired during high and controlled heart rates. 
This may be secondary to the use of higher tube current and 
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lower tube potential (24) to achieve sub-millisievert radiation 
dose scans (12). Furthermore, the faster gantry rotation speed 
of 275 ms, allowing near isophasic imaging of the coronary 
tree avoids the need for multiple rotations. However, as 
mentioned our study utilized an increased phase window 
when HR >70 bpm to maximize phase capture. We did 
not find a difference in radiation dose across stratified HR 
cohorts, although there was clearly a numerical difference in 
those with HR >70 bpm at 3.51 vs. 2.45 mSv in those with 
HR <60 bpm, but this did not achieve statistical significance. 
Narrowing the phase window would further reduce radiation 
dosing although this requires confirmation with prospective 
testing. 

Various Likert scoring systems have been used to report 
image quality in CTCA with recent studies comparing first 
and second generation quality differences, but not within 
scanner differences based on heart rate (11,14). These scoring 
systems have generally been described in terms of means, 
however the use of mean values representing an ordinal scale 
that is likely to be non-normally distributed data is hard to 
interpret. We have reported medians to reflect the skewed 
distribution of Likert score, and additionally performed 
ordered logistic regression to better reflect statistical 
parameters of image quality. These methods demonstrate 
that increasing heart rate reduces the probability of achieving 
excellent image quality; however the difference in image 
scores between interpretable and non-interpretable segments 
is not significant. 

The impact of reducing image quality with increasing 
heart rate, whilst not affecting overall stenosis severity, may 
have implications at a lesion level when analysing plaque 
characteristics. Therefore, pending further study, optimal heart 
rate control is necessary for plaque composition analysis.

In patients requiring HR control prior to 320-CTCA 
beta-blockers are most commonly used, however their use 
is contraindicated in chronic obstructive or reactive airways 
disease, and are avoided in those with hypotension (8). 
Up to 16% of patients presenting for CTCA have such 
contraindications (6,7,9,10) whilst up to 50% will have 
an elevated HR (7,10). Even with the addition of beta-
blockade, up to 44% of patients may not be able to reach 
suggested target HR for protocol acceptable imaging (7). 
The demonstration of an ability of second-generation 320-
CTCA to accurately scan patients with HR up to 80 bpm 
may not only result in less requirement for beta-blockade, 
but also increased clinical service delivery and efficiency.

Limitations

We acknowledge certain limitations to our study: this is 
a single-centre study of a selected and non-randomized 
patient population with vendor specific software and may 
not be generalizable to scanners with lower temporal 
resolution. Additionally, the study was reported by highly 
experienced cardiologists and therefore results may not be 
applicable to lower volume centres. The two groups are 
based on HR at presentation with subsequent beta-blockade 
if dictated by study protocol, providing two convenience 
samples rather than randomized groups. The relatively 
small numbers in each group may have resulted in a type 
II error with regards to no difference in radiation dose 
between groups. Furthermore, we excluded patients who 
had persistent atrial fibrillation. This is because our aim 
was to assess the influence of heart rate alone on diagnostic 
accuracy, without R-R interval variability. Finally, we did 
not assess plaque composition and only luminal stenosis 
which may impact lesion-level characterization. 

Conclusions

In patients with suspected CAD, second-generation 320-
CTCA (Aquilion ONE) provides good overall diagnostic 
accuracy despite reduced image quality in patients with HR 
up to 80bpm. There is a small, non-significant increase in 
radiation dose with patients at higher heart rates. Future 
study is required to assess plaque level characterization 
at elevated heart rates, as well as assess the potential 
improvement in departmental efficiency with a lower 
requirement for pre-scan beta-blockade. 
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Abstract
Background: Pharmacologic	stress	testing	is	utilized	in	preference	to	exercise	stress	
echocardiography	(ESE)	for	cardiac	risk	evaluation	in	potential	renal	transplant	recipi-
ents	due	to	the	perceived	lower	feasibility	of	ESE	for	achieving	adequate	workload	and	
target	heart	rate	(THR)	in	this	population.
Methods: Consecutive	patients	referred	for	cardiac	risk	evaluation	prior	to	potential	
kidney	transplantation	were	evaluated.	All	patients	attempted	ESE	before	pharmaco-
logic	 testing	 was	 considered.	 Treadmill	 ESE	 utilized	 BRUCE	 protocol	 to	 maximum	
capacity.	THR	was	defined	as	>85%	of	the	maximum	predicted	heart	rate	(220-	age).	
Functional	capacity	was	assessed	by	metabolic	equivalents	(METs)	and	the	rate	pres-
sure	product	(RPP).
Results: Of	535	patients	(349	male,	age	56±11),	372(70%)	reached	THR.	Mean	METs	
were	 10±3	with	 531(99%)	 achieving	 ≥4	METs	 and	 87%	 ≥7	METs.	Mean	 RPP	was	
25	821±5820	bpm×mm	Hg	 (83%	achieving	>20	000	bpm×mm	Hg).	On	multivariate	
analysis,	independent	predictors	of	failure	to	reach	THR	were	rate-	control	medication	
and	diabetes;	failure	to	reach	7	METs:	females,	diabetics,	age≥65,	and	previous	cardiac	
disease;	failure	to	reach	RPP>20	000:	rate-	control	medication.	There	were	97%	of	ESE	
completed	to	physiologic	endpoints.
Conclusion: In	unselected	potential	renal	transplant	candidates,	cardiac	assessment	by	
ESE	is	well	tolerated,	with	9-	in-	10	exercising	to	satisfactory	functional	capacity.	ESE	
should	be	considered	a	feasible	alternative	to	pharmacologic	testing	in	this	population.
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1  | INTRODUCTION

There	is	an	avoidance	of	exercise	stress	modalities	for	pre-	operative	
cardiac	risk	evaluation	in	potential	renal	transplant	recipients	due	to	a	
perception	that	patients	with	chronic	kidney	disease	(CKD)	are	unable	
to	 exercise	 adequately	 and	 fail	 to	 reach	 target	 heart	 rates	 (THR).1 

However,	 it	 is	not	 just	THR	 that	determines	 test	 interpretation,	but	
also	the	exercise	capacity	or	functional	capacity.	Therefore,	 it	 is	rec-
ommended	that	patients	exercise	to	a	symptom-	limited	endpoint	rath-
er	 than	 just	 to	 a	 specified	THR	 to	 truly	 test	 cardiovascular	fitness.2 
Recent	 guidelines	 recommend	 assessment	 of	 functional	 capacity	 as	
the	 first	 step	 in	 the	 risk	 evaluation	 for	 non-	cardiac	 surgery	 with	 a	
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specified	cutoff	of	4	metabolic	equivalents	(METs).3	These	guidelines	
are	not	specific	to	CKD;	however,	there	is	evidence	in	this	population	
that	less	than	6-	minute	exercise	duration	(~7	METS)	portends	a	poor	
prognosis.4	Therefore,	7	METs	may	be	a	more	appropriate	threshold	
to	 consider.	 The	 majority	 of	 the	 literature	 assesses	 pharmacologic	
stress	modalities	(nuclear	myocardial	perfusion	or	dobutamine	stress	
echocardiography);	 however,	 exercise	 stress	 in	 general	 is	 cheaper,	
more	 tolerable,	 devoid	 of	 radiation	 exposure,	 and	 quicker	 to	 per-
form.	Furthermore,	there	is	evidence	to	suggest	that	exercise	induces	
a	 greater	 myocardial	 stress	 than	 pharmacologic	 alternatives	 due	 to	
achievement	 of	 a	 higher	 rate	 pressure	 product,5	 another	 important	
marker	of	functional	capacity.	We	sought	to	evaluate	the	feasibility	of	
ESE	in	a	large	cohort	of	consecutive	patients	with	CKD	and	the	influ-
ence	 of	 clinical	 predictors	 on	 achievement	 of	markers	 of	 functional	
capacity.

2  | METHODS

We	evaluated	the	exercise	stress	echocardiograms	(ESE)	and	clinical	
parameters	 of	 consecutively	 referred	 patients	 from	 2008	 to	 2014.	
Our	 institutional	 protocol	 was	 that	 all	 patients	 referred	 for	 stress	
echocardiography	attempt	ESE	unless	obvious	exclusions	to	exercise	
such	as	musculoskeletal	or	rheumatologic	disease	affecting	mobility,	
use	of	a	gait	aid	or	prior	amputation.	All	remaining	patients	underwent	
a	40-	m	gait	assessment,	and	the	final	decision	on	physiologic	vs	phar-
macologic	testing	was	at	the	discretion	of	the	supervising	cardiologist.

Clinical	data	were	collated	from	the	patients’	medical	records,	and	
all	efforts	made	across	medical	record	platforms	to	ensure	complete	
variable	collection.

All	 tests	 were	 performed	 according	 to	 American	 Society	 of	
Echocardiography	guidelines.2	ESE	was	performed	utilizing	the	BRUCE	
protocol	to	assess	functional	capacity	with	exercise	not	ceased	when	
THR	 (≥85%	maximum	predicted	heart	 rate	 [220-	age])	was	 attained,	
but	 continued	 to	 patient	 exhaustion,	 that	 is,	 symptom-	limited	 test.	
Baseline	and	stress	imaging	of	the	myocardium	was	performed	using	
parasternal	 long	 and	 short	 axes:	 apical	 four-	chamber,	 two-	chamber,	
and	long-	axis	views.

Metabolic	 equivalents	 were	 calculated	 by	 computer	 generated	
algorithm	 according	 to	 the	BRUCE	protocol.	A	 threshold	 of	 7	METs	
was	 considered	 to	 be	 the	 target	 capacity	 in	 analysis.	 Rate	 pressure	
product	 (RPP)	was	 calculated	 as	 the	 product	 of	 peak	 systolic	 blood	
pressure	and	peak	heart	rate.	An	RPP	threshold	of	20	000	bpm×mm	
Hg	was	considered	to	be	the	target	capacity	in	analysis.

Results	 are	 reported	 as	 means±SD	 with	 chi-	square	 and	 t-	tests	
for	 differences	 as	 appropriate.	 Pearson’s	 correlation	was	 performed	
between	continuous	variables	after	establishing	Gaussian	distribution.	
Univariate	binary	logistic	regression	was	used	to	assess	predictors	of	
achieving	THR,	7	METs,	or	RPP	of	20	000.	Each	model	tested	the	same	
set	of	predictors:	sex,	quartiles	of	age,	hypertension,	diabetes,	smok-
ing	status,	dyslipidemia,	quartiles	of	body	mass	index,	previous	cardi-
ac	disease,	 left	ventricular	hypertrophy,	current	dialysis,	and	current	
rate-	control	 therapy.	Multivariate	 logistic	 regression	was	 performed	

including	 all	 variables	 with	 a	 P-	value	 <.20	 on	 univariate	 testing.	
Categorical	interactions	between	variables	considered	(P-	value	cutoff	
of	.10)	to	have	biologic	plausibility	were	tested	and	the	model	refitted.	
Model	fit	was	assessed	using	the	Hosmer–Lemeshow	goodness-	of-	fit	
test.	There	were	no	significant	interactions	in	this	study.	A	P-	value	of	
<.05	was	considered	significant	in	the	final	model.6	Statistical	analysis	
was	performed	using	Stata	MP	13.1	(StataCorp,	College	Station,	TX,	
USA).

The	 study	 was	 approved	 by	 the	 local	 human	 research	 ethics	
committee.

3  | RESULTS

3.1 | ESE results

There	were	602	patients	referred	for	cardiac	risk	evaluation.	Upfront	
dobutamine	 testing	was	 performed	 in	 46	 patients	 due	 to	 amputa-
tion	or	being	wheelchair	 bound	 (11),	 vision	 impairment	 (3),	 chronic	
musculoskeletal	pain	(18),	chronic	neurologic	illness	including	previ-
ous	strokes	(10)	and	diabetic	foot	complications	(4).	There	were	10	
patients	where	the	reason	for	not	performing	ESE	was	not	document-
ed.	This	left	11	(2%)	who	underwent	dobutamine	testing	due	to	failed	
ESE	at	discretion	of	the	referring	physician.	Therefore,	a	total	of	535	
(98%)	patients	 suitable	 for	ESE	were	 able	 to	 successfully	 complete	
the	test.	Cohort	baseline	demographics	are	displayed	in	Tables	1	and	
2.

There	were	372	 (70%)	patients	who	reached	THR.	 In	the	total	
cohort,	216	of	535	patients	(40%)	were	on	concurrent	rate-	control	
therapy	 (beta-	blockers	 or	 non-	dihydropyridine	 calcium	 channel	
blockers)	of	whom	45	(21%)	had	ceased	their	medication	>48	hours	
prior	 to	 the	 test	which	may	 therefore	 reclassify	 them	 as	 patients	

TABLE  1 Baseline	demographics

Age 56±10

Sex,	male	(n,	%) 348	(65%)

BMI 27±5

Hypertension	(n,	%) 473	(88%)

Hyperlipidemia	(n,	%) 259	(48%)

Smoker	(n,	%) 127	(24%)

Diabetes	(n,	%) 205	(38%)

Previous	ischemic	heart	disease	(n,	%) 166	(31%)

Current	rate-	control	medication	use	(n,	%) 216	(40%)

Hemodialysis	(n,	%) 301	(56%)

Peritoneal	dialysis	(n,	%) 100	(19%)

Cause	of	kidney	disease
Diabetes	(n,	%) 165	(31%)
IgA	(n,	%) 80	(15%)
Reflux	(n,	%) 43	(8%)
Other	GN	(n,	%) 110	(20%)
Polycystic	kidney	disease	(n,	%) 63	(12%)
Vasculitis	(n,	%) 23	(4%)
Miscellaneous	(n,	%) 51	(10%)
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who	were	effectively	not	on	rate	control.	When	analysis	was	rede-
fined	as	patients	not	on	a	rate-	control	agent	or	who	had	rate-	control	
medication	ceased	for	>48	hours	 (n=365,	68%)	against	those	who	
were	on	rate-	control	agents	or	rate-	control	medication	ceased	for	
<48	hours	 (n=170,	32%),	 there	 remained	372	 (70%)	patients	who	
reached	THR.

