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Coronary artery atherosclerosis is the most common cardiac pathology, which is 
the primary cause of cardiac mortality. Coronary artery stenosis usually involves 

the proximal portion of the larger epicardial coronary arteries, but diffuse coronary 
artery disease is also not rare. Most of the patients with/without several comorbidities 

have asymptomatic atherosclerotic lesions in the coronary territory, and hence early 
assessment of coronary artery pathology is of utmost importance. Since early surgical 

intervention is superior to percutaneous interventions, coronary artery bypass 
grafting is the first choice for the treatment of coronary artery disease. Coronary 
revascularization can be performed with different approaches according to the 

patients risk factors. Preventive treatment of coronary artery disease should be the 
basic strategy for a healthy system.
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Preface

Coronary artery atherosclerosis is the most common cardiac pathology, which is the pri‐
mary cause of acute cardiac mortality. Coronary artery stenosis usually involves the proxi‐
mal portion of the larger epicardial coronary arteries, but diffuse coronary artery disease is
also not rare. Since coronary artery disease is time-consuming, slowly developing occlusions
frequently stimulate the formation of collateral vessels that protect against extensive myo‐
cardial ischemia. Most of the patients with/without several comorbidities have asymptomat‐
ic atherosclerotic lesions in the coronary territory, and hence early assessment of coronary
artery pathology is of utmost importance. The noninvasive, but mostly invasive diagnostic
tests should be preferred for early diagnosis of the severity of stenotic plaques and viability
of the myocardium. These special diagnostic tests can forward cardiac surgeons for early
revascularization. Since early surgical intervention is superior to percutaneous interven‐
tions, coronary artery bypass grafting is the first choice for the treatment of coronary artery
disease. Coronary revascularization can be performed with different approaches according
to the patient’s risk factors. Off-pump and minimally invasive coronary artery bypass graft‐
ing increase the efficiency and hence popularity of surgical therapy over percutaneous treat‐
ment modalities. Several aggressive strategies can be used for revascularization in diffuse
coronary artery disease. Surgical treatment does not include only myocardial revasculariza‐
tion; surgical therapy for mechanical complications of acute myocardial infarction can be
life-saving. Preventive treatment of coronary artery disease should be the basic strategy, and
for a healthy system, an aggressive attitude toward the metabolic syndrome and abnormal
diet should be taken.

Prof. Dr. Kaan Kırali
Head of Department of Cardiovascular Surgery, Faculty of Medicine, Sakarya University
Chief of Department of Cardiovascular Surgery, Koşuyolu Heart and Research Hospital

Turkey
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Chapter 1

Regadenoson — Overview of Applications in Cardiology

Gurunanthan Palani, Rebecca Baumann and
Karthik Ananthasubramaniam

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61154

Abstract

Coronary artery disease is a leading cause of morbidity and mortality in developed
countries. According to a Center for Disease Control report, one out of four deaths is
attributed to coronary artery disease. It costs the United States human lives, produc‐
tivity, and more than 100 billion dollars each year. Due to increased incidence in both
men and women and all ethnicities, risk stratification of patients at risk for developing
myocardial infarction and death is of paramount importance. Various tests are
available for diagnosis and prognosis in coronary heart disease such as exercise
treadmill testing, coronary calcium scoring, dobutamine stress echocardiography,
exercise, dipyridamole, adenosine or dobutamine stress nuclear myocardial perfusion
imaging (MPI), and dobutamine or adenosine stress cardiac magnetic resonance
imaging. Since 2008 a new vasodilator, regadenoson (REG), has become available and
is now widely used for nuclear perfusion imaging. Pharmacologic stress testing
challenges the coronary flow reserve to evaluate the hyperemic capacity of the heart,
which can be impaired in significant epicardial stenosis or microvascular dysfunction.
In the presence of either of these conditions, ischemia induced by hyperemia manifests
as wall motion abnormalities on echocardiography or as perfusion defects in nuclear
perfusion imaging.

REG is a selective adenosine A2A receptor agonist, and due to its targeted coronary
vasodilator properties and bolus administration of a standard dose in all patients, it
has rapidly gained popularity as the preferred MPI stress agent. In this chapter we
will review the basis of pharmacologic vasodilator stress imaging starting with a brief
discussion of the various adenosine receptors and their function, the structure and
mechanism of action of REG, and its development and approval. It will be compared
with other myocardial perfusion pharmacologic stress agents like adenosine and

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



dipyridamole in terms of safety, efficacy, and side effect profile. We will also address
the utility of REG in special situations like renal disease, chronic obstructive pulmo‐
nary disease, heart transplant, left bundle branch block, and paced rhythms. The
prognostic value of REG MPI in the general population, its effectiveness with and
without exercise, and the emerging applications of REG in other modalities of imaging
such as positron emission tomography and stress echocardiography will be discussed.

Keywords: Regadenoson, single photon emission computed tomography, positron
emission tomography, stress echocardiography, fractional flow reserve, coronary
artery disease

1. Introduction

Cardiovascular disease remains a leading cause of death in the United States. According to a
2009 report by the Center for Disease Control, one out of four deaths is attributable to coronary
artery disease (CAD).[1] The increased morbidity and mortality due to CAD poses a huge
economic burden. In 2010, CAD alone accounted for over 100 billion dollars in combined direct
and indirect (i.e., loss of productivity) costs. This is projected to more than double by 2030.[2]
Hence, diagnosing and risk stratifying CAD in its early stages is vital.

Many invasive and noninvasive tests are available to identify patients at high risk of devel‐
oping CAD. Functional tests include exercise stress testing, exercise or dobutamine stress
echocardiography, nuclear myocardial perfusion imaging (MPI) using stress agents such as
dipyridamole, adenosine, dobutamine or regadenoson (REG), and vasodilator stress magnetic
resonance imaging. Coronary computed tomography angiography (CCTA) and the traditional
gold standard, coronary angiography, serve as the two well-established anatomic modalities
used for CAD detection. This chapter will focus on REG, the newest of the pharmacologic stress
agents, and its applications in myocardial perfusion imaging. It will conclude with a brief
overview of some novel applications of REG in cardiology.

2. REG: development, pharmacology, and hemodynamic effects

2.1. Adenosine receptors

Adenosine receptors are located in the myocardium as well as in smooth muscle cells of the
coronary arterioles and the bronchial tree. Various subtypes of adenosine receptors exist
including A1 receptors found in the atrioventricular node, A2A receptors present in coronary
arteriolar smooth muscle, and A2B and A3 receptors located in bronchial smooth muscle. The
different locations and functions of these receptors have been pivotal in the development of
newer pharmacologic stress agents (Figure 1). Adenosine directly and dipyridamole indirectly
act on adenosine 2A (A2A) G-protein-coupled receptors found on the cell membrane of coronary

Coronary Artery Disease - Assessment, Surgery, Prevention4



dipyridamole in terms of safety, efficacy, and side effect profile. We will also address
the utility of REG in special situations like renal disease, chronic obstructive pulmo‐
nary disease, heart transplant, left bundle branch block, and paced rhythms. The
prognostic value of REG MPI in the general population, its effectiveness with and
without exercise, and the emerging applications of REG in other modalities of imaging
such as positron emission tomography and stress echocardiography will be discussed.

Keywords: Regadenoson, single photon emission computed tomography, positron
emission tomography, stress echocardiography, fractional flow reserve, coronary
artery disease

1. Introduction

Cardiovascular disease remains a leading cause of death in the United States. According to a
2009 report by the Center for Disease Control, one out of four deaths is attributable to coronary
artery disease (CAD).[1] The increased morbidity and mortality due to CAD poses a huge
economic burden. In 2010, CAD alone accounted for over 100 billion dollars in combined direct
and indirect (i.e., loss of productivity) costs. This is projected to more than double by 2030.[2]
Hence, diagnosing and risk stratifying CAD in its early stages is vital.

Many invasive and noninvasive tests are available to identify patients at high risk of devel‐
oping CAD. Functional tests include exercise stress testing, exercise or dobutamine stress
echocardiography, nuclear myocardial perfusion imaging (MPI) using stress agents such as
dipyridamole, adenosine, dobutamine or regadenoson (REG), and vasodilator stress magnetic
resonance imaging. Coronary computed tomography angiography (CCTA) and the traditional
gold standard, coronary angiography, serve as the two well-established anatomic modalities
used for CAD detection. This chapter will focus on REG, the newest of the pharmacologic stress
agents, and its applications in myocardial perfusion imaging. It will conclude with a brief
overview of some novel applications of REG in cardiology.

2. REG: development, pharmacology, and hemodynamic effects

2.1. Adenosine receptors

Adenosine receptors are located in the myocardium as well as in smooth muscle cells of the
coronary arterioles and the bronchial tree. Various subtypes of adenosine receptors exist
including A1 receptors found in the atrioventricular node, A2A receptors present in coronary
arteriolar smooth muscle, and A2B and A3 receptors located in bronchial smooth muscle. The
different locations and functions of these receptors have been pivotal in the development of
newer pharmacologic stress agents (Figure 1). Adenosine directly and dipyridamole indirectly
act on adenosine 2A (A2A) G-protein-coupled receptors found on the cell membrane of coronary

Coronary Artery Disease - Assessment, Surgery, Prevention4

arteriolar smooth muscle cells. However, both are nonselective and also activate the other
adenosine receptor subtypes causing frequent clinically important side effects (e.g., atrioven‐
tricular block due to A1 activation and bronchoconstriction due to A2B and A3 receptor
activation) as well as other less serious but often unpleasant side effects. In contrast, REG exerts
its effect selectively on A2A receptors achieving the coronary dilatation necessary to perform
MPI studies while keeping side effects to a minimum.

Note: Springer and J Nucl Cardiol, 17, 2010, 494-497, The emerging role of the selective A2A agonist in pharmacologic
stress testing, Gemignani AS, Abbot BG, Figure 1. With kind permission from Springer Science and Business Media

Figure 1. Types of adenosine receptors, their functions, and activation/inhibition by various pharmacologic agents.

2.2. Development and approval of of REG

Cardiac stress testing is able to identify as well as risk stratify individuals who are at risk for
CAD. Vasodilator stress testing challenges the coronary flow reserve in order to evaluate the
hyperemic capacity of the heart, which can be impaired in significant epicardial stenosis or
microvascular disease and lead to transient ischemia. Ischemic changes manifest either as
perfusion or wall motion abnormalities depending on the imaging modality used. The
currently available pharmacologic stress agents with primarily vasodilator function are
dipyridamole, adenosine, and REG. While dobutamine also vasodilates, it mainly stresses the
heart via its positive inotropic and chronotropic effects.

An ideal cardiac stress agent should cause short-lived but maximal coronary vasodilatation.
Both of these can be achieved if the stress agent has low affinity for its receptor and the target
tissue has many adenosine receptors. The coronary arterial tree has an abundance of A2A

Regadenoson — Overview of Applications in Cardiology
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receptors of which only a fraction needs to be activated to elicit the desired coronary vasodi‐
lation and produce maximal coronary hyperemia. Given the nonspecific nature of adenosine
receptor stimulation by adenosine and dipyridamole leading to undesired side effects, the
need existed for the development of an A2A-selective agent largely devoid of significant side
effects such as bronchospasm and atrioventricular conduction block. REG (code name CVT
3146) was identified as an agent with A2A selectivity yet with a low affinity for A2A receptors,
meaning it dissociates quickly after eliciting maximal coronary vasodilation, thus causing
adequate coronary hyperemia for a short period of time. REG underwent preclinical and
subsequently randomized clinical studies showing non-inferiority compared to the commonly
used vasodilator adenosine. This led to its approval by the Food and Drug Administration in
2008. It is marketed by Astellas Pharma US Inc. under the trade name Lexiscan® in the United
States as a cardiac stress agent for MPI studies in patients who are unable to exercise. Following
REG administration, coronary hyperemia occurs for approximately 2–5 min, which is adequate
for radionuclide uptake and makes it possible to perform stress testing using a single bolus
injection.[3]

2.3. Pharmacology and pharmacokinetics of REG

REG is a 2-[N-1-(4-N-methylcarboxamidopyrazolyl)] adenosine derivative. It is prepared by
condensing ethoxycarbonylmalondialdehyde with 2-hydrazinoadenosine in a 1:1 mixture of
ethanoic acid and methanol. The resulting ester is then converted directly by aminolysis with
methylamine to the amide REG (Figure 2). Alternatively, REG can be prepared from 2-chloro
or 2-iodo adenosine derivatives. The amide links at the 4-position of the N-pyrazolyl, which
has both lipophilic and hydrophilic substituents lending the drug greater affinity for the
adenosine 2A receptor than the other adenosine receptor subtypes.

Figure 2. The molecular structure of REG (CVT-3146; (1-[9-[(4S, 2R, 3R, 5R)-3,4-dihydroxy-5-(hydroxymethyl)oxo‐
lan-2yl]-6aminopurin-2-yl]pyrazol-4-yl)-N-methylcarboxamide).

It is usually given as a single 400-μg (5 mL) intravenous bolus after which it immediately
distributes throughout the body. No weight-based dose adjustment is necessary. REG then
undergoes three phases of elimination. The first is the phase of maximal coronary hyperemia
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lasting 2–4 min.[4] The second phase lasts 15–30 min with profound effect on heart rate and
blood pressure, and the third phase, which lasts for 33–108 min, is clinically nonsignificant.[5]
Much about REG’s metabolism remains unknown; however, its excretion is both renal and
hepatic. The kidneys remove approximately 60% via tubular secretion, while the liver excretes
around 40% of the drug unmetabolized into the bile.

2.4. Hemodynamic effects of REG

As a coronary vasodilator REG is shown to cause tachycardia and changes in blood pressure
(both increase and decrease).Trochu et al.[6] showed in animal studies that while adenosine
increased left ventricular (LV) systolic pressure, REG did not to any significant degree, and
that LV contractility measured by dP/dT increased by 39±7% with REG and 29±7% with
adenosine. The ADVANCE MPI studies[7] have shown that the decrease in systolic and
diastolic blood pressures (BP) was similar between REG and adenosine (systolic BP drop 14±13
mmHg vs. 13±14 mmHg, P = ns; diastolic BP drop 10±8 mmHg vs. 10±8 mmHg, P = ns). Both
drugs increase the heart rate; however, REG more significantly than adenosine (25±11bpm vs.
20±10bpm, P < 0.001).

The increase in heart rate with REG is mainly due to direct sympathetic excitation and less so
from a baroreceptor reflex induced tachycardia. Dhalla et al.[8] has also suggested that an
A2A receptor mediated sinus tachycardia can occur with REG. A blunted heart rate acceleration
with both REG and adenosine has also been observed in studies with diabetic patients and is
felt to be related to sympathetic denervation.[9]

2.5. Side effect profile of REG

Like other vasodilators, REG is associated with many minor and a few major (albeit to a lesser
extent than older vasodilators) side effects of which clinicians need to be aware.[10] Transient
side effects included nausea (6%), abdominal pain (5%), headache (26%), and chest tightness
(13%). In the randomized studies evaluating REG prior to its FDA approval, atrioventricular
(AV) block incidence was <1% with no instances of advanced AV block or asystole in the
ADVANCE MPI 3 studies. However, post marketing surveillance has highlighted rare major
adverse reactions related to REG such as acute myocardial infarction,[11, 12] atrioventricular
block, and asystole.[13] Thus, REG, despite its A2A selectivity, should not be used in patients
with greater than the first-degree AV block unless they have a backup pacemaker. Further‐
more, cases of syncope[14] and seizures[15] have also been reported following REG adminis‐
tration. Although aminophylline is used for reversal of many REG-induced side effects, it
should not be used in the setting of seizures following REG injection as it lowers the seizure
threshold. Instead, standard antiseizure therapy with benzodiazepines and agents such as
phenytoin should be used.

2.6. Effect of caffeine on REG and clinical implications

Caffeine is an A2A receptor antagonist (Figure 1). Hence, it has the potential to attenuate the
hyperemic response, which occurs after vasodilator administration. This is a well-known
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problem with adenosine and dipyridamole, both of which require abstinence from caffeinated
products for at least 24 h prior to stress testing. However, the REG package insert specifies
withholding caffeinated products for only 12 h prior to testing. Preclinical animal studies
suggested that caffeine attenuated the duration of REG-induced coronary hyperemia in dogs.
[16] Subsequent human studies evaluating myocardial blood flow in 41 healthy volunteers
using REG with PET imaging showed that moderate caffeine consumption may not interfere
with REG-induced coronary hyperemia.[17] Thus, conflicting evidence existed regarding the
effect of caffeine on REG stress testing until a multicenter randomized trial on this subject was
performed in 2014.

Tejani et al.[18] studied the effects of caffeine on the diagnostic accuracy of REG single proton
emissions computed tomography (SPECT) MPI in 207 subjects with documented coronary
artery disease on an initial rest-REG SPECT MPI sequence. A third set of SPECT images was
acquired in all patients following randomization to two different caffeine doses (200 and 400
mg) or placebo. Previously noted reversible defects were attenuated in patients who consumed
both doses of caffeine at least 90 min prior to REG administration, thus diminishing the
diagnostic accuracy of the study. There was no difference in adverse effects between the three
groups.[18] Current American Society of Nuclear Cardiology (ASNC) guidelines recommend
that patients refrain from caffeine consumption for at least 12 h before REG stress testing.

Variable Regadenoson Adenosine Dipyridamole

Brand name Lexiscan® Adenocard®/Adenoscan® Persantine®

Indication
Pharmacologic stress agent

in MPI.

Treatment of paroxysmal
supraventricular tachycardia,
pharmacologic stress agent in

MPI

Oral—antithrombotic along
with warfarin/aspirin.

Intravenous—
pharmacologic stress agent

in MPI

Mechanism of action

Increases coronary flow
reserve (CFR) via selective

A2A adenosine receptor
agonism

Nonselective adenosine agonist
on A1, A2A, A2B, and A3

receptors. Increases coronary
flow reserve (CFR) via
A2Areceptor activation.

Increases availability of
adenosine by inhibiting
adenosine deaminase,

which prevents adenosine’s
breakdown

Potency
10 times more potent than

adenosine
Less potent Less potent

Distribution in body 11.5 L Unknown 2–3 L

Metabolism Unknown

In blood and tissue,
metabolized by adenosine

deaminase into inosine and
then adenosine

monophosphate and
hypoxanthine

Hepatic

Time to peak 1–4 min 30 s 2–2.5 h
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monophosphate and
hypoxanthine

Hepatic

Time to peak 1–4 min 30 s 2–2.5 h
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Variable Regadenoson Adenosine Dipyridamole

Half-life

Triphasic
First phase = 2–4 min

Second phase = 15–30 min
Third phase = 33–108 min

<10 s 30–45 min

Administration Bolus Infusion Infusion

Dose 400 μg 140 μg/kg/min 0.14 mg/kg/min

Duration of infusion 10-20 s bolus 6 min continuous infusion 4 min continuous infusion

Excretion
57% of drug excreted

unchanged in urine via
tubular secretion

Cellular uptake
Conjugated by glucuronide

and unchanged drug
excreted in feces

Safety in pregnancy
Risk cannot be ruled out

(Category C)
Risk cannot be ruled out

(Category C)

No evidence of human risk
in controlled studies

(Category B)

Common side effects
Headache 26% , flushing

16%, dyspnea 28%,
hypotension 2%

Headache 21%,
flushing 35%,

dyspnea 19%, hypotension 3%

Headache 12%, flushing
3.4%, dyspnea 2.6%,

hypotension 5%

IV tubing Not needed: only Hep-lock Needed Needed

Protocol completion time
with radiotracer

Less than 1 min 4–6 min 6–8 min

Table 1. Comparison of the three commonly used vasodilator agents

Compared with the other two agents, REG is more potent, causes more selective coronary
vasodilatation, can be injected in a single bolus without weight-based adjustments, and
produces SPECT images comparable to adenosine and dipyridamole.

3. REG SPECT MPI in detection of coronary artery disease

3.1. Comparison to adenosine

In a multicenter phase 2 study, REG was tested in 36 patients undergoing SPECT MPI at bolus
doses of 400 and 500 μg. Patients with heart transplantation, left bundle branch block,
ventricular pacemaker, and low ejection fraction (14 patients) were excluded. This study
showed a higher rate of detecting reversible perfusion defects with the lower dose of REG (89%
for 400 μg) than with the higher dose (76% for 500 μg).[19] Subsequently, two phase 3 double-
blinded, randomized, multicenter trials (ADVANCE-MPI 1 and ADVANCE-MPI 2) demon‐
strated non-inferiority of REG SPECT MPI to adenosine SPECT MPI. The ADVANCE-MPI 2
trial included 54 sites and 784 patients undergoing clinically indicated adenosine MPI who
were blindly randomized 4 weeks later to a second MPI study with REG (n = 495) or adenosine
(n = 260) in a 2:1 ratio. Study images were reported in a blinded fashion by three nuclear
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cardiology experts unaware of any patient data. The primary aim of the study was to show
the strength of agreement between sequential adenosine and REG images, and the non-
inferiority of the adenosine-REG sequence to the adenosine-adenosine sequence for consis‐
tently detecting reversible perfusion defects. The investigators demonstrated that the overall
agreement was not statistically different between sequential adenosine–adenosine images
(0.64 ± 0.04) compared to adenosine–REG images (0.63 ± 0.03). Furthermore, there was no
significant difference in image quality between the two stress agents, and the patient tolera‐
bility questionnaire favored REG in this study. In a subsequent quantitative analysis of the
ADVANCE-MPI 2 study, investigators showed that the total perfusion defect size, ischemic
perfusion defect size, ejection fraction, and LV volume estimation was similar between REG
and adenosine.[20] Thus, cumulative evidence collected from over 2000 patients in these
pivotal phase 3 trials demonstrated the non-inferiority of REG to adenosine in SPECT MPI, [7]
as well as the effects of age, gender, obesity, and diabetes on the efficacy and safety of REG[21]
leading to its approval for clinical use.

3.2. REG in special populations

3.2.1. Renal disease

The predominantly renal excretion of REG (60% of the drug) raises concern for its safety in
chronic kidney disease and end stage renal disease patients, including those on dialysis. To
date, two major studies and one prognostic study have shown that REG is not associated with
any major adverse events in this group.

Ananthasubramaniam et al.[22] conducted a randomized, double-blinded, placebo-controlled
multicenter trial to evaluate the safety and tolerability of REG in 432 patients with stage 3
(glomerular filtration rate (GFR) 30–59 mL/min/1.73 m2) and 72 patients with stage 4 (GFR 15–
29 mL/min/1.73 m2) chronic kidney disease. There were no major adverse events within 24 h
of REG injection in the intervention group. Minor adverse effects like headache, dyspnea, chest
discomfort, nausea, flushing, and dizziness were more common in the REG group than in the
placebo group.

Doukky et al.[23] studied 146 ESRD patients undergoing REG stress testing, which included
131 patients on hemodialysis, 12 patients on peritoneal dialysis, and two not on any dialysis.
These were compared with 97 control patients with GFR ≥30 mL/min. The primary end point
of the study was patient reported side effects within 24 h following REG administration. There
were no statistically significant differences in adverse effects between the groups. Interestingly,
end stage renal disease patients tolerated REG stress better than the control group and
expressed their willingness to take the test again (117/131 (80%) vs. 63/97 (65%), P = 0.001).[23]

3.2.2. Asthma and COPD

Adenosine 2B and 3 receptors are located in bronchial smooth muscle cells which, when
activated, can lead to bronchoconstriction (Figure 1). Although REG is a selective A2A receptor
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agonist, there is a concern related to its use in patients with asthma and chronic obstructive
pulmonary disease (COPD).

More than six studies have been performed to evaluate the safety of REG in this population
specifically looking at respiratory symptoms, spirometry parameters, hemodynamic response,
and major adverse events. The combined population of these five prospective studies and one
retrospective study comprised 686 COPD patients and 695 asthmatics.[24] Respiratory
parameters like FEV1, FVC, FEV1/FVC ratio, and patient-reported symptoms were monitored
in most of these studies. All showed that REG is safe in COPD and asthmatics. Dyspnea was
reported more frequently in COPD and asthmatics, but no significant decline in spirometry
measurements occurred among these patients in two double-blinded studies.[25, 26] Of
particular note, Kwon et al.[27] demonstrated that patients who underwent low-level exercise
in conjunction with REG stress reported fewer respiratory symptoms than those who did not
exercise following REG administration.

3.2.3. Pacemaker and left bundle branch block

In patients with left bundle branch block (LBBB), pacemaker, or intrinsic conduction disease,
the increased heart rate caused by either exercise, or dobutamine can lead to false-positive
septal perfusion defects. This is due to a tachycardia-induced decrease in diastolic perfusion
in an already asynchronously activated septum. Multiple studies have compared adenosine
and exercise stress tests in these patients. Caner et al.[28–30] showed that dobutamine stress
testing is associated with higher false positives in LBBB patients, and similar results were
observed in pacemaker patients as well.

The ability of REG to identify perfusion defects in this population was studied by Thomas et
al.[31] In their sub-analysis of the ADVANCE MPI 1 and 2 trials, where all 2015 subjects
underwent SPECT MPI with adenosine followed by SPECT MPI with either REG or adenosine,
64 patients with LBBB and 93 with pacemakers were identified. Hemodynamic changes,
visually assessed summed difference scores (SDS), and quantitative perfusion defects in the
LAD territory and septum were compared between REG MPI and adenosine MPI. The study
showed that although REG led to a significant increase in heart rate compared with adenosine,
it did not cause or exaggerate perfusion defects in the LAD or septal territories either by SDS
or quantitative assessment.[31]

3.2.4. Orthotopic heart transplant patients

Orthotopic heart transplant (OHT) patients have a higher incidence of AV block due to
denervation supersensitivity. Hence, OHT patients who undergo MPI studies are at increased
risk for developing high-grade AV block. Few studies have evaluated the role of MPI in
diagnosing cardiac allograft vasculopathy in these patients.

In a retrospective analysis, Al-Mallah et al.[32] identified 102 OHT patients who underwent
adenosine MPI and compared them with 204 control patients for heart rate, blood pressure
changes, and occurrence of AV block. A threefold increase in the incidence of high-grade AV
block (Mobitz type II and third degree) was seen in OHT patients vs. controls. Symptomatic
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bradyarrhythmias occurred in 2% of OHT patients leading to premature termination of the
adenosine infusion.