In	contrast,	there	were	530	(99%)	patients	who	achieved	≥4	METs	
(Fig.	1).	Further	stratification	by	METs	demonstrated	66	(12%)	achieved	
between	4	and	<7	METs,	182	 (34%)	between	7	and	<10	METs,	and	
282	(53%)	≥10	METs	with	just	5	patients	<4	METs.	Cumulatively,	this	
represents	465	(87%)	of	patients	achieving	≥7	METs,	with	the	cohort	
achieving	an	average	of	10±3	METs	(Fig.	1).

The	average	exercise	duration	was	7	minutes	54	seconds±2	min-
utes	 36	seconds.	 Exercise	 duration	 was	 very	 strongly	 correlat-
ed	 with	 METs,	 r=.96,	 P<.001.	 The	 mean	 rate	 pressure	 product	
was	 25	854±5830	mm	 Hg×bpm	 with	 448	 (83%)	 achieving	 an	
RPP>20	000	mm	 Hg×bpm.	 RPP	 was	 weakly	 correlated	 with	 METs,	
r=.27,	P<.001.

3.2 | Tolerability

The	majority	of	patients	ceased	the	test	for	appropriate	physiologic	indi-
cations	such	as	dyspnea,	fatigue,	or	musculoskeletal	discomfort	(n=517,	
97%).	 Six	 had	 inducible	 chest	 pain,	 three	 complained	of	 dizziness,	 six	
were	ceased	due	to	significant	hypertension,	one	complained	of	severe	
nausea,	and	one	with	a	fall	in	systolic	blood	pressure	<90	mm	Hg.

There	was	one	major	arrhythmic	event	requiring	test	cessation	due	
to	development	of	a	broad	complex	tachyarrhythmia	later	confirmed	
to	be	aberrant	conduction	with	no	further	management	required,	and	
two	were	ceased	due	to	poor	treadmill	technique.	No	patient	required	
emergency	management	or	admission	(Table	3).

3.3 | Predictors of exercise performance

Univariate	 and	multivariate	 binary	 logistic	 regression	 analysis	 using	
predefined	clinical	variables	(as	defined	in	the	methods	section	above)	
to	predict	achievement	of	reaching	THR,	METs,	and	RPP>20	000	mm	
Hg×bpm	are	displayed	in	Tables	4–6.

Patients	with	 diabetes	 (OR	 0.45,	 95%	CI	 0.30–0.48,	P<.001)	 or	
those	on	 current	 rate-	control	 therapy	 (OR	0.34,	 95%	CI	 0.23–0.51,	
P<.001),	 representing	 56%	 of	 the	 whole	 cohort,	 were	 significantly	
less	 likely	 to	achieve	THR	after	adjustment	 for	other	 clinical	 factors	
(Table	5).	There	were	no	 significant	 factors	 in	predicting	a	 failure	 to	
achieve	4	METs;	however,	 there	were	only	5	patients	 that	 achieved	
<4	METs.	However,	 in	predicting	achievement	of	 intermediate	 func-
tional	 capacity	 (>7	METs),	 females	 (OR	 0.29,	 95%	 CI	 0.15–0.55,	
P<.001),	 those	 in	 the	 highest	 age	 quartile	 (≥65	years	 old,	OR	 0.30,	
95%	CI	 0.13–0.71,	P=.003),	 diabetics	 (OR	0.31,	 95%	CI	 0.18–0.57,	
P<.001),	and	those	with	a	history	of	previous	cardiac	disease	(OR	0.35,	
95%	CI	0.18–0.66,	P=.001)	were	all	significantly	less	likely	to	achieve	
7	METs	(Table	4).	The	only	independent	predictor	of	failure	to	achieve	
an	 RPP>20	000	bpm×mm	Hg	was	 current	 rate-	control	 therapy	 (OR	
0.58,	95%	CI	0.23–0.51,	P=.03)	(Table	6).

4  | DISCUSSION

We	have	described	data	on	a	protocol	of	upfront	exercise	testing	in	
potential	 renal	 transplant	 recipients	 in	 preference	 to	 pharmacologic	
testing	as	a	means	of	challenging	contemporary	notions	that	exercise	is	
not	a	feasible	stress	modality.1	Our	results	have	demonstrated	several	

TABLE  2 Echocardiographic	parameters

Baseline	echo	abnormality	(n,	%) 273	(51%)
Left	ventricular	hypertrophy	(n,	%) 148	(28%)
Concentric	remodeling	(n,	%) 75	(14%)
Concentric	hypertrophy	(n,	%) 23	(4%)
Eccentric	hypertrophy	(n,	%) 50	(9%)
Regional	hypokinesis	with	normal	EF 39	(7%)

Regional	hypokinesis	with	reduced	EF 39	(7%)

Globally	reduced	EF	<55% 31	(6%)
Moderate	or	greater	valvular	dysfunction 16	(3%)

Resting	heart	rate	(bpm) 80±14

Peak	heart	rate	(bpm) 146±22

Rate	pressure	product	(bpm×mm	Hg) 25	854±5830

Achieved	target	heart	rate	(n,	%) 372	(70%)

Hypertensive	response	to	exercise	(n,	%) 101	(19%)

Inducible	ST-	segment	changes	(n,	%) 74	(14%)

F IGURE  1 Percent	of	patients	stratified	by	METs	achieved.	Text	
boxes	above	bars	demonstrate	proportions	achieving	≥4	METs	
(blue	parenthesis)	and	≥7	METs	(red	parenthesis)

99% ≥4METs

87% ≥7METs

TABLE  3  Indications	for	test	cessation

Dyspnoea	(n,	%) 74	(14%)

Fatigue	(n,	%) 315	(59%)

Musculoskeletal	pain	(n,	%) 128	(24%)

Chest	pain	(n,	%) 6	(1%)

Hypertension	(n,	%) 6	(1%)

Dizziness	(n,	%) 3	(0.5%)

Nausea	(n,	%) 1	(0.1%)

Hypotension	(n,	%) 1	(0.1%)

Arrhythmia	(n,	%) 1	(0.1%)
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TABLE  5 Univariate	and	multivariate	logistic	regression	analysis	for	achievement	of	target	heart	rate	(≥85%	maximum	predicted	heart	rate	
response)

Univariate Multivariate

Odds ratio 95% P- value Odds ratio 95% P- value

Sex 0.61 0.36–1.01 .05 0.85 0.56–1.31 .47

Age	quartiles
Q1	(18–50) Reference
Q2	(51–57) 0.98 0.59–1.63 .93
Q3	(58–64) 1.11 0.67–1.83 .93

Q4	(65–75) 1.34 0.78–2.31 .29

Diabetes 0.44 0.30–0.64 <.001 0.45 0.30–0.48 <.001*

Hypertension 0.76 0.42–1.41 .39

Hyperlipidemia 1.07 0.74–1.56 .70

Smoking 0.87 0.69–1.10 .25 0.99 0.77–1.27 .93

Previous	IHD 0.66 0.45–0.98 .04 0.82 0.54–1.26 .38

BMI
Q1	(13.5–22.9) Reference
Q2	(22.9–25.9) 0.97 0.57–1.65 .91
Q3	(26–29.8) 0.85 0.50–1.43 .54
Q4	(29.9–49.4) 0.79 0.47–1.33 .38

LVH 0.76 0.51–1.13 .18 0.81 0.53–1.24 .34

Current	dialysis 0.77 0.50–1.19 .23 0.64 0.40–1.00 .05

Current	rate	control 0.33 0.22–0.49 <.001 0.34 0.23–0.51 <.001*

IHD,	ischemic	heart	disease;	BMI,	body	mass	index;	LVH,	left	ventricular	hypertrophy.	See	text	for	details	regarding	variable	selection.
*Significant	P-	value	of	<.05.

TABLE  4 Univariate	and	multivariate	logistic	regression	analysis	for	achievement	of	7	METs

Mean METs

Univariate Multivariate

Odds ratio 95% P- value Odds ratio 95% P- value

Sex	(male	reference) 9.86±2.75 0.61 0.36–1.01 .05 0.29 0.15–0.55 <.001*

Age	quartiles
Q1	(18–50) 10.93±2.85 Reference
Q2	(51–57) 9.72±2.48 1.45 0.54–3.86 .46 1.81 0.63–5.14 .27
Q3	(58–64) 9.18±2.55 0.50 0.23–1.08 .08 0.53 0.23–1.25 .15
Q4	(65–75) 8.24±2.50 0.23 0.11–0.49 <.001 0.30 0.13–0.71 .003*

Diabetes 8.57±2.56 0.32 0.19–0.53 <.001 0.31 0.18–0.57 <.001*

Hypertension 9.49±2.77 0.82 0.36–1.90 .65

Hyperlipidemia 9.33±2.77 0.72 0.43–1.19 .20 1.24 0.68–2.26 .78

Smoking 9.54±2.72 0.91 0.67–1.24 .55

Previous	IHD 8.77±2.68 0.36 0.21–0.60 <.001 0.35 0.18–0.66 .001*

BMI
Q1	(13.5–22.9) 10.55±2.96 Reference
Q2	(22.9–25.9) 10.43±2.59 1.93 0.79–4.74 .15 2.20 0.84–5.70 .11
Q3	(26–29.8) 9.11±2.65 0.63 0.31–1.28 .20 0.73 0.33–1.59 .42
Q4	(29.9–49.4) 8.28±2.15 0.57 0.28–1.14 .11 0.66 0.31–1.41 .28

LVH 9.04±2.60 0.82 0.48–1.42 .49

Current	dialysis 9.45±2.71 1.02 0.58–1.83 .96

Current	rate	control 9.28±2.86 0.77 0.45–1.29 .32

IHD;	ischemic	heart	disease;	BMI;	body	mass	index;	LVH;	left	ventricular	hypertrophy;	METs;	metabolic	equivalents.	See	text	for	details	regarding	variable	
selection.
*Significant	P-	value	of	<.05.
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important	conclusions:	firstly,	that	almost	all	independently	function-
ing	patients	can	attempt	an	ESE	unless	there	are	clear	exclusions	such	
as	neurologic	or	rheumatologic	premorbid	conditions.	Secondly,	there	
are	 very	 few	 patients	 (0.2%)	 who	 require	 follow-	up	 pharmacologic	
testing	 after	 an	 ESE.	 Thirdly,	 almost	 all	 patients	 (99%)	 will	 achieve	
satisfactory	exercise	capacity	 (≥4	METs)	 and	only	 slightly	 less	 (87%)	
achieve	a	level	regarded	as	intermediate	or	good	functional	capacity	
(≥7	METs).	Fourthly,	while	 there	are	 factors	such	as	diabetes,	previ-
ous	cardiac	disease,	and	concurrent	rate-	control	therapy	that	indepen-
dently	 influence	 the	achievement	of	7	METs	or	an	RPP>20	000	mm	
Hg×bpm,	the	average	achieved	METs	among	these	patients	is	still	high	
enough	to	maintain	diagnostic	confidence.	Finally,	ESE	is	very	well	tol-
erated	with	most	patients	completing	the	test	to	physiologic	endpoints	
and	no	patients	requiring	emergency	medical	attention.

Functional	capacity	is	an	important	marker	of	perioperative	cardio-
vascular	risk,	and	its	assessment	is	recommended	in	the	evaluation	of	
patients	prior	to	non-	cardiac	surgery.7	The	lack	of	functional	capacity	
assessment	 is	 a	 limitation	 of	 pharmacologic	 testing	which	 is	 gener-
ally	 recommended	 if	<4	METs	are	achieved	or	 functional	 capacity	 is	
unknown.7	Furthermore,	it	has	been	demonstrated	that	potential	renal	
transplant	 recipients	who	 are	 unable	 to	 exercise	 or	 have	 a	 reduced	
treadmill	exercise	time	also	have	reduced	long-	term	survival.4

Previous	 studies	 in	 potential	 renal	 transplant	 recipients	 have	
demonstrated	that	only	7–53%	achieve	THR	with	exercise8,9 hence its 
avoidance	in	this	group	of	patients.	However,	pharmacologic	studies	
have	also	had	a	high	“non-	diagnostic”	rate,	with	THR	achieved	in	only	

30–66%	of	cohorts.10,11	This	high	incidence	of	non-	diagnostic	studies	
can	result	in	challenging	decision-	making	regarding	perioperative	risk	
and	often	results	in	further	downstream	invasive	testing	and	possible	
delay	to	renal	transplantation.4	With	exercise,	however,	THR	is	not	the	
only	parameter	evaluated;	the	functional	capacity	(METs)	and	the	RPP	
provide	both	diagnostic	and	prognostic	information,	particularly	in	the	
approach	to	perioperative	cardiac	assessment.7

The	 recommendation	 for	 undergoing	 intermediate	 risk	 surgery,	
such	 as	 renal	 transplantation,	 is	 that	 patients	 are	 able	 to	 achieve	
>4	METs.12	 By	 encouraging	 patients	 to	 exercise	 to	 their	 maximal	
capacity,	we	 found	 that	 99%	of	 patients	 achieved	or	 exceeded	 this	
target	during	ESE	with	just	5	patients	not	meeting	this	level.	However,	
no	data	exist	on	the	use	of	a	4	METs	cutoff	for	patients	with	CKD,	and	
accordingly,	we	used	a	7	METs	threshold	which	generally	represents	
approximately	6	minutes	of	exercise	on	the	BRUCE	protocol.	Nearly	9	
in	10	patients	achieved	this	threshold	and	the	overall	cohort	mean	of	
10	METs	in	our	study	which	was	achieved	by	53%	is	regarded	as	excel-
lent	functional	capacity7	and	guidelines	suggest	most	of	these	patients	
will	not	require	any	further	testing	and	may	proceed	directly	to	sur-
gery.7	Even	patients	receiving	renal	replacement	therapy,	a	group	felt	
to	have	a	 lower	exercise	 tolerance,	demonstrated	high	achievement	
of	 mean	METs	 (9.45±2.71),	 and	 did	 not	 impact	 upon	 prediction	 of	
exercise	 capacity.	 Patients	with	 diabetes	 are	 also	 considered	higher	
risk	and	while	there	was	an	independent,	statistically	significant	influ-
ence	on	achieving	7	METs,	these	patients	still	achieved	an	average	of	
8.57±2.56	METs	which	is	regarded	as	very	good	exercise	capacity.