OHT patients were excluded from the early trials of REG, which led to its approval, and thus
the safety of REG in this population was initially unknown. The effects of REG in these patients
are particularly relevant, however, given its relative A2A selectivity and the decreased incidence
of AV block observed with REG in other populations. Cavalcante et al.[33] identified 40 OHT
patients who underwent REG MPI. These results were compared with prior adenosine MPI
results in the same patients. There were five episodes of second-degree AV block (Mobitz type
II) and three episodes of sinus pause in adenosine MPI compared with only one episode of
sinus pause in REG MPI. No major adverse effects such as congestive heart failure or death
were reported following REG administration. To reverse REG’s side effects, aminophylline
was given to four patients (two for severe headache and two for chest pressure). However,
REG was largely well tolerated by the OHT patients with no difference in overall adverse effect
profile between the two test drugs.

4. REG in positron emission tomography stress myocardial perfusion
imaging

Although REG was approved in April 2008 by the U.S. Food and Drug Administration for use
in single photon emission computed tomography (SPECT) radionuclide myocardial perfusion
imaging (MPI) as a pharmacologic stressor in patients unable to perform exercise stress testing,
it has not yet been formally approved for use in positron emission tomography (PET) MPI.
Nonetheless, it is increasingly being used in PET MPI in addition to the more established
vasodilators, adenosine and dipyridamole. Over the past several years, PET MPI has become
more accepted into the mainstream for the diagnosis and management of coronary artery
disease (CAD).[34] Furthermore, a recent consensus statement by the American Society of
Nuclear Cardiology recommended PET MPI over SPECT MPI as the preferred initial phar‐
macologic MPI modality if available.[35] The following is a discussion of the current evidence
for REG as a pharmacologic stressor in PET MPI.

4.1. Current guidelines

The 2003 ACC/AHA/ASNC Guidelines for Clinical Use of Radionuclide Imaging recommend
adenosine or dipyridamole myocardial perfusion PET for diagnosis in patients with an
intermediate likelihood of CAD and/or for risk stratification in patients with an intermediate
or high likelihood of CAD.[36] The only class I recommendation is in “patients in whom an
appropriately indicated myocardial perfusion SPECT study has been found to be equivocal
for diagnostic or risk stratification purposes” (Level of Evidence B). Class IIa recommendations
for vasodilator PET MPI are identification of “the extent, severity, and location of ischemia as
the initial diagnostic test in patients who are unable to exercise” and in “patients who are able
to exercise but have LBBB or an electronically-paced rhythm” (both Level of Evidence B). REG
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is listed as an additional vasodilator in the 2009 American Society of Nuclear Cardiology
Guidelines.[37]

4.2. PET vs. SPECT myocardial perfusion imaging: advantages and disadvantages

Cardiac PET imaging always includes concomitant CT acquisition for attenuation correction
whereas this is still optional with SPECT. Effective radiation dose is lower with PET despite
high positron emission energy due to very short half-life of rubidium-82 (Rb-82), the most
commonly used PET radiotracer. Ejection fraction (EF) reserve (stress EF – rest EF) is more
accurate with PET than SPECT because PET calculates the EF at peak stress rather than post
stress as with SPECT. Coronary blood flow/flow reserve is possible with PET as myocardial
uptake of Rb-82 bears a more linear relationship to coronary flow rates whereas the uptake of
SPECT tracers plateaus at low flows. This allows for better characterization and localization
of CAD. The superior image quality of PET is related to its high spatial resolution, reduced
scatter, and the high positron emission energy of Rb-82 (1.52 MeV).

Advantages Disadvantages

Higher spatial resolution (2–4 mm vs. 6–8 mm) [38-40] Incompatible with exercise (t 1/2 of Rb-82 only 75 s)

Better count efficiency (more counts in less time) [38-40] Insurance coverage not universal

Superior soft tissue attenuation correction [38, 39] Less availability

Less liver/bowel uptake (less scatter) [40] Motion artifact affects entire image (360° acquisition)

Shorter scan time (5 vs. 16 min) [40] Claustrophobia (longer tunnel)

Less radiation (3.7 vs. 10–22 mSv) [40, 41]

More accurate estimation of EF reserve [42]

Ability to assess coronary blood flow/coronary flow
reserve [34]

Superior diagnostic sensitivity, specificity, and accuracy
[40]

Superior image quality [40]

Increased confidence in interpretation [40]

Table 2. Advantages and disadvantages of Rb-82 PET MPI vs. SPECT MPI

Sensitivity (PET/SPECT) Specificity (PET/SPECT) Accuracy (PET/SPECT)

>70% stenosis 87%/82% (ns) 93%/73% (P = 0.02) 89%/79% (P = 0.03)

>50% stenosis 86%/81% (ns) 100%/66% (P = 0.00008) 87%/71% (P = 0.003)

Table 3. Overall sensitivity, specificity, and diagnostic accuracy of PET vs. SPECT MPI for both moderate and severe
degrees of coronary stenosis

Comparison of 112 SPECT MPI (using adenosine and Tc-99m) and 112 PET MPI (using
dipyridamole and Rb-82) in populations matched for gender, BMI, and presence/extent of
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CAD.[40] “Specificity” includes low-likelihood patients who did not undergo angiography in
addition to angiographically normal patients. “ns” = not statistically significant.

4.3. Advantages of REG in PET MPI

The increase in coronary blood flow is over 100 times greater with REG than adenosine. Rapid
onset of hyperemia (less than 1 min after injection) with peak hyperemia occurring about 2.3
min following injection[3] along with weight-independent standardized dosing make REG
well suited for use with short-acting PET radiotracers such as Rb-82 (t1/2 = 75 s). Rapid testing
is thereby facilitated with the stress portion lasting less than 1 min. When using REG stress
together with PET imaging, the entire test duration is only 16–18 min. Figure 3 is a flow diagram
of the REG PET MPI protocol used by Hsiao et al.[43]

Reproduced with permission. Hsiao E, Ali B, Blankstein R, et al. Detection of obstructive coronary artery disease using
regadenoson stress and 82Rb PET/CT myocardial perfusion imaging. J Nucl Med 2013;54:1748–54.

Figure 3. Rest-stress regadenoson [82]Rb PET/CT protocol. After scout CT acquisition (120 kVp, 10 mA), CT transmis‐
sion scan (CTAC) (140 kVp, 10 mA, pitch of 1.35) was acquired. Patients received 1,480-2,220 MBq of [82]Rb intrave‐
nously at rest, and emission images were acquired in 2-dimensional list mode. After rest imaging, patients remained in
scanner gantry for stress imaging. Stress was induced with 0.4 mcg of regadenoson given intravenously over 10 s fol‐
lowed by 10-mL flush with normal saline. Immediately after saline flush, second dose of 1,480-2,220 MBq of [82]Rb
was administered intravenously approximately 30 s after regadenoson injection and emission images were acquired as
previously described. Ordered-subsets expectation maximization (30 iterations and 2 subsets) and 3-dimensional PET
filtering (Butterworth filter, cutoff frequency of 10, order of 5) were used for reconstruction of images.[43]

4.4. Coronary flow reserve using PET

The ability to quantitatively assess coronary blood flow (CBF) and coronary flow reserve (CFR)
on angiography was discovered by Gould in animal experiments during the mid 1970s.[44]
Because PET image acquisition occurs during peak stress, calculation of CFR (peak flow ÷ rest
flow) is one of the unique features of PET as opposed to other noninvasive imaging modalities.
A “normal range” has proved difficult to define given the disparity between coronary flows
in asymptomatic patients. Based on pooled data from nearly 15,000 patients in 252 studies
using three different PET isotopes, CFR in patients without CAD is 3.55 ± 1.36. In patients with
established coronary disease, this drops to 2.02 ± 0.70.[45] Table 4 displays the range of values
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for absolute coronary flow and CFR in the presence of CAD risk factors and other forms of
cardiac disease. One of the larger studies in the literature, however, identified a CFR of 1.74
as the cutoff for “definite ischemia” below which patients manifest anginal symptoms and/or
ischemic ECG changes during vasodilator stress testing matched by a significant perfusion
defect on PET imaging.[46]

Reproduced with permission. Gould KL, Johnson NP, Bateman TM, et al. Anatomic versus physiologic assessment of
coronary artery disease. Role of coronary flow reserve, fractional flow reserve, and positron emission tomography
imaging in revascularization decision-making. J Am CollCardiol2013;62:1639–53.

Table 4. Graded Absolute Flow and Coronary Flow Reserve Across Spectrum of Disease : n=14,962[45]

Not until recently was the clinical utility of PET-derived CFR fully appreciated. A study of 205
patients (using REG in half of these) demonstrated that with a negative predictive value of
97%, normal global CFR virtually assures the absence of high-risk CAD, despite any coexistent
abnormal perfusion.[47] However, as a reduced CFR can occur in three different conditions
(diffuse non-obstructive atherosclerosis, significant epicardial coronary stenosis, and micro‐
vascular disease), it can be somewhat helpful but is not specific for selecting patients likely to
have high-risk CAD on angiography. A very recent study of PET-derived CFR further
illustrated that low CFR can be seen in patients with systolic cardiomyopathy (EF ≤ 45%) of
both ischemic and non-ischemic etiologies.[48] Murthy et al.[49] studied 2783 patients with
known or suspected CAD referred for rest/stress PET MPI and then followed over a median
of 1.4 years. Those in the lowest CFR tertile (<1.5) had a 16-fold increase in risk of cardiac death
versus those in the highest tertile (>2.0). The middle tertile had a 5.7-fold increase in risk
compared to the highest tertile. The addition of CFR to clinical and standard MPI factors led
to the correct re-categorization of 34.9% of patients in the intermediate-risk group. Patients in
this study received one of four different vasodilators (adenosine, dipyridamole, dobutamine,
or REG). As resting CBF was similar between all three tertiles, the reduction in CFR was
primarily driven by lower CBF with stress suggesting impaired coronary vasodilator function
as an etiology. No difference was drawn between the various vasodilators used, however.

Very little has been published on the specific use of REG to assess CFR in Rb-82 PET MPI. Van
Tosh et al.[50] used REG alone to show that CFR corresponded with LV dysfunction (LVD)
during stress and that regional reductions in CFR were more often present in patients with
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LVD than those without, indicating that the phenomenon of coronary steal may be involved
in the genesis of LVD.

4.5. REG PET MPI vs. dipyridamole PET MPI

There exist scant data comparing REG and dipyridamole in PET MPI. A recent study retro‐
spectively assessed CBF and CFR using Rb-82 perfusion PET/CT in 104 matched patients with
normal stress tests, half with dipyridamole and half with REG. No significant difference in
stress CBF and CFR was found between the two vasodilators (Figure 4). Further supporting
REG’s usefulness as a stress agent was the lack of any correlation between stress CBF or CFR
and patient weight or BMI.[51]

Reproduced with permission. Goudarzi B, Fukushima K, Bravo P, Merrill J, Bengel FM. Comparison of the myocardial
blood flow response to regadenoson and dipyridamole: a quantitative analysis in patients referred for clinical 82Rb
myocardial perfusion PET. Eur J Nucl Med Mol Imaging2011;38:1908–16.

Figure 4. Myocardial blood flow (MBF) and myocardial flow reserve (MFR) in subjects undergoing pharmacological
stress with regadenoson versus dipyridamole. a No significant difference in MBF between groups at rest (left, p=0.77)
or during stress (right, p=0.39). b No significant difference in MFR (p=0.31).[51]

A very recent study by Johnson and Gould compared CFR in patients undergoing two
sequential PET MPIs, either both with dipyridamole (n = 50) or with dipyridamole and REG
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(n = 126).[52] In the latter group, various timings between REG administration and activation
of the Rb-82 generator were used. It was demonstrated that using the timing recommended in
the REG package insert (10–20 s between REG injection and radioisotope injection), the stress
CBF and CFR with REG were only 80% of the hyperemia attained with dipyridamole. By
increasing this interval to 55 ms, this percentage was increased to 90%. These findings suggest
that with the current timing recommendation, REG remains inferior to diypirdamole in
detecting stress CBF and CFR.

The shorter duration of peak hyperemia with REG (2.3 min) than dipyridamole has raised
some concern as to whether Rb-82 uptake by the myocardium would be sufficient to register
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studied 32 patients, all of whom underwent both REG and dipyridamole PET MPI, and
compared summed stress and difference scores, total perfusion deficit, LVEF, LV volumes,
and change in stress-rest function. They determined that REG and dipyridamole yielded
equivalent measures of cardiac perfusion and function.
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perfusion imaging.

4.6. Diagnostic accuracy of REG PET MPI

Studies comparing vasodilator stress SPECT and PET MPI have repeatedly demonstrated
slightly higher sensitivity in PET (90%) than SPECT (80–84%) but far greater specificity in PET
(89%) than SPECT (53–76%).[34, 38, 39] Table 5 summarizes the results of all published
literature on the diagnostic accuracy of PET through 2007. Most of these studies used Rb-82 as
a tracer and dipyridamole ± handgrip for stress. One included dipyridamole, adenosine, and
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PPV= positive predictive value; NPV= negative predictive value; NR= not reported. (Reprinted with permission of (28).)

Reproduced with permission. Di Carli MF, Dorbala S, Meserve J, El Fakhri G, Sitek A, Moore SC. Clinical myocardial
perfusion PET/CT. J Nucl Med2007;48:783–93.

Table 5. Summary of Published Literature with Regard to Diagnostic Accuracy of PET[34]
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Hsiao et al.[43] performed the first and so far only published study to evaluate the diagnostic
accuracy of REG in PET MPI. In a relatively small cohort of 134 patients in 98 of whom
angiographic data were also available, its accuracy was found to be similar to that of PET MPI
using other vasodilators. Sensitivity for obstructive CAD was 92%, and overall specificity was
77% (53% in patients with high likelihood of CAD but no angiographic evidence of obstructive
disease and 93% in low likelihood patients who did not go on to angiography [normalcy rate]).
The area under the receiver–operator curve was 0.847, comparable to the high accuracy rates
of PET in previous studies.

The high sensitivity of PET MPI for detection of obstructive CAD can be further increased by
PET’s ability to quantify blood flow/flow reserve and to calculate LVEF reserve using peak-
stress LVEF.

4.7. Prognostic value of REG PET MPI

It has been shown that the prognostic value of REG is comparable to that of adenosine in
patients with normal SPECT myocardial perfusion tests.[54] There are no published data on
the prognostic value of REG in PET MPI, nor of REG MPI in patients with abnormal results
using either PET or SPECT. Recent studies, however, offer insight as to the prognostic value
of LVEF reserve in vasodilator stress PET.

Dorbala et al.[42] established that LVEF reserve (stress LVEF – rest LVEF) is independently
predictive of the extent of at-risk myocardium on Rb-82 PET MPI and the extent of CAD on
invasive angiography. Based on these results, LVEF reserve >5% essentially rules out severe
3-vessel or left main disease with a negative predictive value of 97%. In 985 patients with gated
vasodilator stress Rb-82 PET MPI, nearly half of whom were at intermediate risk for CAD
consistent with contemporary practice, the same group of investigators showed that during a
mean follow-up period of 1.7 years, the frequency of cardiac events and all-cause death was
higher in patients with LVEF reserve <0 than in those with LVEF which either remained the
same or augmented with stress.[55] The prognostic value of LVEF reserve was found to be
independent of, and incremental to, clinical variables and rest LVEF. These studies, however,
included only patients who had received either dipyridamole or adenosine.

Hsiao’s was the first group to investigate LVEF reserve using REG PET MPI, albeit in a much
smaller cohort of 115 patients. Here, LVEF reserve with REG was inversely related to the
severity of reversible perfusion defect (summed difference score) as well as jeopardized
myocardium on coronary angiography (Duke Jeopardy Score)[43] (Figures 5 and 6). This
suggests that REG may be as useful as dipyridamole or adenosine in determining LVEF
reserve; however, further studies are still needed to evaluate its prognostic value.

4.8. Future directions for REG PET MPI

The IDEALPET (Integrated Dual Exercise and Lexiscan PET) study is currently underway and
will compare Lexiscan© alone with Lexiscan© plus exercise (“Lexercise”) with regards to
safety, tolerability, myocardial perfusion image quality, and assessment of relative and
absolute myocardial perfusion.[56]
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Reproduced with permission. Hsiao E, Ali B, Blankstein R, et al. Detection of obstructive coronary artery disease using
regadenoson stress and 82Rb PET/CT myocardial perfusion imaging. J Nucl Med2013;54:1748–54.

Figure 5. Regadenoson LVEF reserve as function of relative MPI results. Mod=moderate.[43]

Reproduced with permission. Hsiao E, Ali B, Blankstein R, et al. Detection of obstructive coronary artery disease using
regadenoson stress and 82Rb PET/CT myocardial perfusion imaging. J Nucl Med2013;54:1748–54.

Figure 6. Regadenoson LVEF reserve as function of Duke Jeopardy Score. LLK= low likelihood.[43]
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As of February 2011 REG was being used in 68% of all pharmacologic stress MPI studies in
the United States.[54] Given its already widespread use and favorable profile as a stress agent
plus the advantages inherent in Rb-82 PET perfusion imaging (superior image quality, shorter
scan time, lower radiation dose to patient, quantitation of myocardial blood flow, measure‐
ment of peak LVEF, additional prognostic information), REG PET MPI has the capacity to
become the pharmacologic stress test of choice over the next several years.

5. Novel applications of REG

5.1. Adjunct to exercise MPI

Exercise-based testing has been convincingly shown to provide powerful prognostic data and
remains the preferred mode of stress testing if patients are capable of exercising.[57, 58]
However, about 25% of exercise-based testing may be non-diagnostic due to inability to
achieve target heart rates. Two alternatives for these patients have been evaluated in the past:
either rescheduling for pharmacologic stress or immediately attempting adjunctive vasodila‐
tor stress with agents such as adenosine and dipyridamole.[59, 60] The combination of
simultaneous adjunctive low-level exercise with adenosine or dipyridamole helps both to
lessen side effects and improve image quality.[61, 62] However, trying to add on adenosine or
dipyridamole when exercise testing is submaximal poses major challenges as both are given
as an infusion over a few minutes, need to be adjusted for weight or delivered via pump (as
in the case of adenosine), and thus are not immediately feasible. In these instances, patients
are usually rescheduled for a pharmacologic stress test when exercise testing is submaximal.
With the advent of rapid-acting, weight-independent, single-bolus dosing of REG, its use as
an adjunct to exercise seemed logistically feasible and potentially convenient. Its administra‐
tion could result in quick conversion of an otherwise non-diagnostic nuclear exercise stress
study due to submaximal heart rate to a diagnostic one. Early data support such a practice.

Thomas et al.[63] evaluated the safety of REG during exercise in a double blind study of 60
patients focusing on image quality, patient acceptance, and detection of perfusion defects.
Patients undergoing a clinically indicated adenosine supine MPI were subsequently
randomized in a 2:1 fashion to REG with low-level exercise (RegEx) or placebo with low-
level exercise (PlcEx). This small study showed no significant differences in blood pressure
response between the RegEx and PlcEx groups, although a smaller increase in heart rate was
noted in the RegEx than in the PlcEx group. The image quality was better with REGEx com‐
pared to the adenosine supine MPI images. Patient tolerability was also reported to be better
with RegEx compared to adenosine supine MPI. No significant adverse events, including
high-grade AV block, were reported in the RegEx group.

In a subsequent study, Kwon et al.[27] published their retrospective experience with 1263
patients undergoing REG MPI with either adjunctive low-level treadmill exercise (n = 596)
or as a standard supine REG stress test (n = 667). Among all participants an asymptomatic
drop in systolic blood pressure > 10 mmHg occurred in 51% and > 30 mmHg in 9%. A pres‐
sure drop was observed more often in those randomized to REG plus low-level treadmill ex‐
ercise (56%) than in those undergoing supine REG (47%). In their COPD/asthma patients
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(16%), REG with low-level exercise was well tolerated, and they also reported lower inci‐
dence of nausea, shortness of breath, transient heart block, palpitations, and dizziness over‐
all in those who underwent low-level exercise.

Our own experience comparing REG MPI (n = 887) to REGWALK MPI (n = 485) (REG with
adjunctive low-level exercise) was published as a retrospective series. We showed that REG‐
WALK studies demonstrated higher stress heart rate response, higher heart rate reserve,
and higher systolic blood pressure with stress. There was less use of aminophylline for re‐
versal of REG side effects in the REGWALK compared to the REG group. No major adverse
events were reported in this series.

No data exist showing improved detection of ischemia/prognosis by combining REG with
exercise. A few randomized studies have assessed the safety and efficacy of REG when used
as an adjunct to maximal exercise when target heart rate is not achieved. Ross et al.[64]
randomized 200 patients undergoing exercise MPI to either adjunctive REG if target heart
rate was not achieved at peak exercise or to the discontinuation of exercise with conversion
to a standard supine REG stress test. They showed that both approaches were well tolerated
without any adverse events. There were no differences in ischemia detection, image quality
or referral to cardiac catheterization in either group. Another small randomized study (n =
140) also showed that augmenting submaximal exercise with REG as needed was safe in pa‐
tients.[65] In an effort to finalize the evaluation of REG’s safety as an adjunct to exercise, a
large randomized trial has just been completed by Astellas.[66] Results of this study will
conclusively address not only the safety of REG with exercise but also the detection of ische‐
mia when compared to REG alone.

5.2. Fractional Flow Reserve (FFR)

The concept of reactive hyperemia is particularly useful in guiding percutaneous coronary
intervention (PCI) when intermediate coronary lesions of unclear hemodynamic significance
are present on invasive angiography.[67, 68] More recently, seminal studies have firmly
established that FFR-guided decision making for coronary lesions of unclear significance is
associated with a favorable outcome with PCI being deferred or performed based on FFR
values.[69] Most catheterization labs use either intracoronary or intravenous adenosine for
assessment of hyperemic response.[70, 71] However recent studies have now shown that REG
may be a viable alternative to adenosine with its weight independent bolus and rapid ach‐
ievement of hyperemia in 33–40 s, thus shortening the entire time needed for FFR assessment.
[72, 73] In a study of 25 patients undergoing catheterization, Nair et al.[72] compared the ability
of IV adenosine and IV REG to induce coronary hyperemia in assessment of coronary stenosis
significance. They found excellent linear correlation for measurement of FFR between the two
agents (r = 0.985, P = 0.001). Furthermore, none of the hemodynamically significant lesions
(FFR <0.8, 52% of patients) identified by adenosine were reclassified by REG. There were no
significant adverse reactions to either drug and REG was overall better tolerated than adeno‐
sine.[72] In a more recent study by Prasad et al.,[74] the authors compared 57 patients (60
lesions) undergoing FFR measurements first with adenosine followed by a 10 min washout
phase and then with REG. They showed high correlation in hyperemic response between the
two drugs (R2 = 0.93) (Figure 7) and substantially shorter time to peak hyperemia with REG
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than adenosine as well as a trend to a better side effect profile with REG. One issue of concern
raised by these authors has been the potential cost of a single vial of REG (around 250 dollars)
compared to a 3-min adenosine infusion (80 dollars). However, such cost differences could be
made up by shorter duration of REG administration, no need for infusion pumps and less
nursing time for set up. A recent randomized study of 100 patients has also shown that REG
is equivalent to central venous infusion of adenosine to induce maximal hyperemia for FFR
determination.[75]

In summary, the data accumulated on REG in FFR suggest that it could very well be the
preferred agent in the catheterization lab given its ease of use and proven efficacy and
comparability to adenosine.

5.3. Stress echocardiography

The detection of CAD using stress echocardiography (SE) is based on the physiologic principle
of stress-induced subendocardial ischemia causing wall motion abnormalities in the territory
subtended by stenosis. Exercise and dobutamine (DSE) are the main methods of SE in North
America,[76] whereas high-dose dipyridamole supplemented with atropine has been the
mainstay pharmacologic stressor in Europe.[76, 77]

It  is  well  known that  wall  motion can be completely  normal  with DSE despite  mild to
moderate stenosis and corresponding abnormalities in hyperemic blood flow.[78] Using a
newer technique of myocardial contrast echocardiography (MCE), contrast imaging during
induced hyperemia allows for the detection of milder degrees of coronary stenosis. Similar
to nuclear perfusion imaging, MCE is able to pick up small perfusion abnormalities, which
occur prior to ischemic changes in wall motion, in keeping with the “ischemic cascade.”
Prior  studies  using  adenosine,  dobutamine,  and  exercise  with  MCE  have  shown  that
myocardial contrast perfusion enables detection of moderate stenosis when added to wall
motion.[79–81]

Given its ease of use, there has been interest in using REG as a vasodilator to induce hypere‐
mic stress during MCE. In a study of 100 patients undergoing quantitative coronary angiog‐
raphy, Porter et al.[82] performed real-time MCE with Definity 3% infusion at baseline and
then at 2-min intervals for up to 6 min after a REG bolus. This study showed that MCE with
REG can detect noncritical coronary stenosis (>50% diameter) with sensitivity, specificity,
and accuracy of 80%, 74%, and 75%, respectively, which was better than wall motion analy‐
sis alone (60%, 70%, and 66%, respectively (P < 0.001 for sensitivity)). Furthermore, the au‐
thors concluded that the sensitivity was highest when imaging was performed 4–6 min after
REG administration.[82] In a recent study performed in 10 dogs with mild to moderate non
flow limiting CAD, Le et al.[83] used REG (5 μg/kg, 10-s bolus) along with MCE and as‐
sessed myocardial blood volume, flow velocity, and total regional myocardial flow before
and after REG administration. REG induced an increase in coronary blood flow for 30 min.
This decreased proportionally to stenosis severity, and perfusion defects were visible for up
to 10 min after REG bolus. They noted that the optimal time for imaging myocardial perfu‐
sion in stress echo with REG was between 3 and 10 min after REG bolus.[83]
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Our group recently reported on 44 patients undergoing diagnostic angiography based on
prior abnormal stress testing who also underwent a novel protocol called REGAT (REG +
atropine) SE to assess feasibility, safety, and diagnostic accuracy of CAD detection. The test‐
ing sequence began with administration of 2 × 1 mg boluses of atropine to induce chronotro‐

Prasad et al.: CCI; 2014;83;365–74 [74]
Reproduced with permission Prasad A, Zareh M, Doherty R, et al. Use of regadenoson for measurement of fractional
flow reserve. Catheter CardiovascInterv2014;83:369–74.