TABLE  6 Univariate	and	multivariate	logistic	regression	analysis	for	achievement	of	rate	pressure	product	>20	000	mm	Hg×bpm

Mean RPP 
(×1000)

Univariate Multivariate

Odds ratio 95% P- value Odds ratio 95% P- value

Sex	(male	reference) 25 552 1.00 0.62–1.63 .98

Age	quartiles
Q1	(18–50) 26	857 Reference
Q2	(51–57) 25	608 0.67 0.35–1.29 .23 0.74 0.38–1.46 .39
Q3	(58–64) 26 091 0.83 0.41–1.66 .60 0.88 0.43–1.82 .73
Q4	(65–75) 24	543 0.54 0.28–1.04 .07 0.67 0.32–1.37 .27

Diabetes 25	014 0.60 0.38–0.93 .03 0.66 0.41–1.08 .10

Hypertension 25	769 0.97 0.47–2.00 .94

Hyperlipidemia 25	707 0.98 0.62–1.55 .94

Smoking 26	434 1.15 0.84–1.57 .37

Previous	IHD 24	902 0.73 0.45–1.18 .20 0.96 0.57–1.63 .89

BMI
Q1	(13.5–22.9) 26 111 Reference
Q2	(22.9–25.9) 25	862 1.19 0.59–2.39 .63 1.27 0.62–2.58 .52
Q3	(26–29.8) 26	080 0.88 0.45–1.70 .70 1.00 0.50–1.99 .99
Q4	(29.9–49.4) 25	311 0.64 0.34–1.21 .18 0.70 0.37–1.34 .28

LVH 26 109 0.80 0.49–1.31 .38

Current	dialysis 25 516 0.60 0.34–1.08 .09 0.58 0.31–1.06 .08

Current	rate	control 25 552 0.59 0.37–0.94 .03 0.58 0.36–0.95 .03*

IHD,	ischemic	heart	disease;	BMI,	body	mass	index;	LVH,	left	ventricular	hypertrophy;	RPP,	rate	pressure	product.	See	text	for	details	regarding	variable	
selection.
*Significant	P-	value	of	<.05.
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RPP	 is	 a	marker	 of	myocardial	 stress,	 reflecting	myocardial	 oxy-
gen	consumption,	and	has	been	shown	to	predict	mortality	in	stress	
testing13	and	can	be	used	as	an	alternative,	or	additional	parameter	
in	 test	 interpretation.	 Our	 results	 demonstrated	 83%	 achieving	 an	
acceptable	 threshold	 of	 RPP	 functional	 capacity	 (>20	000	bpm×mm	
Hg),	and	only	current	use	of	rate-	control	therapy	influenced	a	failure	
to	 reach	 this	 target.	Generally,	 a	much	higher	RPP	 is	 obtained	with	
exercise	 stress	over	pharmacologic	 stress,	 and	 therefore,	 a	previous	
report	has	suggested	that	ESE	is	preferable	to	dobutamine	stress	echo	
for	quantification	of	inducible	ischemic	burden.5

It	 is	 important	that	screening	tests	are	well	tolerated	by	patients	
to	maximize	applicability.	We	have	demonstrated	that	ESE	was	very	
well	tolerated	with	97%	of	tests	completed	to	physiologic	endpoints.	
There	were	no	major	complications	requiring	hospital	admission,	and	
only	 one	 significant	 arrhythmia	 that	was	 subsequently	 found	 to	 be	
benign.	Of	importance,	only	2	(0.03%)	tests	were	ceased	due	to	poor	
technique.	The	 reported	adverse	event	 rates	 in	patients	undergoing	
dobutamine	 studies,	 including	 those	 for	 perioperative	 risk	 assess-
ment,	ranges	from	3%	to	19%,	which	therefore	limits	its	widespread	
applicability	compared	to	ESE,14	and	this	is	reflected	in	our	low	rate	of	
adverse	events.

Pharmacologic	 testing	 will	 often	 require	 significant	 preparation	
for	the	patient	 including	requiring	an	additional	person	to	accompa-
ny	them	home,	intravenous	cannulation	which	is	often	challenging	in	
CKD	patients	with	scant	venous	access,	longer	post-	test	observation,	
and	 possible	 requirement	 for	 additional	 equipment	 and	 supervising	
staff	that	increase	the	overall	test	duration	and	cost.	Although	we	did	
not	measure	 the	time	 taken	 for	 each	 test,	 it	 is	 intuitive	 that	 ESE	 is	
faster	and	cheaper	and	as	we	have	demonstrated,	very	well	tolerated	
which	would	make	it	an	ideal	upfront	strategy	in	these	patients.

Several	 studies	 have	 limited	 their	 recruitment	 to	 either	 patients	
with	diabetes	or	patients	requiring	renal	replacement	therapy,	where-
as	we	chose	to	study	unselected	patients	to	better	represent	a	real-	
world	 analysis.	This	 is	of	 relevance	given	 there	are	 several	different	
guidelines	available	that	describe	recommendations	for	pre-	transplant	
testing.	 Out	 cohort	 comprises	 all-	comers,	 some	 of	 whom	 may	 not	
necessarily	 have	 required	 pre-	transplant	 testing	 however	 were	 still	
referred.	Further	study	in	a	similar	vein	stratified	by	guideline	recom-
mendation	would	be	of	interest.

4.1 | Limitations

We	 acknowledge	 several	 limitations	 to	 our	 study	 which	 include	
being	 subject	 to	 all	 the	 potential	 biases	 of	 a	 retrospective	 analysis.	
Additionally,	this	represents	a	feasibility	study	and	the	impact	on	diag-
nostic	 accuracy,	 revascularization,	 and	 future	 prognosis	 needs	 pro-
spective	evaluation.

5  | CONCLUSION

In	 patients	 with	 CKD	 undergoing	 pre-	transplant	 cardiovascu-
lar	 risk	 assessment,	 exercise	 stress	 is	 feasible	 with	 most	 patients	

demonstrating	satisfactory	functional	capacity.	As	treadmill	exercise	
time	is	also	an	independent	marker	of	perioperative	risk	and	progno-
sis,	ESE	 should	be	considered	a	viable	alternative	 to	pharmacologic	
stress	in	these	patients.
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showed that patients who received the 300-mg 
dose of canakinumab had a total cancer mortal-
ity that was lower by 51% than those who re-
ceived placebo and a lung-cancer mortality that 
was lower by 77%.1 The incidence of fatal infec-
tion was nearly twice as high in the pooled 
canakinumab groups as in the placebo group, a 
finding similar to that observed with the inter-
leukin-1 receptor antagonist anakinra.2 The ac-
companying editorial by Harrington3 discussed 
the safety risk of interleukin-1β blockade.

Interleukin-1β is driven by multiple inflam-
masomes. As an alternative to inhibition of 
interleukin-1β, precise inhibition of a single 
inflammasome, NLRP3, is likely to be safer. 
NLRP3 is implicated in diseases of aging, such as 
atherosclerosis and neurodegenerative disorders. 
Selective NLRP3 inhibition will leave other in-
flammasomes to respond to infection. In addi-
tion, at the onset of severe infection, an orally 
available small molecule could be withdrawn, 
whereas canakinumab cannot. NLRP3 activation 
also drives interleukin-18, the clinical targeting 
of which is also safe.4

CANTOS has advanced our understanding of 
the clinical relevance of interleukin-1β and the 
NLRP3 inflammasome. This trial will drive the 
development and commercialization of an entirely 
new class of drugs.

Luke A. O’Neill, Ph.D., F.R.S.
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To the Editor: The trial by Ridker et al. exam-
ined canakinumab in a cohort of patients with 
established coronary artery disease. Although the 
reduction in cardiovascular events was signifi-
cant (hazard ratio, 0.85), the disconcerting re-
sults included an increased risk of fatal infection 
and no mortality benefit. In addition, the drug is 
expensive ($200,000 per year). The accompanying 
editorial calls for alternative, more cost-effective 
antiinflammatory agents without the associated 
risk of fatal infection.

In a prospective, randomized, secondary-pre-
vention trial, colchicine, an ancient1 but inex-
pensive antiinflammatory drug with pleiotropic 
effects including the targeting of neutrophils, 
resulted in a reduced rate of recurrent cardiovas-
cular events (hazard ratio, 0.29) without an in-
crease in fatal infection.2 In light of this finding, 
it is surprising that this agent was not acknowl-
edged by the authors, because at face value, it 
seems to fulfill the requirements suggested in 
the editorial. Although studies of colchicine thus 
far have been predominantly investigator-initiated 
and smaller in size, it is to be hoped that ongo-
ing research will confirm the initial promising 
results with this drug.
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The editorialist replies: O’Neill and Cooper 
as well as Nerlekar and Harper provide commen-
tary on the recent report on CANTOS and the 
accompanying editorial. Both letters point to 
the observation of an increased risk of serious 
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Confusion regarding the
meaning of the term left
ventricular filling pressure
given the nonequivalence of
left ventricular end-diastolic
pressure and mean left
atrial pressure

Sato et al1 have compared the ability of algorithms from
the 2009 and 2016 American Society of Echocardiography
(ASE) and European Association of Cardiovascular Imaging
(EACI) diastolic function guidelines to predict elevation of
left ventricular (LV) end-diastolic pressure (LVEDP). The
study group was 460 consecutive patients who underwent
echocardiography and left heart catheterization within
a 24-hour period, and an elevated LVEDP was defined
as N16 mm Hg. One of the study conclusions was that the
2016 recommendations were superior to the 2009
recommendations in detecting and grading elevated LVEDP.
However, the appropriateness of the use of LVEDP rather
than left atrial (LA) pressure/pulmonary capillary wedge
pressure (PCWP) in this study requires further consideration,
particularly as the ASE and EACI 2016 guidelines specifically
make the points that LVEDP and LA pressure are not the
same and that the Doppler variables which correlate with
LVEDP are different to those that correlatewith LA pressure.
Moreover, the use of LVEDP by Sato et al is at variancewith
a recently published study by Andersen et al which also
assessed the accuracy of the 2016 guideline predictions
but where pressures were a mixture of PCWP and LV preA
pressure.2 Also divergent between the studies of Sato et al
andAndersenet alwas thatN16mmHgwasusedas thecutoff for
anabnormalLVEDPintheformerstudy,whereasN12mmHgwas
used as the cutoff for an abnormal PCWP (and LV preA pressure)
in the latter study. A PCWP cutoff of N12mmHgwas in fact
the basis of the 2016 ASE and EACI guidelines,3 whereas a
PCWP N12 mm Hg and an LVEDP N16 mm Hg were the
separate cutoffs recommended for a diagnosis of elevation
proposed by the European Society of Cardiology in 2007.4

Sato et al do attempt to address the appropriateness of
their use of LVEDP in the discussion of their paper.
However, after suggesting that LVEDP was chosen
because “it is directly responsible for LV preload,” the
authors go on to say that “pulmonary capillary wedge and
left atrial pressure closely follow LVEDP” and “preference
of one versus the other marker of LV filling pressure is of
little relevance.” An attempt to justify the equivalence of
LVEDP and PCWP by the authors using a subset of their
study group who also had right heart catheterization was
reported, in which PCWP and LVEDP were found to be
correlated with an r value of 0.82. However, not only
does an r value of 0.82 not support that 2 variables are
interchangeable, but closer inspection of the LVEDP versus
PCWP scatter plot reveals a substantial spread of points
around the regression line. Moreover, the regression line
does not represent the line of unity, and superimposing a

line of unity on the scatter plot demonstrates that the
LVEDP is in fact systematically, although not uniformly,
higher than the PCWP.