Figure 7. Average of FFR with Adenosine and FFR with Regadenoson[74]
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py followed by a 400-μg bolus of REG, and then echo imaging at peak stress starting 20 s
after the REG bolus. The protocol was found to be safe and well tolerated with no serious
adverse effects. The mean duration of REGAT SE was 18 ± 7 min. Significant CAD (≥70%
stenosis) by angiography was present in 51.1%. Sensitivity, specificity, and positive and neg‐
ative predictive values for REGAT SE were 60.9%, 80.4%, 82.4%, and 67.9%, respectively. By
coronary territories, the sensitivity, specificity, PPV, and NPV were as follows: left anterior
descending artery, 58.8%, 92.9%, 83.3%, and 78.8%; left circumflex artery, 6.7%, 93.3%,
33.3%, and 67.7%; and right coronary artery, 16.7%, 93.9%, 50%, and 75.6%. Over 90% of
subjects reported feeling comfortable, with 83% preferring REGAT as a future stress modali‐
ty. We concluded that although the REGAT protocol was fast, safe, and well-tolerated with
good specificity for CAD detection, its low sensitivity and NPV preclude it from routine use.
Importantly, contrast was not utilized in our study as we were testing the feasibility of a
combination of REG and atropine. Overall evidence indicates that REG in SE may be feasible
and safe and, but larger studies are needed in this area as concern still exits that echocardio‐
graphic imaging may not detect ischemia induced by vasodilator stress.

5.4. Coronary CT Angiography (CCTA) and stress perfusion

It is now well established that CCTA performs with high diagnostic sensitivity and has
excellent negative predictive value for the noninvasive evaluation of CAD[84, 85] However
the specificity and positive predictive value have been shown to be less than desired with
overestimation of stenosis severity in published studies[86, 87]. When compared to fractional
flow reserve or SPECT even apparent high grade stenosis diagnosed on CCTA has not be
consistently associated with ischemia[87]. This has raised some concerns that CCTA as a
noninvasive modality for CAD may lead to higher false positives and downstream testing.
CCTA stenosis detection requires additional physiologic information to correctly identify
physiologic significant lesions. Until recently evidence for ischemia evaluation with CCTA has
been very limited. The concept of combining stress perfusion with CT (CTP) has been tested
and found to be accomplished in many single center studies mainly using adenosine or
adenosine triphosphate. This has raised the possibility that a comprehensive anatomic and
physiologically CAD assessment could be feasible by CCTA+CTP. [88-90]

Most recently a multicenter study sponsored by Astellas was completed and published
evaluating the non-inferiority of REG CTP to REG SPECT. Patients (men > 45 years; women >
50 years) with known or suspected coronary artery disease (n=124) were randomized to 1 of 2
diagnostic sequences: rest/REG SPECT MPI on day 1, then REG/rest CTP on day 2, or REG/
rest CTP on day 1 followed by rest/REG SPECT MPI on day 2. CCTA was also performed
during the same acquisition as the CTP in both groups. Scanning platforms included 64-, 128-,
256-, and 320-slice systems. The primary analysis examined the agreement rate between CTP
and SPECT for detecting or excluding reversible ischemia in 2 myocardial segments as assessed
by independent blinded readers. Across the 110 patients included in the final analysis REG
CTP was non-inferior to SPECT for detecting or excluding reversible ischemia with an
agreement rate of 0.87 (95% confidence interval [CI], 0.77-0.97) and sensitivity and specificity
of 0.90 (95% CI, 0.71-1.00) and 0.84 (95% CI, 0.77-0.91), respectively. The agreement rate for
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and SPECT for detecting or excluding reversible ischemia in 2 myocardial segments as assessed
by independent blinded readers. Across the 110 patients included in the final analysis REG
CTP was non-inferior to SPECT for detecting or excluding reversible ischemia with an
agreement rate of 0.87 (95% confidence interval [CI], 0.77-0.97) and sensitivity and specificity
of 0.90 (95% CI, 0.71-1.00) and 0.84 (95% CI, 0.77-0.91), respectively. The agreement rate for
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detecting or excluding fixed defects by REG CTP and SPECT was 0.86 (95% CI, 0.74e0.98). With
SPECT as the reference standard, the diagnostic accuracies for detecting or excluding ischemia
by REG CTP and CTA alone were 0.85 (95% CI, 0.78-0.91) and 0.69 (95% CI, 0.60-0.77),
respectively. The authors concluded that REG CTP is non-inferior to SPECT. Thus, CT
vasodilator stress perfusion imaging either with REG or adenosine appears to have a prom‐
ising role in providing physiologic information to clarify anatomic stenosis. Further studies
are awaited to establish this modality in clinical practice.

6. Conclusion

We have aimed to provide the reader in this chapter a detailed overview of REG and its current
status in cardiac stress testing and other emerging cardiac applications. The role of REG
remains to be better defined in cardiac MRI and CT.
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Abstract

Noninvasive cardiac imaging is a cornerstone of the diagnostic work-up in patients
with suspected coronary artery disease (CAD), cardiomyopathy, heart failure, and
congenital heart disease. It is essential for the assessment of CAD from functional
and anatomical perspectives, and is considered the gate-keeper to invasive coronary
angiography. Cardiac tests include exercise electrocardiography, single photon
emission computed tomography myocardial perfusion imaging, positron emission
tomography myocardial perfusion imaging, stress echocardiography, coronary
computed tomography angiography, and stress cardiac magnetic resonance. The
wide range of imaging techniques is advantageous for the detection and manage‐
ment of cardiac diseases, and the implementation of preventive measures that can
affect the long-term prognosis of these diseases. However, clinicians face a chal‐
lenge when deciding which test is most appropriate for a given patient. Basic
knowledge of each modality will facilitate the decision-making process in CAD as‐
sessment.

Keywords: Noninvasive, imaging, coronary artery disease, assessment, diagnosis

1. Introduction

Noninvasive cardiac imaging is crucial for coronary artery disease (CAD) assessment. The
increasing global burden of CAD is a major contributor to the marked growth in the use of
noninvasive imaging [1]. In recent years, the development of state-of-the-art hardware and
software technologies has broadened the perspective and dimension of noninvasive imaging.
This is advantageous to hybrid imaging in CAD assessment, with the introduction of anatom‐

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



ical, physiological, or combined approaches. These techniques allow clinicians to move beyond
the dichotomous concept of the presence or absence of CAD by increasing their understanding
of the unique pathophysiologic processes in CAD, including subclinical atherosclerosis,
plaque vulnerability, myocardial blood flow (MBF), and scar detection.

Invasive coronary angiography (ICA), an anatomical test, is considered the gold standard
method for the diagnosis of CAD. Nevertheless, the risk of complications precludes the routine
use of ICA and it is only indicated in patients with a high pre-test probability of the disease [2].
Because most patients have low or intermediate pre-test probabilities of disease, noninvasive
testing should be considered first, serving as a selection process for ICA. Clinicians can choose
from a wide range of noninvasive tests, including exercise electrocardiography (ECG), single
photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI),
positron emission tomography (PET) MPI, stress echocardiography (SE), coronary computed
tomography angiography (CCTA), and stress cardiac magnetic resonance (CMR). Therefore,
clinicians are frequently faced with the apparently difficult clinical question: “What is the right
test?” However, there are no right tests! The test to be used should be selected for each patient
after considering the patient’s characteristics, genetic and environmental factors, predisposi‐
tion, risk factors, and comorbidities. Cardiac testing is generally unnecessary in asymptomatic
patients except in high-risk occupations or before starting antiarrhythmic drugs.

A basic understanding of the principles, diagnostic, and prognostic accuracy, and the strengths
and limitations of each imaging technique is essential. The clinician must then adopt a
structured approach, which will help choose the appropriate test to use after considering the
risk and benefit profile of each test. The establishment of a diagnosis of CAD will influence the
perceived likelihood of a future cardiac event and warrant secondary prevention to slow or
prevent disease progression. The absence of CAD on imaging will reassure the patient, and
encourage the clinician to adopt a primary prevention strategy. Hence the ultimate goal is for
the chosen test to address the clinical question with a high level of certainty. The theme of this
chapter is to provide a comprehensive guide to selecting the appropriate imaging test in
patients with suspected CAD.

2. Basic concepts for choosing cardiac imaging tests

2.1. Classification of chest pain

There can be varied presentation of chest pain, including jaw pain, epigastric pain, indigestion,
shortness of breath, or reduced effort tolerance. Atypical presentations are commonly seen
among diabetics, female, and the elderly. Chest pain can be classified using the criteria below
[3]:

Criteria:

1. Substernal chest pain or discomfort
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2. Provoked by exertion or emotional stress

3. Relieved by rest ± nitroglycerin

Typical angina: (1) + (2) + (3)

Atypical angina: (1) + (2) or (1) + (3)

Nonanginal chest pain: (1) or none.

2.2. Pre-test and post-test probabilities

Bayes’ theorem proposes the use of a combined pre-test probability and test result to determine
the post-test probability of disease [4]. This will help the clinician to determine whether a
positive test result is a “true positive” or a “false positive” and whether a negative test result
is a “true negative” or a “false negative”. For example, a positive test result is likely to be a
“true positive” result in a 70-year-old patient with typical angina or a “false positive” result
in a 40-year-old female with nonanginal chest pain. Meanwhile, a negative test result is likely
to be a “true negative” result in a 35-year-old man with atypical chest pain or a “false negative”
result in a 60-year-old man with prior myocardial infarction (MI) and typical angina. Pretest
probability can be estimated using the Diamond and Forrester classification [5] (Table 1).

Age Gender Typical Atypical Nonanginal

(years) Angina Angina chest pain

≤ 39 Men Intermediate Intermediate Low

Women Intermediate Very low Very low

40-49 Men High Intermediate Intermediate

Women Intermediate Low Very low

50-59 Men High Intermediate Intermediate

Women Intermediate Intermediate Low

≥ 60 Men High Intermediate Intermediate

Women High Intermediate Intermediate

Table 1. Diamond and Forrester Pre-Test Probability of Coronary Artery Disease by Age, Sex, and Symptoms. High:
>90% pre-test probability. Intermediate: between 10% and 90% pre-test probability. Low: between 5 and 10% pre-test
probability. Very low: <5% pre-test probability [5].

2.3. Appropriate use criteria

The appropriate use criteria (AUC) defines appropriate imaging for the different clinical
indications. The AUC for test selection among symptomatic patients with suspected CAD [2]
(Table 2).
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Indication for noninvasive testing in Exercise Stress Stress Stress CCTA

symptomatic patients ECG MPI Echo CMR

Low pretest probability of CAD
ECG interpretable AND able to exercise

A R M R R

Low pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A M M

Intermediate pretest probability of CAD
ECG interpretable AND able to exercise

A A A M M

Intermediate pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A A A

High pretest probability of CAD
ECG interpretable AND able to exercise

M A A A M

High pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A A M

Table 2. Appropriate Use Criteria for noninvasive testing in symptomatic patients for CAD assessment. A=
appropriate, M= maybe appropriate, R= rarely appropriate. Uninterpretable ECG refers to resting abnormalities such
as ST-segment depression (≥ 0.10 mV), complete left bundle branch block (LBBB), pre-excitation, digoxin use, or
ventricular paced rhythm [2].

3. Non-invasive imaging tests

This section will focus on the unique principles, diagnostic and prognostic accuracy, strengths,
limitations, representative cases and clinical pearls for each imaging modality.

3.1. Exercise electrocardiography

3.1.1. Background

Exercise ECG is a well-established and validated functional test used for CAD assessment. It
has been used for more than 50 years, despite the increasing use of other imaging modalities.
It is the first-line test in patients with suspected CAD who are able to exercise and who have
an interpretable resting ECG [2]. Studies have demonstrated a lower diagnostic accuracy of
exercise ECG in women because of their lower prevalence of CAD. However the risk of major
adverse cardiac events (MACE) in women with good functional capacity and a normal resting
ECG was not different between those who underwent exercise ECG compared with exercise
SPECT MPI, and exercise ECG was considered a cost-effective strategy [6].
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3.1.2. Principles

Exercise ECG evaluates the physiological response of the heart to a controlled level of exercise.
The latter can be prescribed using specific exercise protocols such as Bruce and Naughton.
Exercise ECG and hemodynamic-specific variables are shown to have diagnostic and prog‐
nostic value in the assessment of CAD. These variables include ST deviation, exercise capacity,
percentage of the maximum age-predicted target heart rate (HR), heart rate recovery (HRR),
blood pressure (BP) response, and the Duke Treadmill Score (DTS) [7].

Abnormal ST deviation is defined as ≥1 mm (0.1 mV) of downsloping or horizontal ST-segment
depression (J point + 80 ms); or ≥1 mm of ST segment elevation in leads without pathological
Q waves (except aVR). The J-point is defined as the junction of the QRS complex and the ST-
segment. The ST deviation should be seen in three or more consecutive beats in the same lead
to be considered significant [8, 9]. An upsloping ST-segment depression is considered an
“equivocal” response and is not suggestive of myocardial ischemia [10]. High risk features
include ST-segment depression ≥ 2mm at < 5 metabolic equivalents (METs) in ≥5 leads and ≥5
minutes into recovery [11]. ST-segment elevation in two or more contiguous leads can help
localize the site of significant ischemia, unlike ST-segment depression [12]. In the presence of
prior Q waves, ST-segment elevation of > 1.0 mm (J point +60 ms) is considered abnormal. This
could represent reversible ischemia in the peri-infarct zone or ventricular dyskinesis or
akinesis of a segment of the left ventricle. This finding has been demonstrated among patients
with anterior (~30%) and inferior (~15%) infarctions [13, 14].

Exercise capacity (a marker of cardiorespiratory fitness) is an estimate of the maximal oxygen
uptake for a given workload, and is measured in METs [15]. The prevalence of significant
ischemia was 0.4% and 7.1%, based on the workload achieved (≥10 METs and < 7 METs),
respectively, on exercise SPECT MPI [16]. Hence, patients who are able to achieve a high
workload (≥10 METs) on exercise ECG, may not require additional functional imaging.

The maximum age-predicted HR is usually described as “220-age”. The inability to achieve
85% of the maximum age-predicted HR was associated with decreased survival [17].

HRR is calculated as the peak HR achieved (HR at 1 min) [18]. An abnormal HRR is defined
as a decrease in the HR of < 12 bpm in the first minute of recovery, and is predictive of mortality.

A normal blood pressure (BP) response is defined as an increase in systolic BP and an increase
or decrease in diastolic BP during exercise. A decrease in systolic BP of >10 mmHg may suggest
the presence of acute left ventricular dysfunction owing to ischemia [7]. An abnormal BP
response may be a specific marker for left main (LM) or triple vessel disease (TVD) [19].

The DTS is calculated as exercise time (minutes) – (5 x ST depression in mm) – (4 x angina
index) (0= no angina; 1= nonlimiting angina; 2= limiting angina) [20]. DTS can be categorized
into low risk (≥ +5), intermediate risk (-10 to +4) and high risk (≤ -11).

The absolute and relative contraindications for undergoing and termination of an exercise
ECG, respectively, is illustrated in Table 3 and Table 4 [9].
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Absolute Relative

Acute myocardial infarction (<48 hours) Obstructive left main stenosis

Unstable angina Moderate aortic stenosis

Decompensated heart failure Hypertrophic obstructive cardiomyopathy with severe
resting gradient

Active endocarditis

Significant tachyarrhythmias or bradyarrhythmias

Uncontrolled cardiac arrhythmias High degree atrioventricular (AV) block

Severe symptomatic aortic stenosis Recent stroke or transient ischemic attack

Acute pulmonary embolism Mental impairment with limited ability to cooperate

Acute myocarditis or pericarditis Uncontrolled BP >200/100 mmHg

Acute aortic dissection Uncorrected medical conditions, e.g. significant anemia,
important electrolyte imbalance, and hyperthyroidism

Physical disability that precludes safe and adequate testing

Table 3. Absolute and relative contraindications for undergoing exercise ECG [9]

Absolute Relative

ST segment elevation (> 1.0 mm) in leads without
preexisting Q waves (other than aVR, aVL and V1)

Marked ST displacement (horizontal or downsloping of >2
mm measured 60 to 80 ms after the J point

Drop in systolic BP >10 mmHg, despite an increase in
workload, in the presence of ischemia

Drop in systolic BP >10 mmHg, despite an increase in
workload, in the absence of ischemia

Moderate to severe angina Worsening chest pain

Central nervous system symptoms (e.g. ataxia, dizziness) Fatigue, shortness of breath, wheezing, leg cramps or
claudication

Signs of poor perfusion Tachyarrhythmias, including multifocal ectopy, ventricular
triplets, supraventricular tachycardia

Sustained ventricular tachycardia (VT), 2nd or 3rd degree
AV block

Bradyarrhythmias that potentially become more complex
or result in hemodyamic instability

Technical difficulties in monitoring the ECG or BP BP >250/115 mmHg

Patient's request to stop Development of bundle branch block which is
indistinguishable from VT

Table 4. Absolute and relative indications for termination of exercise ECG [9]

3.1.3. Diagnostic and prognostic accuracy

A meta-analysis evaluating the accuracy of exercise ECG reported a sensitivity of 68% and
specificity of 77% for the detection of CAD [21]. The discriminatory cut-off point of 1 mm (0.1
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mV) of horizontal or downsloping ST-segment depression had a sensitivity of 68% and
specificity of 77% [22]. The frequency of significant CAD in patients with low, intermediate,
and high DTS was 19.1%, 34.9%, and 89.2%, respectively. In patients with LM or TVD, the
frequency of significant CAD was 3.5%, 12.4%, and 46% in patients with low, intermediate,
and high DTS, respectively [23]. The 5-year survival rates in patients with a DTS of ≤ -11 and
≥ +7, were 67% and 93%, respectively[24]. In a recent study of 58,020 adults without CAD, the
peak METs and the percentage of the maximum predicted HR were highly predictive of
survival [25].

In relation to other imaging modalities, significant risk predictors for hard cardiac events in
asymptomatic or symptomatic low-risk patients without CAD included abnormal SPECT
findings (hazard ratio [HR] = 1.83), ischemia detected by exercise ECG (HR = 1.70), decreasing
exercise capacity (HR = 1.11), decreasing DTS (HR = 1.07), and increasing severity of the
coronary calcium score (CS) (HR = 1.29). The CS improved the long-term risk prediction for
CAD when stratified according to the Framingham Risk Score [26].

3.1.4. Strengths and limitations

The strengths and limitations of an exercise ECG are shown in Table 5.

Strengths Limitations

Cheap Low sensitivity

Widely available Low specificity

No radiation exposure Unable to localise

ischemic territory

No injection

Short procedural time

Assess exercise capacity

Table 5. Strengths and limitations of exercise ECG

3.1.5. Case example 1

A 71-year-old man presents with atypical chest pain, able to exercise, and a normal resting
ECG. Risk factors include ex-smoker and hypertension. Pretest probability of CAD is inter‐
mediate. Based on the AUC, exercise ECG is considered an appropriate test. Resting ECG
revealed sinus rhythm at a HR of 61 bpm (Figure 1A). He underwent exercise ECG using Bruce
protocol. He exercised for 7 minutes 31 seconds and achieved 10.1 METS. At 6 minutes into
the exercise and at a HR of 121 bpm, ECG demonstrated 1 mm horizontal ST-segment
depression in leads II, III, aVF, V3 to V6 and reached a maximum of 3 mm at peak stress at HR
of 151 bpm in leads II, III, and aVF (Figure 1B). The changes resolved at 1 minutes 50 seconds
during recovery. Test was terminated due to fatigue. He developed chest pain at recovery. The
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calculated DTS = -11.5. Conclusion: Abnormal exercise ECG with a high DTS. He was referred
for ICA.

(a)

(b)
FIGURE 1A: Normal resting ECG. Figure 1B: Maximum of 3 mm horizontal ST segment depression seen

Figure 1. (a) Normal resting ECG. (b) Maximum of 3 mm horizontal ST segment depression seen in leads II, III and
aVF, 2 mm ST segment depression in leads V3 to V6, at peak stress.

3.1.6. Clinical pearls

1. The J-point is defined as the junction of the QRS complex and the ST segment.

2. Achieving 85% of age predicted HR should not be an indication for test termination.

3. Exercise ECG with a high DTS may warrant ICA.

4. Exercise duration and METs achieved are strong predictors of prognosis.

5. The modification in ECG lead placement during exercise ECG compared to standard ECG
may result in shift of the frontal axis to the right, increasing the voltage in the inferior
leads, disappearance of Q waves in a patient with prior inferior infarct, or produce
artifactual Q waves in normal subjects.
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3.2. Single photon emission computed tomography

3.2.1. Background

There is robust evidence supporting the use of SPECT MPI in the workup and risk stratification
of patients with suspected or known CAD because of its high diagnostic and prognostic value
[27]. The development of solid state detector cameras compared with conventional SPECT
(Anger) cameras offer improved signal resolution and shorter image acquisition time, which
increases laboratory throughput [28, 29]. The switch from the standard, filtered back projection
reconstruction method to iterative algorithms, which include depth independent resolution
recovery, noise regularization, and scatter and attenuation correction, has improved the signal-
to-noise ratio and image quality. This also allows for low-dose imaging using a standard
acquisition time with reduced radiation exposure to the patient and operator,without com‐
promising image quality and accuracy in the detection of CAD [30–32]. This is consistent with
the American Society of Nuclear Cardiology’s goal to reduce the radiation dose to ≤9 mSv in
50% of MPI studies by 2014.

3.2.2. Principles

SPECT MPI uses radionuclide-labeled compounds that emit Y ray photons. SPECT perfusion
radiotracers include 201-Thallium (Tl-201, half-life [t½] = 73 hours), and 99m-Technetium
(99mTc, t ½ = 6 hours)-labeled sestamibi or tetrofosmin. Tl-201 is produced from a cyclotron and
99mTc is produced by a molybdenum-99-99mTc generator.

SPECT MPI can be performed using exercise or pharmacological stressors. Exercise is preferred
for patients who can exercise at an adequate workload, aiming for a minimum of 85% of the
maximal age-predicted HR and 5 METs [33]. A submaximal exercise workload decreases the
sensitivity of exercise SPECT MPI for the detection of CAD. Exercise usually increases MBF
by 2–3 times of resting flow [24, 34].

A pharmacological stressor should be used in patients who are unable to exercise or those with
baseline ECG abnormalities (pre-excitation, paced ventricular rhythm, LBBB). Pharmacologi‐
cal stressors include intravenous vasodilators (adenosine, dipyridamole or regadenoson) or
dobutamine, a β-adrenoceptor agonist. Vasodilators activate the adenosine A2A receptor and
cause coronary arteriolar vasodilatation. Vasodilators increase MBF by 3–5 times in normal
coronary vessels, an increase termed as the coronary flow reserve. Meanwhile, dobutamine
increases MBF similar to that induced by exercise. In the presence of flow limiting stenosis,
the coronary vessel is maximally vasodilated at baseline. Hence, the administration of a
vasodilator is unable to augment coronary flow. MPI assesses the regional flow heterogeneity
in normal and diseased coronary vessels [35]. Generally, vasodilators do not cause myocardial
ischemia because MBF increases, albeit with some variability in all coronary artery beds with
a minimal or no increase in the rate-pressure product, a measure of myocardial oxygen
demand. In patients with extensive CAD, ischemia can be induced by the coronary steal
phenomenon [33]. Vasodilators may also activate other adenosine receptors (A1, A2B, and A3)
resulting in bronchospasm (A2B and, A3) or AV conduction delay (A1). Regadenoson is a
selective A2A receptor agonist that is better than other vasodilators in patients with moderate
chronic obstructive pulmonary disease (COPD) or asthma [36, 37].
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For pharmacological stress SPECT MPI, contraindications include asthma or COPD with active
wheezing, 2nd or 3rd degree AV block without a pacemaker or sick sinus syndrome, systolic BP
<90 mmHg, use of methylxantines (e.g., aminophylline or caffeine) <12 hours, known hypersen‐
sivity to the vasodilator, acute myocardial infarction (MI) and acute coronary syndrome [33].

3.2.3. Diagnostic and prognostic accuracy

The diagnostic accuracy of all noninvasive tests is subject to the post-test referral bias, also
known as the verification bias. This increases the sensitivity and reduces the specificity of the
test. A normalcy rate is used as a surrogate for specificity. It is defined as the percentage of
normal perfusion scans in patients with a low likelihood (<10%) of CAD based on the results
of clinical and ECG stress tests [38–40]. A pooled analysis of 4,480 patients with known or
suspected CAD showed that exercise SPECT MPI had a mean sensitivity of 87% and a
specificity of 73% for the detection of >50% stenosis [41]. The normalcy rate of SPECT MPI is
around 84% [38]. Standard MPI studies include a combination of stress and rest protocols. The
use of a stress-only protocol with a “normal” stress study can reduce the radiation dose by
40% and detected similar event rates [42–44]. A “normal” stress-only study is defined as
homogenous perfusion, summed stress score (SSS) of <3, normal left ventricular (LV) cavity
size, function, and wall motion [43].

The prognostic value of a normal pharmacological stress MPI test is independent of the
radiopharmaceutical used [45]. A meta-analysis of 19 SPECT MPI studies comprising 39,000
patients demonstrated a low annual event rate of 0.6%, for hard cardiac events such as cardiac
death or nonfatal MI in patients with a normal test result [46]. However, the prognostic value
is based on the studied population. For example, the annual event rate among individuals with
a normal test result was higher among diabetic patients than in non-diabetic subjects (0.5% vs.
1.7%, respectively, p < 0.005). Diabetic patients with a LV ejection fraction (LVEF) of ≤ 45% had
the worst outcome [47]. High-risk MPI variables include large perfusion defect size and extent,
transient ischemic dilatation (TID), post stress stunning, increased right ventricular uptake,
and increased lung uptake especially with Tl-201. A normal perfusion on exercise SPECT MPI
was associated with a low event rate (<1% per year) in subjects with a low or intermediate DTS,
compared in subjects with an intermediate DTS and high-risk SPECT variables or those with
a high DTS and a normal perfusion [48].