Althoughmean LA pressure is indeed very closely related
to LVEDP in the normal young adult and can be similar to the
LVEDP in the presence of heart disease, it has been known
formore than 50 years that the LVEDPcanbehigher than the
LA pressure in the setting of an abnormal left ventricle and a
substantial LA contribution to LV filling.5 Indeed, in the
original description of this phenomenon by Braunwald et al,
the LVEDP was higher than the mean LA pressure in all
subjects; thepressuredifference ranged from1 to18mmHg,
and the average pressure difference was 9 mm Hg.6

Inspection of the data of Sato et al shows that LVEDP
exceeded the PCWP in the majority of subjects and in some
subjects by N10 mm Hg. That LVEDP and PCWP cannot be
assumed to be equivalent in an individual is of vital
importance given that an increase in LVEDP is not only a
more sensitive marker than LA pressure for LV dysfunction,
but the combination of a normal mean LA pressure and a
high LVEDP is a contraindication to diuretic use even in the
setting of dyspnoea.5 That there is a substantial degree of
atrial contribution to LV filling and thus likely a discrepancy
between the LVEDP and PCWP can be determined simply in
an individual subject using the transmitral A wave as a guide
to the extent of the atrial contribution.

Finally, 2 methodological points: First, any pressure
measurement requires a zero reference point, and to enable
comparison between studies, this zero point needs to be the
same; however, whereas Anderson et al do describe their
zero referencepointmethod,2 Sato et almakenomentionof
a zero reference point in their methods section.1 Second,
fasting prior to catheterization, as was the protocol for the
study of Sato et al, can lead to dehydration, inwhich case LA
pressure and LVEDP measurements may both underesti-
mate their levels in the nonfasting state.5

Am Heart J 2018;e1–e2.
0002-8703
© 2017 Elsevier Inc. All rights reserved.
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2. The LGE pattern can have both a subendocardial
and a sub-epicardial distribution with areas
of completely normal-appearing myocardium in
between segments of LGE.

3. The chronic phase usually has basal thinning of
the left ventricle.

As pointed out by Dr. Aneja, the guidelines
appropriately advise the insertion of an implantable
cardioverter defibrillator in a cohort such as that
detailed in our study (4), in additional to other
therapy that may modify the arrhythmic substrate
(5). Indeed, experience from this institution and
others have shown that once a patient is confirmed
to have a high probability of having cardiac
sarcoidosis by imaging, clinicians often choose to
utilize implantable cardioverter defibrillator therapy
for preemptive prevention of sudden cardiac death
from serious arrhythmias (5).
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CT Coronary Angiography in Kidney

Transplantation Candidates

We read with interest the study by Winther et al. (1)
who conclude that rather than stress testing, either
coronary computed tomographic angiography (CTA)
alone or combined with single-photon emission

computed tomography (SPECT) should be
considered in kidney transplantation candidates. We
believe that such a conclusion is premature and
warrants consideration of several important issues.

Firstly, coronary CTA is recommended for symp-
tomatic patients at low to intermediate risk of coro-
nary artery disease (CAD) (2). Chronic kidney disease
(CKD) patients have a high prevalence of CAD with
37% to 53% having obstructive stenosis on invasive
coronary angiography (ICA) (3). The major utility of
coronary CTA lies in its ability to exclude
obstructive CAD due its high negative predictive
value, but has low specificity for detecting
obstructive CAD and increases ICA rates compared
to a stress testing strategy. In this study, ICA
revealed only a 22% incidence of obstructive CAD
which may represent a lower risk cohort possibly
explained by the low rate of diabetes (33%) which is
the most significant predictor of CAD in CKD (4).
Furthermore, despite the low CAD prevalence, there
was a 29% false positive rate on coronary CTA in
part driven by an 18% rate of uninterpretable
segments. Therefore, the results of this study may
not be generalizable to all potential transplant
recipients and may underestimate the false positive
rate in higher risk CKD patients.

Secondly, there is no clear association between
asymptomatic CAD and prognosis in CKD patients and
controversy exists regarding the management of CAD
in this population. Screening should only be per-
formed if the result changes management with sub-
sequent improved outcomes. The presence of CAD
may result in omission from transplantation listing (5)
yet it is unclear whether CAD in CKD impacts survival.
Contemporary data suggests no association with
reduced survival after observation for up to 4 years
(3). There remains equipoise regarding management:
if patients are suitable for revascularization, delays
to transplantation result from the need for
antiplatelet therapy or rehabilitation if surgery is
performed. Therefore, if an initial coronary CTA
screening strategy is employed, the diagnosis of
CAD may result in unnecessary transplantation
delay with unintentional harmful effects.

Thirdly, Winther et al. (1) suggest a hybrid
approach with coronary CTA and SPECT to improve
the low specificity of coronary CTA alone in
detecting myocardial ischemia. A drawback of this
approach is a high radiation dose, which is not
reported in this study. Stress echocardiography
provides a radiation-free alternative with superior
specificity and more accurate assessment of left
ventricular ejection fraction, an independent
predictor of survival (3).
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Finally, it is not a diagnostic test that influences
outcome but its ability to lead to appropriate inter-
vention (medical therapy ! revascularization).
Although Winther et al. (1) have shed light on the
diagnostic accuracy of coronary CTA in CKD
patients, no data is provided regarding any
intervention or effect on prognosis of a coronary
CTA-guided diagnostic approach. Therefore, we
believe it is premature to promote an initial
coronary CTA diagnostic strategy until results of
future research becomes available that investigates
the influence of intervention on coronary CTA
findings to improve outcomes.
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THE AUTHORS REPLY:

We thank Drs. Nerlekar and Nasis for their interest in
our paper. We compared the diagnostic accuracy of
coronary computed tomographic angiography (CTA)
and single-photon emission computed tomography
(SPECT) against invasively verified obstructive coro-
nary artery disease (CAD) in kidney transplantation
candidates (1).

We agree that our study explores the utility of cor-
onary CTA beyond the conventional area of

indications. Currently, coronary CTA is used in the
general population to rule out CAD in patients with
a pre-test risk of obstructive CAD between 15% and
50%, which is comparable to the prevalence of CAD in
kidney transplantation candidates (2). Furthermore,
CTA is a rapidly developing technique and recent
developments enable combined evaluation of
coronary arteries and aorta/pelvic vessels using a
single contrast dose. The fact that many hospitals are
already using CTA for pre-transplantation evaluation
of pelvic vessel facilitates primary coronary evalua-
tion without use of supplementary noninvasive test
and with only little extra contrast media and radiation
dose.

Despite the fact that coronary CTA was performed
in all patients without pre-test selections, we de-
monstrated that coronary CTA is a reliable test
with high sensitivity, high negative predictive value,
and similar positive predictive value to diagnose
obstructive CAD compared to SPECT. A strategy with
pre-test exclusion of patients with a high irregular
heart rate or a high calcium score would also have
increased the specificity in our study.

We agree with Drs. Nerlekar and Nasis that the
evidence of an association between asymptomatic
CAD and prognosis in this cohort is lacking. It might
be due to bias in retrospective study designs, low
sensitivity of noninvasive stress tests, and the
inability of invasive coronary angiography to detect
nonobstructive CAD. Nonetheless, De Lima et al. (3)
demonstrated a prognostic value by invasive
coronary angiography in an almost similar
population and interestingly also by risk factors but
not by SPECT or stress echocardiography. Even so,
noninvasive stress tests are currently recommended
as diagnostic tools in all guidelines. In general,
coronary CTA has an excellent prognostic value for
future coronary events, but we agree that specific
data for patients with chronic kidney disease are
needed (2).

Coronary evaluation of transplantation candidates
will remain controversial as long as no studies have
firmly demonstrated that the potential benefit out-
weighs the risk. In the meantime, we believe that CTA
can substitute for the stress test and have a pivotal
role as an initial evaluation tool in kidney trans-
plantation candidates.

Simon Winther, MD, PhD*
My Svensson, MD, PhD
Hanne Skou Jørgensen, MD
Kirsten Bouchelouche, MD, DMSc
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A 28-year-old previously well female underwent transthoracic echo-
cardiogram for evaluation of worsening dyspnoea. She had significant
right-sided chamber enlargement with left to right inter-atrial shunting
noted on colour Doppler. Follow up transoesophageal echocardiogram
(TEE) demonstrated three separate secundum type atrial septal defects
(ASDs) spanning the entire atrial septum: A large central ASD (18 mm),
a smaller superior ASD (10 mm) and a third inferoposterior ASD
(13 mm) (Panel A). Given the extensive nature of the defects, her symp-
toms and right heart dysfunction, surgical ASD closure was recommend-
ed. The patient strongly opposed surgical closure and due to persisting
dyspnoea and worsening right ventricular function, it was decided to at-
tempt percutaneous closure. (See Fig. 1.)

The procedure was performed under general anaesthesia with TEE
guidance. Venous access was obtained with three right-sided 8-French
venous sheaths. Each ASD was sized with balloon inflation to observe
for residual leak. Due to the separate locations of the ASDs with signifi-
cant residual shunting after balloon sizing, it was felt that three devices
would be required to adequately seal the septum.

As previously recommended [1] the smallest defects were attempted
for closure first with the aim of sandwiching the device within the larger
defect sequentially. However, this manoeuvre resulted in an altered pro-
file that would not allow interleaving of the discs as the septal tissue was
too flimsy. Therefore the largest central defect was crossed instead with
an 18 mm Occlutech device (Occlutech, Helsingbord, Sweden) and par-
tially deployed. This essentially created a firm ‘pseudo-septum’ for

which to then attach the other two devices. On a second sheath, a
13mmOcclutech devicewas then pulled down across the inferoposterior
ASD. The RA disc of this device was opened below the LA disc of the cen-
tral device in order to capture the LA disc (of the central device) within it.
The same technique was utilised for the superior ASD device (12 mm
Occlutech) whereby the RA disc of this device was again opened below
the LA disc of the central device to capture this disc within it.

All devices remained partially deployed and re-assessment by 2D
and 3DTEEwas used to confirm that the inferoposterior device had sep-
tal tissue posteriorly; the central device LA disc was sandwiched be-
tween the inferoposterior and superior device discs (encompassing
the RA disc of both); and the superior device discs straddled the aortic
rim (Panel B–D). There was no interference to the aortic root or mitral
valve, and caval and pulmonary vein flowwas not compromised. No re-
sidual peri-device leak was noted. Follow up transthoracic imaging at
one month demonstrated stable device positioning with complete
symptom resolution and no residual shunt.

There are very few reports of using three or more ASD closure de-
vices, the majority of which have been in a paediatric setting [2,3] or
performed as staged sequential procedures [4]. In an era of expanded
use of transcatheter techniques that are preferable to open surgical in-
tervention, this case highlights an alternative method that is feasible
with the necessary and complementary use of TEE imaging to guide suc-
cessful intervention.
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Fig. 1. A) Mid-esophageal bicaval view pre-procedure. B) Post deployment 2D image in the mid-esophageal bicaval view. C) Post-deployment 3D reconstruction of the atrial septum as
seen from the left atrial side. D) Fluoroscopic cine image as seen from left anterior oblique-caudal view. 1—inferoposterior ASD, 2—central ASD, 3—superior ASD. LA — Left atrium, RA —
Right atrium, SVC — Superior vena cava, IVC — inferior vena cava.
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MRI is the standard imaging modality for an increasing 
number of medical conditions owing to its excellent 

spatial resolution, tissue characterization, and lack of ion-
izing radiation. However, MRI in the presence of a cardiac 
implantable electronic device (CIED) still causes trepida-
tion owing to concerns regarding the interaction between 
electromagnetic fields and the CIED. Denial of MRI ser-
vices is particularly consequential as 50%–75% of patients 
with a CIED are estimated to require an MRI during their 
lifetime (1).

Early reports of deaths associated with MRI in patients 
with permanent pacemakers (PPMs) and implantable 
cardioverter defibrillators (ICDs) resulted in an inflexible 
classification of absolute contraindication to CIED for 
MRI among clinicians, institutions, and professional asso-
ciations (2,3). However, these deaths occurred during un-
monitored MRI examinations and were thus inconclusive 
regarding etiology. In at least three cases, the deaths were 
presumed related to spontaneous fatal arrhythmia (3).

The American Society for Testing and Materials uses 
three specific terms to delineate the safety of products in 

an MRI environment: MR safe, MR conditional, and 
MR unsafe (Table 1) (4). No PPMs or ICDs have been 
declared MR safe by the Food and Drug Administration 
(FDA). MR nonconditional is a term used in the 2017 
Heart Rhythm Society guidelines, which refers to objects 
that have not been declared MR conditional or safe (5). 
MR unsafe refers to objects known to pose a risk in all 
MRI environments. MR conditional denotes an item that 
poses no hazards in a specified MRI environment with 
specified conditions of use. The first MR conditional 
CIED system was approved by the FDA in 2011 (6).

The 2017 Heart Rhythm Society guidelines provide 
the most up-to-date recommendations for performance 
of MRI in CIED (5). They make a class I (strong) recom-
mendation for MRI with MR conditional systems only in 
the context of a standardized institutional workflow. For 
MR nonconditional systems, they make a class IIa (mod-
erate) recommendation that it is reasonable to perform 
MRI in the absence of fractured, epicardial, or aban-
doned leads. However, research suggests persistent reluc-
tance among clinicians and institutions to perform MRI 
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places the device in “magnet mode”) of CIEDs. The effect of the 
magnetic field on ferromagnetic components has been assessed 
both in vitro and through symptoms of pulling or movement in 
patients. However, concern regarding displacement has proven 
unjustified for PPMs made after 1995, because the ferromag-
netic content of these devices is so low that they only experience 
forces within the range of gravity (15,16). ICDs have a higher 
ferromagnetic content and consequently generate forces that 
are marginally higher than gravity, yet, these are still unlikely to 
be clinically significant (15). It is important to note that CIED 
lead tips are unaffected by static magnetic fields as they have no 
ferromagnetic materials. This negates the possibility of the lead 
becoming dislodged and failing to capture (17).