3.2.4. Strengths and limitations

The strengths and limitations of SPECT using 99mTc-labeled sestamibi or tetrofosmin are shown
in Table 6.

3.2.5. Case example 2

A 60-year-old female with hypertension presented with atypical chest pain. Pre-test probabil‐
ity of CAD is intermediate. Pharmacological (dipyridamole) SPECT MPI was performed due
to an uninterpretable resting ECG that showed a LBBB. The test is considered appropriate
based on the AUC. SPECT MPI demonstrated normal perfusion (Figure 2).
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Figure 2. Stress (top row) & Rest (bottom row) images in the short axis (SA), horizontal long axis (HLA) and vertical
long axis (VLA) show normal homogenous tracer uptake. Gated images showed normal left ventricular ejection frac‐
tion (not shown). This is a normal SPECT MPI study.

Strengths Limitations

Widely available Low specificity

High sensitivity Lower spatial resolution

Expensive Prone to attenuation artifacts

Well validated Long procedural time (≈4 hrs)

Exercise and pharmacological Longer half life of tracers

stress

Improved specificity with Increase hepatobiliary

gated SPECT uptake

Radiation exposure

Table 6. Strengths and limitations of 99mTc-labelled sestamibi or tetrofosmin SPECT MPI
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3.2.6. Case example 3

A 58-year-old man with a history of hyperlipidemia presented with typical angina (Canadian
Cardiovascular Society Class 2). Pre-test probability of CAD: High. He underwent exercise
SPECT MPI, which is considered an appropriate test based on the AUC. Baseline ECG showed
sinus rhythm (Figure 3A) and resting BP of 140/90 mmHg. At 2 minutes in Bruce protocol, he
developed significant ST-segment depression (Figure 3B). A significant BP drop from 140/90
mmHg to 80/60 mmHg during exercise was present and the test was terminated. The ECG
changes persisted 5:50 minutes into recovery, and BP gradually returned to baseline. He
achieved a total of 5 METS. He remained asymptomatic of chest pain. Calculated DTS was -17
(high risk). SPECT MPI findings as described in Figure 3C. He was referred for ICA (Figure 3D).

(a) (b)

(c) (d)

LAD 

LCX 

RCA 

Figure 3. (a) Resting ECG showed normal sinus rhythm (b) ECG showed 3 mm ST segment depression in leads 1, aVF
and V3, and a maximum of 4 mm ST segment depression leads II, V4 to V6. (c) Stress (top row), Rest (bottom row) in
the SA slices: Mild reduction in tracer uptake in the mid to distal anterolateral walls (arrow) which normalized at rest.
This was consistent with mild ischemia in the left circumflex (LCX) artery/ left anterior descending artery territory
(LAD). TID is defined as the ratio of ungated LV volumes at stress and rest was present (1.21). TID is due to extensive
subendocardial ischemia post stress that resolves on the rest images. ICA showed distal left main 90%, ostial LAD 90%,
first diagonal 90%, first obtuse marginal 100%, second obtuse marginal 100%, right coronary artery 100%, and subse‐
quently referred for CABG. This example clearly illustrates, despite a mildly abnormal perfusion (i.e. mild reduction in
myocardial tracer uptake), the associated presence of high risk variables such as TID, and a high DTS, identifies a high
risk scan. (d) Significant stenosis in the ostial LAD (orange arrow) and occluded proximal RCA with diffuse disease
(purple arrows).
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4. Clinical pearls

1. Combination of low-level exercise with dipyridamole can improve image quality and
reduce symptoms resulting from drug effects.

2. High-risk findings include large defect size and extent, TID, post-stress stunning,
increased right ventricular uptake, and increased lung uptake.

3. The prognosis of a normal MPI study is dependent on the study population.

4. A normal SPECT perfusion scan with ischemic ECG changes during vasodilator stress is
associated with a significant cardiac event rate (~2% per year) and should be followed up
with further cardiac imaging (PET MPI or CCTA).

5. Avoid antianginal medications such as beta-blockers, calcium channel blockers, or nitrates
at least 48 hours prior to stress MPI for ischemia detection in suspected CAD.

4.1. Positron emission tomography

4.1.1. Background

PET MPI has superior temporal and spatial resolution, greater count sensitivity, and accurate
attenuation correction compared with SPECT. These features translate into greater diagnostic
image quality with fewer equivocal results, especially in obese subjects for example [49, 50].
The latest generation of PET cameras are combined with CT usually with ≥16 slices, and
provide 3-dimensional imaging. Integrated PET (emission scan)/CT (transmission scan)
systems facilitate sequential scanning, faster acquisition of transmission images, and enable
functional and anatomic assessments in a single study [51–53]. These features make PET a
useful clinical choice, but widespread utilization is limited by cost.

4.1.2. Principles

PET imaging is based on the detection of positron emission from radionuclide decay. After
emission, the positron travels a short distance before it collides with an electron, resulting in
mutual annihilation. This annihilation results in the production of 2 Y photons of 511 keV that
travel in nearly opposite directions. The simultaneous detection of both photons by the detector
of a PET camera is called coincidence detection [51–53].

Examples of cardiac PET radiotracers include rubidium-82 (82Rb; t½ = 76 s), nitrogen-13
ammonia (13N- Ammonia; t½ = 9.96 min), and oxygen-15 water (15O-H2O; t ½ = 2 min). A shorter
t½ allows a lower radiation dose per test. Radiotracers are produced by a cyclotron, except for
82Rb, which is eluted from a strontium-82 (82Sr)/82Rb generator.

Ischemia is detected in the same way as for SPECT MPI. The fundamental difference in uptake
kinetics of radiotracers used in SPECT and PET explain the superior sensitivity of PET for the
detection of CAD. The ideal radiotracer is 15O-H2O, which has linear uptake by myocardial
tissue with increasing blood flow and “no roll-off” phenomenon. 99mTc- labeled tracers have a
much lower extraction fraction. At high MBF, 99mTc- labeled tracers are characterized by a roll-
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off phenomenon to a greater degree, unlike PET radiotracers [54]. At high MBF levels during
stress, the relative difference in myocardial tracer uptake may be reduced leading to an
underestimation of the regional flow heterogeneity between normal and diseased coronary
arteries. With dynamic imaging of the tracer kinetics in PET MPI, it is feasible to measure the
myocardial flow reserve (MFR), which is defined as the ratio of absolute MBF during stress
compared to MBF at rest. An abnormal global MFR is indicative of diffuse atherosclerosis or
microvascular dysfunction.

4.1.3. Diagnostic and prognostic accuracy

PET MPI showed superior sensitivity and diagnostic accuracy, compared to SPECT [55, 56].
A meta-analysis of three different stress perfusion modalities determined the pooled sensitiv‐
ity, specificity, and area under the curve of SPECT (88%, 61%, and 0.86, respectively), CMR
(89%, 76%, and 0.90, respectively) and PET (84%, 81%, and 0.92, respectively) for the detection
of CAD [57].

PET MPI can be used to determine prognosis, revealing annual event rates for cardiac death
and nonfatal MI of 0.4%, 2.3%, and 7.0% for SSS values of <4 (normal), 4–7, and >8, respectively
[58]. A similar trend was noted when subjects were stratified according to the percentage of
ischemic LV myocardium, with a relative hazard for cardiac death of 2.3%, 4.2%, and 4.9% for
the strata of 0.1–9.9%, 10–19.9%, and ≥ 20%, respectively [59]. Parameters that measure the
extent of ischemia have been shown to guide the decisions regarding revascularization [60].
An abnormal global MFR (<2.0) was associated with an increased incidence of MACE com‐
pared with a normal MFR (1.3% vs. 4.7%, p = 0.03), independent of a normal perfusion and a
CS of 0 [61].

4.1.4. Strengths and limitations

The strengths and limitations of PET MPI are shown in Table 7.

Strengths Limitations

High spatial resolution Expensive

Robust attenuation correction Not widely available

Improved diagnostic Radiation exposure

accuracy in the obese

Alternative for an equivocal Unable to assess exercise capacity

SPECT study

Short half life of tracers Pharmacological stress

Absolute MBF

Assessment of calcium on CT

Table 7. Strengths and limitations of PET MPI
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4.1.5. Case example 4

A 68-year-old female with obesity, hypertension and an ex-smoker presented with chest pain.
Noncontrast CT showed a CS of 715. CCTA was not performed. A persantine 82Rb PET MPI
was performed (Figure 4A) and gated images were acquired at stress and rest (Figure 4B).
Coronary calcium was visualised on CT and MBF was abnormal (Figure 4C).

(a) (b)

(c)

Figure 4. (a) Following stress, there is mild to moderate reduction in tracer uptake in the apical (distal) segments of the
septum and anterior wall, and apex, which predominantly improves at the rest. This is consistent with a moderate
sized area of moderate ischemia in the distal LAD territory. Stress images (rows 1, 3, and 5) and rest images (rows 2, 4,
and 6). (b) Gated stress (top 3 rows) and gated rest (bottom 3 rows) during PET MPI. Normal LVEF and wall motion at
rest. Following stress, there is mild hypokinesis in the apical (distal) septum and apex consistent with stress induced
ischemia (red arrows). Stress acquisition during PET MPI is acquired at peak stress, and hence presence of regional
wall motion is specific for ischemia. This differs from post-stress acquisition during SPECT which is delayed by 30 to
45 minutes. (c) Polar map shows the extent of reversible ischemia in the LAD territory (red arrow). CT shows presence
of coronary calcification in the RCA (top, blue arrow), LCX and LAD (bottom, blue arrow). MBF demonstrate marked
reduction in stress flow in the areas of reduced perfusion (global MBF= 0.74 ml/min/g), as depicted by the polar map
which is labelled as stress Rubidium. Global MFR is reduced at 1.16, and 0.99 (after correction for RPP). There is re‐
duced regional MFR in all three coronary artery territories (LAD= 0.98, LCX= 1.38, and RCA= 1.24), as seen on the polar
map labelled as Reserve. The MFR finding is suggestive of underlying triple vessel disease. Measurement of MBF is
corrected for rate-pressure product (RPP), and depicted in the shade of gray, next to the uncorrected values.
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4.1.6. Clinical pearls

1. PET imaging is based on positron annihilation and coincidence detection of paired 511
keV Y photons.

2. PET has higher diagnostic accuracy compared to SPECT in the assessment of obstructive
CAD.

3. PET is an excellent choice for imaging in the obese and those with an equivocal SPECT.

4. Abnormal global MFR suggest diffuse atherosclerosis or microvascular dysfunction.

5. Patient motion can result in significant misregistration artifact between the emission and
transmission scans.

6. Normal PET perfusion and MFR confer an excellent prognosis.

4.2. Stress echocardiography

4.2.1. Background

SE is a robust, versatile imaging modality for CAD assessment. Advances in digital image
acquisition, strain imaging, tissue harmonics, and contrast agents have increased the use of
SE. In particular, the advances in tissue harmonics and contrast agents have greatly improved
the visualization of endocardial borders, and diagnostic accuracy of SE for the detection of
wall motion abnormalities (WMA) [62–64]. Because SE is highly operator- dependent, those
who perform the test should have adequate training and experience to meet the level of
competency required for performing and interpreting this test [65].

4.2.2. Principles

The fundamental principle for the detection of myocardial ischemia is the development of new
or worsening WMA during stress [65, 66]. Based on the ischemic cascade, WMA appear after
perfusion abnormalities and precede the manifestation of ECG changes and symptoms. Thus,
SE has decreased sensitivity and superior specificity compared to perfusion-based imaging for
the detection of CAD. Images are acquired at rest and stress. The images are compared on a
four-screen setup side-by-side for WMA, LV cavity size and LVEF.

The stress component may be exercise (treadmill or bicycle) or pharmacologically (dobutamine
or dipyridamole). An adequate level of stress using exercise requires a minimum target of 85%
of the age-predicted HR, and is preferably symptom-limiting, considering the additional
prognostic value of the subject’s exercise capacity. Bicycle SE (supine or upright ergometry)
allows simultaneous image acquisition during peak stress, and the measurement of Doppler
information. During treadmill exercise SE, the stress images are acquired within 60–90 seconds
post stress. The contraindications and indications for terminating an exercise SE are similar to
those of exercise ECG.

Pharmacological SE using dobutamine is preferred over dipyridamole for wall motion
assessment [65], although either stressor can be used [67]. The dose for dipyridamole in SE is
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prognostic value of the subject’s exercise capacity. Bicycle SE (supine or upright ergometry)
allows simultaneous image acquisition during peak stress, and the measurement of Doppler
information. During treadmill exercise SE, the stress images are acquired within 60–90 seconds
post stress. The contraindications and indications for terminating an exercise SE are similar to
those of exercise ECG.