Device Reprogramming
MRI can reprogram CIEDs in two main ways. First, the static 
magnetic field can activate the reed switch. The reed switch is 
normally used to reset the pacemaker into an asynchronous pac-
ing mode and disable antitachyarrhythmia function in response 
to a magnet being placed on the patient’s skin (magnet mode). 
Activation of the reed switch prevents interference with CIED 
function during electrocautery surgery. Additionally, pacemakers 
can undergo power-on reset (POR). PORs are electrical resets 
designed for safety in the event of battery depletion or circuit 
malfunction. PORs typically reset the device to inhibited pac-
ing (pacing mode VVI). POR and reed switch activation are 
detected by interrogating the pacemaker after the MRI and/or 
noticing changes in the patient’s vital signs during imaging.

Reed Switch Closure
A reed switch “closes” in a magnetic field causing current 
to flow through it. PPMs contain reed switches that, when 
closed, set the pacemaker to a preprogrammed function. 
This is typically asynchronous (pacing mode VOO) pac-
ing. In asynchronous pacing, the device paces the ventricle 
at a preprogrammed rate continuously. In addition, the reed 
switch suspends antitachyarrhythmia therapies for ICDs. The 
static magnetic field is capable of closing reed switches. In 
asynchronous mode with antitachyarrhythmia therapies off, 
devices will not detect a ventricular arrhythmia, spontane-
ous or MRI induced, and will not treat the arrhythmia (18). 
There is also a theoretical danger of competitive pacing be-
tween the heart’s intrinsic rhythm and the preprogrammed 
asynchronous pacing. This can lead to proarrhythmia due to 
R-on-T phenomena in patients who have a high heart rate. 
Reed switches are unpredictable in the static field strengths 
produced by clinical MRI, with half of them initially clos-
ing and then reopening later during the imaging (19–21). 
For this reason, most protocols disable the magnet response 
when reprogramming the CIED prior to MRI so that the 
static field does not activate the reed switch (22).

Power-On Reset
A POR is a specific type of reprogramming that reverts the de-
vice to factory default settings when battery voltage falls below 
a critical level or damage to the circuits is detected. This is a 
failsafe feature. The settings to which the device reverts vary by 

Abbreviations
CIED = cardiac implantable electronic device, FDA = Food and Drug Ad-
ministration, ICD = implantable cardioverter defibrillator, POR = power-
on reset, PPM = permanent pacemaker, SAR = specific absorption rate

Summary
This review details the current evidence regarding the performance of 
MRI in patients with cardiac implantable electronic devices.

Essentials
 n The presence of a pacemaker or implantable cardioverter defibrilla-

tor has traditionally been a contraindication for MRI.
 n In the past 10 years, evidence has proven concern for serious ad-

verse events to be overstated, with large studies showing limited 
and manageable side effects.

 n Newer MR conditional devices are now commonly implanted, 
but patients with older MR nonconditional devices can usually 
undergo MRI safely with proper precautions.

 n Future work will focus on MR safe devices that have no conditions 
on their use and on further exploration of the safety of leadless 
device designs.

in patients with MR nonconditional CIEDs (7,8). Experience 
and technology have advanced rapidly, and these perspectives 
need to be modified accordingly (9,10).

This review provides a brief summary of the basis for MRI 
interaction with CIEDs followed by a discussion of the current 
clinical evidence regarding both MR conditional and MR non-
conditional products (11,12). Finally, we discuss the elements of 
an institutional checklist and outline evolving areas in the field.

Interaction between MRI Units and 
Implantable Devices
MRI utilizes a static magnetic field that orients hydrogen pro-
tons along the axis of the imager–this field is described in tesla 
and ranges from 0.5 to 10.5 T, about 140 000 times the strength 
of the Earth’s magnetic field (for 7-T imagers). Separate gradient 
coils vary the magnetic field locally across different sections of 
the body. Once the atoms align, energy in the form of a spe-
cific radiofrequency pulse causes the magnetic vector to deflect. 
When the radiofrequency pulse is removed, the magnetic vector 
returns to its resting state, which causes a signal to be produced. 
For a full explanation of MRI technology, readers are referred to 
one of many high-quality review articles (13).

The MR imager produces three electromagnetic fields, 
which can interfere with CIED: the static magnetic field 
(measured in tesla), the radiofrequency field (measured by 
specific absorption rate [SAR] in watts per kilogram), and the 
pulsed gradient field (measured in tesla per meter per second). 
The hypothetical consequences of these fields interacting with 
CIED are discussed below and summarized in Table 2.

Mechanical Displacement
Concern about CIEDs in MRI was initially driven by the 
concern of mechanical displacement of the device due to the 
static magnetic field acting on the ferromagnetic components 
of CIEDs (14). Ferromagnetic components are present in the 
batteries and reed switches (a magnetically activated switch that 
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Heating Effects
Another consequence of the radiofrequency field is deposi-
tion of heat energy, particularly at the lead tips, which can 
result in myocardial tissue damage. At an SAR of 4.0 W/
kg–below most clinical scans, tissue heating in the absence 
of foreign materials (such as CIEDs) does not exceed 0.7°C 
(29). However, energy absorption changes in the presence of 
conducting materials. This makes temperatures difficult to 
predict. Consequences of myocardial tissue damage include 
changes in pacing threshold with subsequent loss of capture 
(where the pacing signal no longer depolarizes the myocar-
dium), re-entrant arrhythmia induction, and myocardial per-
foration. Thus, these consequences are typically investigated 
in vitro by measuring temperature directly and in vivo by 
interrogating the pacemaker and measuring serum biomark-
ers of myocardial damage such as troponin. There are many 
variables in determining the degree of heating, including lead 
location and design, presence of abandoned leads, position in 
the imager, power and duration of the radiofrequency field, 
and rate of blood flow (28,30–32). In vitro phantom studies 
using “worst-possible” conditions have demonstrated severe 
heating at lead tips, with a maximal temperature of 88.8°C, 
though this was in a temporary pacing lead (33,34). Most 
in vitro studies demonstrate much milder heating in the 
range of 0.5°C or less (35). In a swine model, direct lead tip 
temperature measurements increased by up to 20.4°C (28). 
These temperatures were associated with changes in lead im-
pedance. Despite this, there were no elevations in troponin 
or evidence of thermal injury at histologic examination. The 
absence of thermal injury around the lead tip has been dem-
onstrated in other animal studies (36). In humans, there have 
been negligible effects on post-MRI troponin levels, with 
very few subjects experiencing increases in troponin above 
the normal limit (20,37). However, pacing capture thresholds 
before and after imaging undergo minor alterations, presum-
ably due to MRI-induced thermal injury (38). Importantly, 
threshold changes are rarely clinically significant, and those 
that occur are usually temporary and do not require pace-
maker reprogramming.

manufacturer. Many devices reset to inhibition pacing, with an-
titachyarrhythmia therapy on, where the device will initiate ther-
apies for life-threatening arrhythmias. This is problematic when 
electrical induction in the leads causes inappropriate sensing of 
induction as intrinsic cardiac activity and results in inhibition of 
required pacing. Additionally, in patients needing high intrinsic 
heart rates (such as children), the factory default may not pro-
vide the required cardiac output. However, devices are usually 
easy to reprogram after the MRI following a POR event.

Induction of Currents and Changes in the 
Electrocardiogram 
The gradient magnetic and radiofrequency fields can elec-
tromagnetically couple with leads to induce electric currents 
through the “antenna effect.” These currents can alter the re-
corded electrogram, stimulate dangerous arrhythmias, and 
permanently interfere with ICD function (23,24). Induced 
currents can result in inhibition of pacing due to the device 
perceiving an intrinsic underlying rhythm on the electrogram 
(25). Furthermore, the induced artifactual current can be in-
terpreted as ventricular arrhythmia with subsequent attempts 
to initiate antitachyarrhythmia therapy in ICDs (26). How-
ever, ICD therapy usually fails as the capacitor cannot charge 
due to “saturation” in the static magnetic field (27). Thus, the 
ICD may drain its battery while continuously attempting to 
charge a saturated capacitor.

There is a potential for induced currents to be substantial 
enough to cause life-threatening arrhythmia through rapid pac-
ing. This potential was demonstrated in vitro by Erlebacher et 
al, who showed atrial pacing rates of 800 ppm due to the radio-
frequency field detected on pacemaker interrogation (25). This 
was later replicated in a swine study, where a stable tachycardia 
of 200 beats per minute was induced for 10 seconds during 
1.5-T MRI (28). Again, due to ICD therapy being impaired 
by the static magnetic field, an MRI-induced arrhythmia may 
not be treated by the ICD and result in battery drainage. Thus, 
most protocols call for the disabling of antitachyarrhythmia 
sensing and therapies to circumvent the problem of unneces-
sary shock or battery depletion.

Table 1: Definitions Related to Cardiac Implantable Electronic Devices and MRI

Term Definition
MR safe Objects that pose no known hazards in all MRI environments
MR conditional Objects that pose no hazards in a specified MRI environment with specified conditions of use
MR unsafe Objects known to pose a risk in all MRI environments
MR nonconditional A term used in the 2017 Heart Rhythm Society guidelines that refers to objects that have not been de-

clared MR conditional or MR safe
Asynchronous pacing A pacing mode where the device delivers stimuli at preset intervals independent of intrinsic cardiac signals
Inhibition pacing A pacing mode where the device only delivers stimuli when no intrinsic cardiac signals are sensed
Antitachyarrhythmia therapies Therapies delivered by a device that can terminate arrhythmias. Types of therapy include antitachycardia 

pacing and defibrillation
Pacing capture threshold The minimum electrical stimulus needed to consistently depolarize or “capture” the myocardium. This is 

measured in volts (V)
Lead impedance A measure of the opposition to current flow through the device’s leads. Decreased lead impedance in-

creases the drain on the battery. This is measured in ohms (Ω)
Sensing amplitude A measure of a device’s ability to detect cardiac signals. This is measured in millivolts (mV)



MRI in Patients with Cardiac Implantable Electronic Devices

284 radiology.rsna.org n Radiology: Volume 289: Number 2—November 2018

In Nazarian et al cohort of 880 patients with PPMs, one ex-
amination was terminated due to inappropriate inhibition in 
response to electromagnetic interference resulting in temporary 
bradycardia (10). There were no clinical consequences. Sommer 
et al attempted to relate change in lead impedance after MRI to 
myocardial injury by measuring troponin I levels. They found 
no overall increase in troponin levels after MRI (20). A lack of 
troponin increase after MRI has subsequently been observed by 
other investigators (26,37,42–45). Cohen et al were the first, to 
our knowledge, to include a control group that did not undergo 
MRI (46). They found that device parameter changes occur even 
without exposure to electromagnetic fields. The results of Cohen 
et al suggest baseline variation in CIED parameters, as opposed 
to myocardial injury, as a possible explanation for observed pre- 
and post-MRI differences (46). Thus, CIED parameter changes, 
while not unusual, should not be considered a clinically signifi-
cant adverse event of MRI in CIED patients.

Symptoms of pulling, heating, vibration, and palpitations 
have been reported during MRI in patients with CIED. Very 
few correlate with clinical events, although the MRI exami-
nation may be stopped due to apprehension. In the Magna-
Safe and Nazarian cohorts combined, only five instances of 
symptoms were experienced out of 3603 examinations (0.1%) 
(9,10). One of these patients experienced a pulling sensation 
associated with POR of the device and thus, the MRI was 
aborted. However, this patient had an old ICD implant from 
1999. These devices are more prone to displacement due to their 
higher ferromagnetic content. The majority of literature has 
shown low or no symptom rates during MRI (20,44,47–49).

Reed switch activation is a largely accepted fact of MRI in 
devices that are not fitted with newer magnetic field–resistant 
Hall sensors. As discussed above, reed switch activation creates 
problems as the device will pace at a preprogrammed rate and 
fail to deliver therapies for potentially life-threatening arrhyth-
mias. Thus, most protocols call for disabling of magnet response, 
which means that activation of a reed switch will have no effect. 
The inevitability of reed switch activation is reflected in the lit-
erature with an almost 100% occurrence and resultant pacing 
at the preprogrammed magnet-response rate if this setting can-
not be disabled (10,20,40,50). One case series by Heatlie et al 

Clinical Studies of MR Nonconditional 
Devices

Pacemakers
Early clinical studies of MR nonconditional devices that 
were not specifically designed for the MRI environment (also 
known as legacy devices) began in the mid-1990s with sin-
gle-digit sample sizes (39). These studies used low static field 
strengths (0.5 T) and limited imaging to nonthoracic regions 
(34,39,40). Additionally, these studies excluded pacemaker-
dependent patients, those with recent (less than 3 months) im-
plants, and those with abandoned or surgical epicardial leads. 
The early results were reassuring, with most events being reed-
switch activation (magnet-response) and minor changes in lead 
parameters or battery voltage. Importantly, no major compli-
cations such as induced arrhythmias or inappropriate pacing 
inhibition were seen.

After these early reassurances, researchers in the mid-2000s 
conducted studies with larger numbers of patients. They also 
included thoracic and cardiac MR examinations, higher mag-
netic field strengths, and cardiac resynchronization devices 
(38,41). Again, the most common complications observed 
were clinically insignificant lead parameter and battery voltage 
changes, occasional symptoms around the implant site (such 
as vibration), activation of reed switches, and, uncommonly, 
PORs (Table 3) (20,38,41).

The MagnaSafe registry of 1500 MRI examinations and the 
Nazarian et al cohort of 2103 MRI examinations in patients 
with CIED constitute the largest studies to date with MR non-
conditional devices (9,10). MagnaSafe demonstrated a remark-
able lack of adverse events in its 1000 PPM MRI examinations, 
with no deaths, generator failures, lead failures, or loss of myo-
cardial capture. The only complications seen in the pacemaker 
cohort were low rates of minor lead parameter changes (ranging 
from 0.8% to 16.4% depending on the parameter), spontane-
ously reverting atrial fibrillation, and PORs. It is notable that 
the MagnaSafe registry excluded thoracic MRI examinations, 
where energy absorption by the CIED is thought to be the great-
est. However, low rates of adverse effects were observed in the  
Nazarian et al cohort that contained 257 thoracic scans (10,37). 

Table 2: Electromagnetic Fields Used in MRI, the Most Commonly Studied Field Strengths, Potential Effects on CIEDs, 
and Event Rates from In-Human Clinical Studies

Electromagnetic Field Type
Commonly  
Studied Strength Effect on CIEDs In-Human Event Rates*

Static magnetic field 1.5 T Mechanical displacement;  
Device reprogramming

0 to 0.2% experience symptoms (31,32); 
100% “magnet-mode” activation in reed-switch devices 
(25). 0 to 10.4% power-on reset rate (12,36)

Radiofrequency and  
gradient magnetic field

2.0 W/kg and  
200 T/m/sec

Tissue heating; 
Induction of current

Up to 37% of leads with minor parameter changes. 
Almost none clinically significant (27); 
13.5% have ventricular ectopy during scan. No sus-
tained ventricular arrhythmias (45). 0 to 7% of devices 
record artifact as arrhythmia during scan (31,47)

Note.—CIED = cardiac implantable electronic devices.
* These event rates are derived from studies in experienced centers with appropriate protocols.
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default rate, rarely causing clinical incident. However, the poten-
tial for lethal events does exist in pacing-dependent patients who 
experience POR and have pacing inhibited by inappropriate 
sensing of electromagnetic interference. In 2009, Gimbel et al 
described unexpected asystole in a pacemaker-dependent patient 
undergoing 3-T MRI of the head (53). Pacing resumed when 
the gradient field was removed, and the patient survived. This 
occurred in a pacemaker released in 2005, which is against the 

reported a patient inappropriately pacing at maximum voltage 
output at a rate of 100 ppm during cardiac MRI (48).

POR is a more sinister reprogramming complication of CIED 
during MRI. The reported rates of POR range from 0% to 16% 
(10,20,26,38,42,43,45,51,52). POR seems to be associated 
with older devices manufactured before 2002 (43,51). In most 
of these cases, the devices are reset to an inhibition mode (usu-
ally VVI). In VVI mode, the devices pace at the manufacturer’s 

Table 3: Summary of Major Studies of MRI Effects in MR Nonconditional Cardiac Implantable Electronic Devices

A: Pacemaker Studies with . 40 Patients

Year First Author No. of Patients with Pacemakers Safety Findings
2000 Sommer (34) 44 Reed switch closure and minor battery voltage changes
2004 Martin (38) 54 Vibration and palpitations, reed switch closure and 37% with 

PCT change but only 9.4% with . 1 V change
2006 Nazarian (41) 31 Reed switch closure
2006 Sommer (20) 82 Reed switch closure, 8.5% with POR, 3.1% had PCT increase 

. 1 V, minor decrease in impedance and minor decrease in 
battery voltage

2008 Naehle (42) 44 Minor decreases in battery voltage and 16% with POR
2009 Mollerus (54) 52 Minor decrease in sensing amplitude and 7 patients with 

significant ectopy
2009 Naehle (59) 47 Minor decrease in PCT (0% . 1 V), minor impedance 

changes and a minor decrease in battery voltage
2010 Mollerus (47) 105 1 POR and a minor decrease in sensing amplitude
2010 Strach (85) 114 Reed switch closure
2012 Cohen (46) 109 with ICD or PPM Reed switch closure
2013 Friedman (61) 171 Minor change in PCT, sensing amplitude and frequent  

ventricular ectopy during scans
2014 Kaasaleinen (86) 62 Reed switch closure and minor change in lead impedance
2014 Muehling (45) 356 Reed switch closure and 10.4% with POR
2015 Higgins (51) 196 3.5% with POR
2015 Sheldon (26) 40 2.5% with POR, 1 patient with artifact sensed as VF
2015 Shenthar (65) 177 Minor PCT changes and minor lead impedance changes
2016 Bertelson (83) 137 None
2016 Camacho (56) 74 3 patients with symptoms but no sequelae, electromagnetic 

noise in 7.1%
2017 Russo (9) 818 5 patients with spontaneously reverting AF, 6 patients with 

POR
2017 Nazarian (10) 880 8 PORs, reed switch closure, inhibition of pacing in pacing  

dependent patient, lead parameter changes not requiring  
revision/reprogramming, battery drainage

B: ICD Studies with . 20 Patients
Year Author No. of Patients with ICDs Safety Findings
2006 Nazarian (41) 24 Reed switch closure
2010 Mollerus (47) 22 1 POR, 1 ICD arrhythmia log erased and minor decrease in 

sensing amplitude
2012 Cohen (46) 109 with ICD or PPM Reed switch closure
2016 Camacho (56) 39 3 patients with symptoms but no sequelae, electromagnetic 

noise in 7.1%
2016 Dandamudi (64) 29 1 patient with chest pain
2017 Russo (9) 428 1 generator failure requiring replacement, 1 induced AF
2017 Nazarian (10) 629 1 POR, lead parameter changes, 1 pulling sensation in chest, 

reed switch closure, battery drainage

Note.—PCT = pacing capture threshold, POR = power-on reset, VF = ventricular fibrillation, ICD = implantable cardioverter defibrillator, 
AF = atrial fibrillation.
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Nazarian cohort (10). For perspective, at beginning of life a CIED 
battery will usually have 2.8 V of output. At approximately 2.0–
2.4 V, the elective replacement indicator will be triggered, which 
leaves 6 months before the generator will begin to malfunction.

Contraindications to Imaging
Prior studies of patients with CIEDs have had strict exclusion 
criteria that developed from the theoretical risks as previously 
discussed. Previously discussed contraindications include pa-
tients with recent implants, epicardial and abandoned leads, 
high SARs, serial MRI examinations, pacemaker dependency, 
and thoracic imaging. Next, we examine current evidence in 
relationship to previously described contraindications.

Recent Implants
Time after implantation has been considered an exclusion cri-
terion. Recent implantation of a CIED ranges from 6 weeks 
to 3 months (37,59). The purpose of a waiting period after 
implantation was to allow the lead tips to establish a fibrous 
sheath in the myocardium, thereby reducing the likelihood 
of lead dislodgement. Friedman et al prospectively compared 
outcomes in eight examinations of early pacemaker implants 
(, 6 weeks; range, 7–36 days) versus 211 examinations of 
older implants (mean, 1150 days) (61). They observed no ma-
jor complications or troponin increase in any of the patients, 
nor any difference in lead parameters at 104 days follow-up. 
Comparable results were seen in 80 newly implanted leads in 
the MagnaSafe registry. These results are reassuring for those 
patients requiring urgent MRI after device implantation (9).

Epicardial and Abandoned Leads
Epicardial and abandoned leads were traditionally excluded from 
studies due to preclinical research demonstrating unpredictable 
heating in vivo. However, Higgins et al performed a retrospective 
review of 35 examinations in patients with abandoned leads un-
dergoing head or spine MRI (62). Within 7 days of follow-up, 
they observed no symptoms or arrhythmias in these patients. In 
10 of the patients who had their generators reconnected for clin-
ical reasons, the largest capture threshold increase was 0.7 V in a 
ventricular lead. The authors concluded that there were no clini-
cally significant sequelae from the MRI on the abandoned leads. 
Horwood et al found similar results in a cohort of 12 abandoned 
leads, which included three epicardial leads (63). Despite this 
observational data indicating limited risk, most studies still pre-
clude patients with abandoned leads (56,64).

There is limited experience and literature regarding per-
manent surgical epicardial leads and thus, it is not possible to 
determine their safety. Temporary postsurgical epicardial leads 
that have been partially removed are not considered abandoned 
leads and are not considered contraindications to MRI (5).

High SARs
Most large prospective studies have placed limits on the radio-
frequency field (measured in SAR). This was due to preclinical 
work that suggested a correlation between SAR and potential 
complications (29). Mollerus et al investigated this in a prospec-
tive study of 127 examinations with no SAR restrictions (me-

trend that only devices older than 2002 are affected by POR. 
Thus, it is recommended that continuous electrocardiography, 
if available, and pulse oximetry should always be performed for 
pacemaker-dependent patients undergoing MRI. This allows 
identification of cases of inappropriate inhibition of pacemaker 
function.

There are no records of MRI-induced ventricular arrhyth-
mia aside from ventricular ectopy (54). All of the sustained 
arrhythmias have been atrial fibrillation and/or flutter, with 
the MagnaSafe registry reporting six episodes of 1500 MR ex-
aminations (9). Furthermore, only one patient did not have a 
prior history of atrial fibrillation/flutter and it spontaneously 
resolved within 48 hours.

Implantable Cardioverter Defibrillators
There was initially greater concern in introducing ICDs to the 
MRI environment owing to their larger size and higher ferro-
magnetic content. However, after the early successes of MR non-
conditional PPMs, testing began in 2004 with small cohorts of 
patients (55). ICDs were suspected to be associated with more 
displacement, greater battery voltage change, and the potential 
for inappropriate tachyarrhythmia sensing and therapies than 
PPMs. To reduce this, tachyarrhythmia sensing and therapies 
were disabled before the MRI examination (37,41).

Regarding ICD displacement, there have been no major 
lead or implant complications in ICD studies to date. Minor 
symptoms over the implant site have been reported at a rate 
similar to that of PPMs (10,56).

Inappropriate sensing of electromagnetic noise by the ICD 
as a shockable rhythm (usually ventricular fibrillation) is well 
documented. In one example, Burke et al found that nine of 
14 patients with ICDs undergoing MRI recorded electromag-
netic noise as fast ventricular tachycardia or ventricular fibrilla-
tion (57). None of these patients had clinical sequelae because 
the ICD therapies were programmed off. Burke et al found 
no difference in the energy required to terminate ventricular 
fibrillation before and after MRI, suggesting no interference 
with shock delivery. Other studies have found much lower 
rates of noise misinterpretation and, in the cases that do oc-
cur, they are clinically insignificant owing to appropriate pre-
MRI programming (26,58,59). The importance of appropri-
ate programming is highlighted by a case from the MagnaSafe 
registry (9). In that case, tachycardia therapy was not disabled 
during pre-MRI reprogramming. After MRI, the ICD could 
no longer be interrogated or reprogrammed and thus required 
immediate generator replacement. Retrospective evaluation 
determined that the device had interpreted MRI signals as ven-
tricular fibrillation and had made repeated failed attempts to 
charge the capacitor, though no shocks were delivered due to 
capacitor saturation. Thus, after correct programming the risk 
of inappropriate sensing and therapy is extremely low.

Battery depletion has also proved to be a low-risk event. Most 
studies observe transient changes from before to after MRI, with a 
full recovery in many during follow-up (59,60). In the MagnaSafe 
registry, 7.2% of ICDs had an immediate battery voltage decrease 
of 0.04 V or greater; however, only 4.2% had persistent changes 
at 3–6-month follow-up, with a similar pattern observed in the 
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rameters. Similar results were found by Nazarian et al, where 
there was an association with changes in lead impedance and 
capture thresholds, but no other variables (10).

Pacemaker Dependency
Pacemaker dependency comes with a higher risk during MRI 
due to potential inappropriate inhibition of pacemaker activity 
with resultant asystole. For this reason, many studies excluded 
pacemaker-dependent patients. One study reported a decrease 
in pacing rate from 90 ppm to 50 ppm, resulting in hypoten-
sion in a pacemaker-dependent patient who underwent POR. 
This patient had an ICD system that was on advisory–a notifi-
cation from the device company that there is an increased risk 
to patient safety from the device (63). While there is now much 
experience with pacemaker-dependent patients, careful moni-
toring is mandated during MRI to avoid potential catastrophe 
in the form of inappropriately inhibited pacing after a POR.

Thoracic and Cardiac MRI
Experience with thoracic and cardiac imaging has been re-
stricted based on a belief that greater energy deposition would 
result in worse outcomes. There are minor differences in long-

dian SAR, 2.5 W/kg; interquartile range, 1.3–3.2 W/kg) in both 
PPMs and ICDs (47). They found that SAR poorly predicted 
safety outcomes for these patients. At present, many studies 
continue to impose SAR limits, usually to less than 2.0 W/kg, 
to limit heating and electromagnetic induction (45,65). How-
ever, the recently published Nazarian et al cohort removed SAR 
restrictions during recruitment owing to a lack of evidence for 
harm beyond normal SAR limits in non-CIED patients (10).

Serial MRI Examinations
Little was known about the effect of serial MRI examinations on 
CIED function. The underlying concern was an assumption that 
cumulative minor effects could become clinically significant. 
Naehle et al performed a retrospective review of 47 patients with 
PPM who had undergone at least two examinations (includ-
ing thoracic examinations) at 1.5 T (59). The study included 
three patients who underwent more than 10 examinations. They 
found that changes in capture thresholds, impedance, and bat-
tery voltage were not clinically significant even after 10-plus 
examinations. Junttilla et al furthered this by examining serial 
cardiac MRI examinations in ICD patients with a follow up of 
370 days (60). They observed no meaningful change in lead pa-

Table 4: MR Conditional Devices Approved by the U.S. Food and Drug Administration

Manufacturer Pacemakers Defibrillators/CRT Leads
Biotronik (ProMRI) Eluna 8 (DR-T and SR-T) 

Entovis (DR-T and SR-T) 
Edora 8 (DR-T and SR-T)

Iforia (VR-T DX and DR-T) 
Iperia (VR-T DX, DR-T and HF-T) 
Inventra (VR-T DX and HF-T) 
Intica (DX and CRT DX) 
Ilivia (VR-T, DR-T and HF-T)

Setrox S (53,60) 
Solia S (45,53,60) 
Corox OTW 
Sentus ProMRI 
Protego (ICD) 
Linoxsmart (ICD) 
Plexa ProMRI (ICD)

Boston Scientific (ImageReady) Accolade MRI 
Essentio MRI 
Vitalio MRI 
Proponent MRI 
Advantio 
Formio 
Ingenio

Emblem MR imaging S-ICD 
Resonate HF/X4/EL 
Perciva and Perciva HF 
Vigilant 34/EL 
Autogen Mini/EL/X4 
Dynagen EL/Mini/X4 
Inogen Mini/EL/X4 
Origen Mini/EL/X4 
Charisma 34

Ingevity MR imaging 
Endotak Reliance DF4 (ICD) 
Fineline II 
Acuity 34

Medtronic (SureScan) Advisa MRI (DR and SR) 
Revo MRI 
Micra Transcatheter Pacer

Visia AF MRI VR 
Evera MRI XT DR 
Evera MRI S DR and VR 
Amplia MRI Quad CRT-D 
Amplia MRI CRT-D 
Complia MRI Quad CRT-D

5086 MRI 
5076 
6947M (ICD) 
6935M (ICD) 
4196 (CRT) 
4296 (CRT) 
4396 (CRT) 
4298 (CRT) 
4398 (CRT) 
4598 (CRT)

Sorin None available in United States None available in United States None available in Unites States
St Jude Medical/Abbott Assurity MRI Ellipse MRI Tendril MRI LPA1200M 

Durata 7120Q and 7122Q (ICD) 
Optisure LDA220Q and  
LDA210Q (ICD)

Note.—Data received from representatives of each company and by examining their online materials. ICD = implantable cardioverter 
defibrillator, CRT = cardiac resynchronization therapy.
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of pericarditis, perforation, and tamponade compared with 
other modern active fixation leads. This was most likely due 
to their rigid design (75,76). Shortly after this, the older and 
safer Medtronic 5076 leads were retrospectively declared MR 
conditional due to their demonstrated safety in a random-
ized trial (65). None of the other MR conditional leads have 
displayed the safety concerns seen with the CapSureFix 5086 
leads since (67,70).

Image Quality
The most important factor that affects image quality is the 
anatomic region being imaged. Nonthoracic imaging (imaging 
with a field of view above C7 and below T12) results in virtu-
ally no artifact from CIEDs (34,41,50,52,77). If a thoracic or 
cardiac imaging is being performed, artifacts will be present 
from the CIED.

ICDs show larger areas of MRI artifact than do PPMs due 
to their bulkier design and greater use of ferromagnetic compo-
nents (49,63,64). Some studies have shown distortion up to 12 

term battery voltage when im-
aging the thorax or heart (50). 
However, most studies includ-
ing thoracic and cardiac MRI 
examinations have had a safety 
profile equivalent to that of ex-
trathoracic MRI (10,37,38,49). 
The main issue with thoracic 
and cardiac imaging is the MRI 
artifact over the area of interest. 
This is particularly evident on 
balanced steady-state free pre-
cession sequences, as discussed 
below (44).

Clinical Studies of MR 
Conditional Devices
MR conditional devices are 
those that have been designed 
and approved for use in the 
MRI environment under 
specific conditions. A list of 
all FDA-approved MR con-
ditional PPMs and ICDs is 
shown in Table 4. Typical MRI 
examination conditions in-
clude static field strength, SAR, 
and imaging field of view. To 
achieve a designation as MR 
conditional, the generator must 
be paired as a unit with leads 
that have been tested for MRI 
safety. MR conditional PPMs 
and ICDs have been available 
since the FDA approval of the 
first system in 2011 (6).

CIEDs undergo multiple al-
terations to be MR conditional devices. These include lead mod-
ification to reduce lead tip heating, circuitry shielding to prevent 
POR, reduction of ferromagnetic materials, changing the reed 
switch to a “Hall sensor” (which has predictable behavior in a 
magnetic field), and updated software. Newer software aids re-
programming and, in some instances, automatically changes to 
MRI mode when a strong magnetic field is detected.

The first MR conditional PPM to undergo clinical test-
ing was the Medtronic SureScan system (Medtronic, Minne-
apolis, Minn) consisting of the EnRhythm generator paired 
with CapSureFix 5086 MRI leads. In a prospective random-
ized controlled trial of 464 patients, Wilkoff et al showed no 
significant difference between the group undergoing MRI 
and the control group (66). This pattern has continued for 
all other clinically tested MR conditional PPMs and ICDs, 
including studies that removed restrictions on thoracic imag-
ing (67–74). Notably, there was initial concern regarding the 
safety of the specially designed Medtronic CapSureFix 5086 
MRI leads. These leads demonstrated unusually high rates 

Figure 1: A, B, Images in a 61-year-old man with a Medtronic Evera MRI XT single-chamber implant-
able cardiac defibrillator. C, Image in a 55-year-old woman with a Medtronic Revo MRI Surescan dual-
chamber pacemaker. Images obtained with a Siemens Magnetom Aera 1.5-T unit. Arrows = artifacts 
caused by an implantable cardiac defibrillator in a two-chamber plane of the left ventricle: A, balanced 
steady-state free precession sequence with signal loss and banding artifacts, B, gradient-echo sequence 
(same patient as in A), and, C, balanced steady-state free precession sequence in a right-sided implant, 
with the generator farther away from the heart.
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center frequency (72). In the 
presence of artifact, imaging 
in perpendicular image planes 
to the generator and using re-
duced echo time and fast spin-
echo sequences may improve 
image interpretation.

Overall, about 90% of 
thoracic and cardiac MRI ex-
aminations are described as 
diagnostic (49,56,63). Un-
der worst-case conditions 
(left-sided ICD and balanced 
steady-state free precession ac-
quisition) about 50% of studies 
are reported to have acceptable 
image quality (78).

Guidelines and 
Protocols
The 2017 Heart Rhythm So-
ciety consensus statement on 
MRI in CIED is the most 
up-to-date guideline docu-
ment available (5). MRI in 
pacemaker-dependent patients 
is allowed with the proviso of 
temporary pacing facilities and 
a CIED-trained physician in 
place. The guidelines recom-
mend against the performance 
of MRI in systems with frac-
tured, epicardial, or abandoned 
leads. Recently implanted de-
vices are considered reasonable 
if clinically warranted. A simpli-
fied flowchart adapted from the 
Heart Rhythm Society guide-
lines is shown in Figure 4.

For MR conditional de-
vices, the FDA provides the 

conditions required to meet the conditional requirements. This 
information can be found on the individual manufacturer’s 
website and varies depending on the model of CIED being 
imaged. Additionally, information regarding the latest FDA 
approvals can be found on the FDA website under “Device 
Approvals, Denials and Clearances” (81).

It is the opinion of the authors that every center perform-
ing MRI in CIED patients should have a checklist in place 
with associated adverse event monitoring. The use of a check-
list is supported by a class I (strong) recommendation from 
the Heart Rhythm Society guidelines (5). A copy of the sam-
ple checklist provided in the Heart Rhythm Society guide-
lines is provided in Figure E1 (online). A standard checklist 
minimizes the potential for harm and improves safe access 
to a vital modality. Common elements of a standardized 
checklist include a system for referral and screening of CIED 

cm away from the generator (78). Leads have a small amount 
of artifact and do not usually obscure diagnostic quality, even 
for cardiac MRI (44).

The position of the device also affects the image quality (Fig 1).  
For cardiac MRI, left-sided devices create more artifact and 
lead to reduced diagnostic accuracy. In a study of 32 patients, 
100% of studies with right-sided devices had diagnostic quality 
but only 35% of studies with left-sided devices were diagnostic 
(44,79). In general, right ventricular studies are of higher qual-
ity than those of the left ventricle (80).

For cardiac and thoracic MRI, balanced steady-state free 
precession images exhibit more artifact than do gradient-echo 
sequences (Figs 2, 3). Therefore, gradient echo should be used 
to maximize image quality (49,78). For balanced steady-state 
free precession sequences, frequency-scout acquisition may 
help to reduce image artifact by adjustment of the receiver 

Figure 2: Images in a 61-year-old man with a Medtronic Evera MRI XT single-chamber implantable 
cardiac defibrillator imaged with a Siemens Magnetom Aera 1.5-T unit. Basal short-axis images acquired 
with, A, balanced steady-state free precession sequence and, B, spin-echo sequence (in this case T2 
weighted), which is less sensitive to susceptibility artifacts.

Figure 3: Images in a 28-year-old woman with a Medtronic Evera MRI XT single-chamber implantable 
cardiac defibrillator imaged with a Siemens Magnetom Aera 1.5-T unit. Short-axis delayed enhancement 
images with artifacts (arrow) acquired with, A, balanced steady-state free precession sequence and, B, 
gradient-echo sequence.
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patients needing MRI, assessment and programming of the 
CIED before and after the imaging, requirements for moni-
toring during the imaging, and follow-up at regular intervals 
to ensure long-term safety (Fig 5). In centers where electro-
physiology support staff are not available, device company 
representatives may be available to help with reprogramming 
MR conditional devices. In the case of MR nonconditional 
devices, electrophysiological consultation should be obtained 
prior to the MRI examination (5).

Future Directions
New MR conditional devices are frequently released with im-
proved designs to limit the interference of MRI. Additionally, 
there are encouraging early experiences with leadless pacemakers 
and limited monitoring of patients during MRI.

Leadless pacemakers are new devices that contain the en-
tire pacing system in a small bullet-shaped case that sits in the 
ventricle. This allows pacing without the use of a generator and 
pacing leads that run from the generator to the endocardium. 
Reassuring preclinical data and early case reports of patients 
with the Micra (Medtronic) leadless pacemaker have emerged 
leading to a retrospective FDA classification of MR conditional 
at 1.5 T and 3 T (82). Preclinical data have demonstrated less 
torque and heating of the Micra compared with a standard 
pacemaker. A case series of 15 patients with the Micra system 
undergoing MRI showed no adverse events (82). The Nanos-
tim (St Jude Medical, St Paul, Minn) leadless pacemaker has re-
ceived CE mark approval in Europe for MR conditional label-
ing but awaits FDA approval. Larger prospective datasets may 
validate these systems as being safer than conventional PPMs.

New research has also attempted to lessen the burden 
of performing MRI in CIED patients. Bertelsen et al, in a 
study of 207 patients, challenged the need for monitoring in 

Figure 4: Checklist for treatment of patients referred for MRI with implantable electrical device. Adapted from the Heart 
Rhythm Society 2017 guidelines see for detailed information (5). ^Fractured, abandoned, or epicardial leads. *All departments 
should have standardized prebooking checklists and liaison with cardiology electrophysiology departments for patient suit-
ability and device evaluation if possible. #Capture threshold increase more than 1.0 V, sensing drop more than 50%, pacing 
dependence change more than 50 V, shock impedance change more than 5 V. ACLS = advanced cardiac life support, EKG 
= electrocardiography, ICD = implantable cardiac defibrillator.

Figure 5: Flowchart shows the essential considerations for 
an institution when designing a checklist for MRI of implant-
able cardiac device. *As described in text, dependent on the 
patient’s device and dependence on device. CIED = cardiac 
implantable electronic device.

nonpacemaker-dependent patients (83). In that study, they 
used no additional monitoring of vital signs or symptoms and 
observed no adverse events in patients undergoing MRI. It is 
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fields and implant heating in MRI. Magn Reson Med 2008;60(2):312–319.

 31. Mattei E, Triventi M, Calcagnini G, et al. Complexity of MRI induced 
heating on metallic leads: experimental measurements of 374 configurations. 
Biomed Eng Online 2008;7(1):11.
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Imaging 2011;33(2):426–431.
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Effects of magnetic resonance imaging on cardiac pacemakers and electrodes. 
Am Heart J 1997;134(3):467–473.

 34. Sommer T, Vahlhaus C, Lauck G, et al. MR imaging and cardiac pacemak-
ers: in-vitro evaluation and in-vivo studies in 51 patients at 0.5 T. Radiology 
2000;215(3):869–879.
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cardioverter defibrillators: in vitro magnetic resonance imaging evaluation 
at 1.5-tesla. J Cardiovasc Magn Reson 2007;9(1):21–31.

 36. Roguin A, Zviman MM, Meininger GR, et al. Modern pacemaker and 
implantable cardioverter/defibrillator systems can be magnetic resonance 
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important to note that vital sign monitoring is still required in 
pacemaker-dependent patients to detect asystole caused by POR 
and subsequent inappropriate inhibition due to electromagnetic 
interference (53).

With increasing use of 3-T and 7-T MRI systems, data are 
also required regarding the safety of CIED at these field strengths 
as most of the contemporary data relate to 1.5-T units. Further-
more, we await the improvement of pacing methods that do not 
rely on conductive materials, such as optogenetics (84). These 
are in early stages of development but may one day provide an 
MR-safe method of pacing and defibrillation.

Conclusion
Significant clinical data have been accumulated to show MRI can 
be safely performed in the presence of CIEDs, when monitored 
appropriately. Clinicians should be aware of the risks and safety 
measures needed to minimize potential harm. Due to the rap-
idly expanding body of research, committee guidelines must be 
updated regularly to reflect the current knowledge and prevent 
patients being denied a potentially vital diagnostic tool. Lastly, 
institutions should be making efforts to enact a safe checklist 
and monitor adverse events for contribution to the worldwide 
understanding of the MRI risk profile.
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Background

Imaging of the heart is important in the 
diagnosis and follow-up of a broad range 
of cardiac pathology. The authors discuss 
the growing role of cardiac magnetic 
resonance imaging (CMR) in cardiology 
practice and its relevance to primary 
healthcare.

Objective

In this article we discuss the advantages 
of CMR over other imaging modalities, 
and give a brief description of the 
common CMR techniques and cardiac 
pathologies where CMR is especially 
useful.

Discussion

CMR provides specific advantages 
over other cardiac imaging modalities 
when evaluating pathology in 
congenital heart disease, cardiac 
masses, cardiomyopathies, and in 
some aspects of ischaemic and valvular 
heart diseases. The strength of CMR in 
these pathologies includes its precise 
anatomical delineation of structures, 
characterisation of myocardial tissue, and 
accurate, reproducible measurements of 
blood volume and flow. CMR is used in 
inpatient and outpatient settings, and is 
available primarily in major hospitals. 

Cardiac imaging
A number of imaging modalities are 
used by clinicians in the assessment 
and care of patients with cardiovascular 
disease. Echocardiography is the first-
line cardiac imaging investigation for 
many cardiac conditions. It is widely 
available, provides structural and 
functional information, and reliably 
reports the required clinical information 
in the majority of cases. However, the 
limitations of echocardiography include 
difficulty obtaining ultrasound images 

in specific patients and differentiating 
specific pathologies (eg cardiac infiltration 
versus hypertrophy). Delineation of the 
endocardial border can also be challenging 
with echocardiography when measuring 
ventricular volumes used to calculate 
ejection fraction.1 Cardiac computed 
tomography (CT) and nuclear cardiac 
perfusion studies are modalities used 
predominantly in the investigation of 
ischaemic heart disease. 

Cardiac magnetic resonance imaging 
(CMR) has grown as an imaging modality 

Box 1. Advantages and disadvantages of CMR compared with imaging modalities

Advantages
• Improved image quality
• No ionising radiation
• Accurate ejection fraction measurement
• Investigation for suspected myocarditis that cannot be confirmed on echocardiography
• Assessment of newly diagnosed cardiomyopathy with diagnostic and prognostic advantages 

over echocardiography
• Assessment of myocardial viability and perfusion in work-up for coronary artery bypass surgery
• Assessment of congenital heart disease

Disadvantages
• Cost and accessibility
• Contraindicated in patients with metallic implants (eg aneurysm clips, neurostimulators, 

implanted pacemakers/defibrillators), metal retained fragments in eyes or gunshot injuries
• May be unsuitable for patients with claustrophobia
• A specific cut-off weight for patients varies among individual MRI scanners. Large abdominal 

and shoulder girths may limit the physical ability of patients to fit in an MRI scanner
• Gadolinium is contraindicated in significant renal disease (eGFR <30 mL/minute)

CMR, cardiac magnetic resonance imaging; eGFR, estimated glomerular filtration rate;  
MRI, magnetic resonance imaging
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to provide additive and complementary 
information to echocardiography.  
It provides high-quality, cross-sectional 
images that enable accurate anatomical 
delineation. It also enables highly 
reproducible measurement of ventricular 
volumes and myocardial mass, and 
quantifies flow across heart valves.1,2 
CMR can assess myocardial structure and 
assist in the diagnosis of cardiac masses. 
Sophisticated electrocardiogram (ECG) 
gating and respiratory motion suppression 
methods are used to ensure the acquisition 
of high-quality images. CMR can overcome 
patient-specific limitations, such as 
obesity, presence of respiratory disease, 
or presence of soft tissue, lungs and/or 
scar tissue following cardiac surgery, which 
can limit the ability to obtain high-quality 
echocardiographic images.3,4

Advantages and 
disadvantages of CMR
Box 1 summarises the advantages and 
disadvantages of CMR.

There is now an increasing number 
of cardiac devices that are considered 
MRI-conditional. Patients in whom these 
devices have been implanted can have 
CMR performed with appropriate safety 
precautions and device checks.5 

Techniques in CMR
A number of MRI sequences are used in 
CMR studies. These are tailored in each 
individual study for a particular pathology 
or the assessment of a specific aspect of 
cardiac function:
• still-frame images that delineate cardiac 

structures and great vessels in the 
assessment of congenital heart disease

• high-quality moving images that measure 
cardiac volumes and myocardial mass, 
and visualise regional wall motion 
abnormalities, which may indicate 
underlying ischaemic heart disease 
(Figure 1)

• velocity flow imaging that directly 
measures blood flow in assessment 
of valvular abnormalities, such as 
calculation of regurgitant volumes in 
aortic regurgitation6

• others
 – quantification of myocardial iron 
content: used in patients with 
beta-thalassemia major, where 
iron chelation therapy is introduced 
or intensified to prevent the 
development of heart failure7

 – myocardial fibrosis estimates in 
cardiomyopathy8

 – myocardial oedema detection: 
indicative of myocarditis or recent 
myocardial injury.9

Gadolinium use in CMR
Gadolinium is an intravenous contrast agent 
used in CMR. It is a useful adjunct in CMR 
to aid the diagnosis of specific cardiac 
pathologies. Delayed or late myocardial 
enhancement imaging (where images are 
acquired 10–20 minutes after gadolinium 
administration), allows assessment for 
specific patterns of uptake (Figure 2).10 
Gadolinium is contraindicated in patients 
with significant renal disease (estimated 
glomerular filtration rate <30 mL/minute) 
as it increases the risk of developing the 

rare, progressive skin condition called 
nephrogenic systemic fibrosis.11

Pathologies where CMR  
can be considered 
Aortic and valvular disease
CMR visualises the aortic course and 
precisely measures aortic dimensions. It 
is advantageous in patients who require 
repeated interval imaging, avoiding the 
repeated exposure to ionising radiation 
that occurs with CT. Aortic coarctation, 
bicuspid aortic valve disease and 
aortopathies (eg Marfan syndrome) may 
result in progressive aortic enlargement 
and the severity may influence the timing 
of surgical intervention. Flow velocity–
encoded mapping enables more accurate 
quantification of the severity of valvular 
lesions.6

Pericardial constriction or 
pericarditis
Assessment of the pericardium on CMR by 
measuring pericardial thickness, detection 
of pericardial inflammation and/or masses, 

Figure 1 . Utility of CMR in ischaemic heart disease and measurement of ventricular volumes on short axis 
CMR images

A and B. Short axis imaging allowing LV and RV end diastolic, and end systolic volume measurement. 
C and D. A positive adenosine stress perfusion study with no rest perfusion defect at rest (image C), while 
the stress image (image D) shows a subendocardial perfusion defect in the anterior and anteroseptal walls 
(arrowed). This corresponded to a significant left anterior descending (LAD) artery stenosis at coronary 
angiography. E and F. Detection of LV apical thrombus and transmural late gadolinium enhancement 
indicative of full thickness apical infarction
CMR, cardiac magnetic resonance imaging; LV, left ventricle; RV, right ventricle
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and assessment of pericardial effusion 
can provide important additive information 
to echocardiography. Interventricular 
interdependence (indicative of constrictive 
physiology) can be detected by visualising 
movement of the interventricular septum 
during respiration.12

Cardiomyopathy
CMR is important in the diagnostic work-
up and management of newly diagnosed 
cardiomyopathy because it can accurately 
measure ejection fraction, calculate 
myocardial mass, and detect scar tissue, 
fibrosis and oedema.10 

In hypertrophic cardiomyopathy (HCM), 
CMR-measured septal wall thickness is a 
prognostic indicator of sudden death. The 
burden of myocardial fibrosis on CMR is 
also an emerging marker of risk in HCM. 
Information obtained through a CMR study 
in a patient with HCM may directly impact 
upon the decision for a patient to undergo 
placement of an implantable cardiac 
defibrillator (Figure 3).13

Variable patterns of late gadolinium 
uptake can indicate myocardial infiltration 
(eg cardiac amyloidosis, sarcoidosis), 
myocardial scar and viability (in ischaemic 
heart disease), and myocardial fibrosis (in 
non-ischaemic cardiomyopathy).10

ARVC is a rare but important cause 
of sudden cardiac death in athletes and 
young people.14 It is characterised by 
ventricular arrhythmias and fibrous or 
fibro-fatty replacement of the myocardium 
that typically involves the right ventricle 
(RV). There are complex diagnostic criteria 
for the diagnosis of ARVC, which includes 
cardiac imaging. CMR has significant 
benefits over echocardiography in the 
assessment of the right heart in this 
condition and is therefore the imaging 
modality of choice, and in the screening of 
relatives of those diagnosed with ARVC.15

Ischaemic heart disease
CMR is useful in ischaemic heart disease 
(IHD) in the following settings:
• distinguishing ischaemic versus 

non-ischaemic aetiology of a newly 
diagnosed cardiomyopathy16

• detection of complications following 
myocardial infarction, such as detection 
of left ventricular (LV) thrombus 
(when suspected in large left anterior 
descending artery territory myocardial 
infarction)

• assessment of myocardial viability prior 
to potential revascularisation16

• detection of ischaemia: CMR imaging 
is combined with dobutamine or 
a vasodilator such as adenosine, 
which allows the detection of LV wall 
segments that become ischaemic (with 
reduced wall motion) with stress or 
define a myocardium ‘at risk.’17,18

Myocarditis
In suspected myocarditis, CMR is 
extremely useful. It allows detection of 
inflammatory hyperaemia, oedema and 
myocyte necrosis. Clinically, this may 

have an impact on the decision to perform 
endomyocardial biopsy or the indication 
for corticosteroid therapy.9 CMR may 
identify myocarditis in more than 30% of 
patients with chest pain, elevated troponin 
levels and normal coronary arteries. This 
has important long-term therapeutic 
implications.19

Congenital heart disease and 
pulmonary hypertension
The ability of CMR to calculate 
accurate right ventricular volumes and 
provide optimal imaging planes for the 
assessment of RV size has a growing role 
in assessment, prognostication and for 
monitoring treatment efficacy in pulmonary 
arterial hypertension.20 Congenital heart 
disease encompasses a broad range of 
cardiac pathologies, and CMR can provide 
accurate data regarding ventricular size 

Figure 3 . Hypertrophic cardiomyopathy on CMR

A. Significant septal hypertrophy
B. Corresponding patchy mid-wall myocardial fibrosis (indicated by LGE) post-gadolinium administration  
in a patient with hypertrophic cardiomyopathy 
Ao, aorta; CMR, cardiac magnetic resonance imaging; LA, left atrium; LGE, late gadolinium enhancement; 
LV, left ventricle 

A B

Figure 2 . Patterns of late gadolinium enhancement

A. LGE image showing subendocardial enhancement of the anterior and anteroseptal walls (marked with *) 
corresponding to a LAD territory myocardial infarction. B. Mid-wall LGE in dilated cardiomyopathy.  
C. Sub-epicardial LGE in myocarditis or sarcoidosis
LAD, left anterior descending; LGE, late gadolinium enhancement 
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and function, the follow-up of previous 
surgery, and the assessment and 
quantification of shunts. CMR overcomes 
many of the limitations of a transthoracic 
echocardiogram (TTE) in this setting. 
Three-dimensional magnetic resonance 
angiography (3D-MRA) provides excellent 
anatomical assessment of the great 
vessels, vascular abnormalities and vascular 
shunts.

Accessibility of CMR
CMR is generally accessed through a 
cardiologist and it is normal practice for 
echocardiography to be performed first. In 
each major Australian city, there are a small 
number of CMR services that are usually 
attached to the cardiology department of 
major public hospitals. A Medicare rebate 
for CMR can be accessed for congenital 
heart disease, aortic disease and for 
the assessment of cardiac masses in 
Australia.21 When a patient does not meet 
the Medicare requirements, the individual 
CMR service may fund the scan or patients 
may pay an out-of-pocket fee, which may 
vary between departments. Some private 
health insurance companies may provide a 
rebate for inpatient CMR testing.

Future directions
New CMR techniques are constantly 
undergoing research and validation 
that includes further development of 
sequences that characterise myocardial 
tissue content. Techniques that allow for 
single acquisition-based measurements 
of ventricular volumes, and evaluation of 
valvular and aortic disease, may assist in 
reducing the scan times required for CMR 
studies.22,23 

Conclusion
CMR is primarily used as a complementary 
tool to other imaging modalities, such as 
echocardiography, in the investigation and 
diagnosis of specific cardiac diseases. 
Current availability of CMR is limited by 
the expense of the study, a limited number 
of indications with a Medicare rebate, 
and the time and resources required for 
an individual CMR study. However, the 

number of CMR studies being performed 
in Australia will inevitably increase with 
improved MRI techniques, increased 
clinical utility and wider availability.
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