Pharmacological SE using dobutamine is preferred over dipyridamole for wall motion
assessment [65], although either stressor can be used [67]. The dose for dipyridamole in SE is
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higher at 0.84 mg/kg over 10 minutes, compared to the dose used in nuclear perfusion imaging
at 0.14 mg/kg/min over 4 minutes. A typical dobutamine infusion rate is at 5 micrograms/kg/
min and increasing at a 3-minute interval to 10, 20, 30, and 40 micrograms/kg/min, aiming to
achieve 85% of the age-predicted target HR. Atropine can be used to achieve the desired target
HR. The induction of ischemia is due to an increase in myocardial oxygen demand. Deforma‐
tion analysis using the tissue velocity index (TVI) and two-dimensional speckle tracking (ST)-
based strain imaging have been proposed using dobutamine SE [68, 69]. However, TVI- and
ST-based analysis conferred no additional diagnostic value over WMA for detection of
ischemia [70].

Indications for terminating the test include the de novo or worsening of WMA, significant
arrhythmias, hypotension, severe hypertension, and intolerable symptoms. For image
interpretation, normal wall motion is defined as normal wall thickening and endocardial
excursion. Visual assessment of wall motion can be categorized and scored as follows: 1 =
normal, 2 = hypokinetic, 3 = akinetic, 4 = dyskinetic or aneursymal. Please note that a score of
“5” is no longer applicable. Each segment using the 16 segment LV model (i.e., apical cap not
included) is scored and the wall motion score index (WMSI) is calculated. A normal WMSI
equals to “1”. WMSI = Total wall motion score/ Total number segments visualised. Unlike in
MPI that utilizes the 17 segment model, for WMA assessment the 16 segment model is
preferred. A WMSI of >1.7 corresponds to a perfusion defect of >20% on MPI. If feasible, the
right ventricular wall motion should be assessed and presence of WMA suggest greater extent
of CAD.

Normal: normal at rest; hyperdynamic at stress

Ischemia: normal at rest; inducible new or worsening WMA (hypokinesis, akinesis or dyski‐
nesis) at stress

Infarction: fixed abnormality at rest and stress

4.2.3. Diagnostic and prognostic accuracy

The development of WMA depends on the extent of stenosis detected by ICA, and occurs at a
cut-off relative diameter of 54% for exercise SE, 58% for dobutamine SE, and 60% for dipyri‐
damole SE [71]. The sensitivities and specificities for the detection of CAD were 85% and 77%,
respectively, for exercise SE, 80% and 86%, respectively for dobutamine SE, and 78% and 91%,
respectively, for dipyridamole SE [71, 72]. SE had a similar diagnostic accuracy to that of SPECT
MPI for the detection of CAD [73, 74]. However, because of its greater specificity, SE showed
a better discriminatory capacity for the diagnosis of LM and TVD [75]. For patients presenting
at an emergency department with chest pain, nondiagnostic ECG, and negative cardiac
biomarkers, the overall sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) of SE for the diagnosis of CAD were 90%, 92%, 78% and 97%, respec‐
tively. Moreover, exercise SE had a better specificity than dobutamine SE [76].

A normal exercise SE result is associated with an excellent prognosis with an annual event rate
of cardiac events of 0.54% [77]. The best discriminator of increased risk of cardiac events was
WMSI ≥ 1.25 and ≤ 6 METs in both genders [78]. There was no difference in the prognostic
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value of dobutamine SE and dipyridamole SE [79, 80]. Therefore, the choice between these
techniques may depend on institutional practices. With regards to LV cavity size, an abnormal
stress LV end-systolic volume (LVESV) (i.e., no change or an increase) was associated with an
increase risk of cardiac events compared with a decrease in the LVESV (2.9% vs. 1.6%) [81].

4.2.4. Strengths and limitations

The strengths and limitations of SE are shown in TABLE 8.

Strengths Limitations

Cheap Poor echo window (obese,

COPD)

Widely available Reduced sensitivity in

detection of posterior wall

ischemia

No radiation Foreshortened LV apex

Portable Operator dependent

Contrast echo improves

endocardial definition

Exercise and pharmacological

stress

Medium procedural time

Table 8. Strengths and limitations of stress echocardiography

4.2.5. Case example 5

65-year-old woman with rheumatoid arthritis and hypertension presented with heartburn and
indigestion of increasing severity for 1 month. An exercise SE with contrast was performed at
rest. She experienced a similar episode of heartburn and nausea at 2 minutes into exercise. The
test was stopped and stress images were acquired immediately (Figure 5A). Rest and stress
images are shown as still frames captured at end-systole (Figure 5B i-iv). The patient was
admitted in view of a positive SE at low workload. ICA showed ostial LAD 70%, mid LAD
90%, proximal LCX 80%, and mid RCA 100%. She was referred for CABG.

4.2.6. Clinical pearls

1. Normal wall motion at rest does not rule out the presence of obstructive CAD.

2. Abnormal regional wall motion can be seen in the presence of ischemic or nonischemic
etiology.
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(a)
Rest Stress

(b)
Rest Stress

(c)

Figure 5. (a) ECG during episode of chest pain demonstrated diffuse 2 mm ST segment depression in leads II, III, aVF,
V2 to V6 and ST elevation in aVR. (b) SE using contrast showing images captured at end-systole during rest and stress.
The LV in different views are illustrated in the following sequence from top to bottom (i) parasternal long axis, (ii) 2-
chamber, (iii) short axis, (iv) apical, demonstrate regional WMA in the anterior, anteroseptum, apex and lateral walls.
Note the stress induced LV cavity dilatation, at peak stress which is suggestive of underlying triple vessel disease.
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3. The absence of radial motion of the mitral valve annulus can result in a reduction in motion
of the basal inferior or inferoseptal segments resulting in a false-positive study.

4. A common cause of a false negative test is a suboptimal stress level.

4.3. Coronary computed tomography angiography

4.3.1. Background

CCTA has come a long way from electron beam CT to the present multidetector CT system,
with continually increasing detector rows (i.e., = slices) from 4-slices to 320-slices in some
systems. A 64-slice CT system is the minimum requirement for coronary imaging. Other
developments include iterative reconstruction, dual-source CT, prospective scanning, tube
current modulation, and a z-flying focal spot [82]. These innovations have led to significant
improvements in spatial and temporal resolution, radiation dosimetry, and image quality,
which are prerequisites for coronary imaging. The ability to visualize subclinical atheroscle‐
rosis and characterize plaques has led to techniques for quantifying the extent of the athero‐
sclerotic burden [83].

4.3.2. Principles

CCTA can determine the extent of coronary atherosclerosis and estimate the severity of
coronary artery stenosis. The major components of a CT scanner include the table, X-ray tube,
detector array and the gantry that rotates the X-ray tube and detector array around the patient.
The ability to image a beating heart requires a high temporal resolution, which is defined as
the time taken to obtain a complete data set for image reconstruction. The typical temporal
resolution of CT is 280–420 ms. Data covering 180° are needed to construct one image, termed
“half scan reconstruction”. Accordingly, the temporal resolution of a single-source CT system
is half the time required for the gantry to rotate 360°. For a dual-source CT (DSCT), the temporal
resolution is one-quarter of the gantry rotation time, because data covering 90° are sufficient
for image acquisition. A DSCT has a temporal resolution of 75 ms (compared to 20–30 ms for
ICA) [84].

The ability for CT to discriminate two structures is called the spatial resolution, which is
measured in line pairs per centimeter (lp/cm). The typical spatial resolution of CT is 10 lp/cm,
which is equivalent to 0.5 mm (compared to 0.1 mm for ICA). CT data are acquired as isotropic
voxels enabling the images to be viewed in multiple planes with similar spatial resolutions
[85]. The spatial resolution of CT is less than ideal to accurately quantitate the degree of
stenosis, hence a grading method is used [86]:

Normal: 0%; Minimal: <25%; Mild: 25–49%; Moderate: 50–69%; Severe: 70–99%; Occluded:
100%.

ECG gating is essential to minimize cardiac motion by synchronizing image acquisition to the
cardiac cycle. There are two types of scanning modes. In prospective ECG-triggered scanning,
data acquisition is triggered by the R waves on the ECG. Its advantage is the low radiation
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dose, typically 3–5 mSv. Disadvantages include image reconstruction limited to the desired
phase and functional evaluation is not possible. In retrospective ECG-gated scanning, data
acquisition are acquired throughout the cardiac cycle and the ECG signal is simultaneously
recorded with the raw data. Advantages include image reconstruction can be performed at
any point in the cardiac cycle and it is useful in patients with arrhythmias. Its main disad‐
vantage is the high radiation dose, typically 10–12 mSv because the tube current remains “on”
throughout image acquisition. The application of tube current modulation can reduce the
radiation dose. The best phase for image acquisition is mid-diastole, when the heart is moving
the least.

The images to be acquired are the initial scout image, which defines the scan length, followed
by a non-contrast calcium scan and finally the contrast-enhanced CT images. The average scan
length for native coronary artery imaging is 12–14 cm. Using a 64-slice scanner, images are
acquired over a few cardiac cycles, as opposed to a 320-slice scanner where one cardiac cycle
is sufficient because of the larger volume covered. Data can be reconstructed in two or three
dimensions, although the two-dimensional axial views should serve as a reference for image
interpretation.

Contrast enhancement in the ascending aorta can be tracked using a test bolus or automated
bolus tracking. Both methods are acceptable and the choice between them may depend on the
institutional protocol. About 80–100 ml of iodinated contrast is typically used. The target HR
of 50–65 bpm can be achieved by oral or intravenous β-adrenoceptor blockers. Nitroglycerin
spray is recommended to improve image quality by inducing coronary vasodilatation.

Calcium is measured using the Agatston score (i.e., CS), which correlates with the extent of
the atherosclerotic plaque burden. Screening for CS are recommended in two groups of
asymptomatic patients: (1) patients with low global coronary heart disease (CHD) risk and a
family history of premature CAD and (2) patients with intermediate global CHD risk [87]. CT
perfusion is still research-based, and will not be discussed in this review.

4.3.3. Diagnostic and prognostic accuracy

There is extensive literature describing the diagnostic and prognostic value of CCTA. The main
advantage of CCTA is the ability to exclude disease from the differential diagnosis since CCTA
has an excellent NPV. The ACCURACY trial demonstrated sensitivity, specificity, PPV, and
NPV of 95%, 83%, 64%, and 99%, respectively, for the detection of ≥ 50% stenosis, and 94%,
83%, 48%, and 99%, respectively, for the detection of ≥70% stenosis. The NPV was high in
patient- and vessel-level analyses [88]. The low PPV is due to its tendency to overestimate
stenosis, while the presence of artefacts lead may lead to a false positive test. CCTA is
considered appropriate for patients with low or intermediate pre-test probabilities of CAD,
and a negative scan reliably indicates the absence of significant CAD. However, CCTA is of
limited clinical value and functional imaging tests are more appropriate in patients with a high
pre-test probability [89]. The presence of severe coronary calcification (CS >400) can reduce the
diagnostic accuracy by overestimating the severity of stenosis owing to blooming artefacts [88].
Although there is no specific cut-off level to cancel a CCTA, CS of > 600–1000 is typically used
for this purpose, considering the high likelihood of a nondiagnostic study.
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The use of CCTA in the emergency department resulted in a shorter hospital stay, increased
discharge rate [90, 91], and reduced time to CAD diagnosis [90], while patients with a negative
scan had an excellent prognosis [92]. The all-cause mortality rate was 0.65% for normal CCTA,
1.99% for <50% stenosis, 2.9% for ≥50% stenosis, and 4.95% for LM ≥50%, TVD ≥70%, or two
vessel disease with proximal LAD disease [93]. The excellent prognosis of a negative CCTA
result was seen in other large series of patients [94]. The “warranty period” of a normal CCTA
is ~7 years [95]. Coronary calcium has prognostic value beyond traditional risk factors with a
hazard ratio of 3.89, 7.08, and 6.84 for CS of 1–100, 101–300, and ≥300, respectively, for coronary
events [96].

4.3.4. Strengths and limitations

The strengths and limitations of CCTA are shown in Table 9.

Strengths Limitations

Excellent negative predictive High calcium limits accuracy

value of assessing stenosis

High temporal resolution Radiation exposure

High spatial resolution Morbidly obese

Visualize coronary anatomy Arrhythmias

Short procedural time Allergy to iodinated contrast

Assessment of calcium score Heart rate control

Follow breath hold instruction

Renal impairment (>2.0 mg/dl)

No functional assessment

Table 9. Strengths and limitations of CCTA

4.3.5. Case example 6

A 71-year-old female with hypertension, hyperlipidemia, and an ex- smoker presented with
atypical chest pain and LBBB. CCTA was performed. Findings included a CS of 269, and ≥70%
stenosis (calcified and noncalcified plaque) with positive remodeling in the mid LAD (Figure
6). There was mild disease in ostium of the RCA. She was referred for ICA.

4.3.6. Case example 7

A 57-year-old man with hypertension. CCTA showed a CS of 524 with an occluded proximal
RCA. He was referred for ICA and underwent percutaneous coronary intervention to the RCA
(Figure 7 A-E).
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Figure 7. Axial slices from cranial to caudal demonstrate (A) contrast enhanced lumen in the proximal RCA, (B) absent
of contrast enhancement and (C) reappearance of the contrast in the RCA. (D) Axial maximum intensity projection of
the RCA demonstrate an occluded vessel and correlates with ICA (E).

 

RCA 

LAD 

Figure 6. First two images of the curved multiplanar reformatted (MPR) and 2D-axial views demonstrate ≥70% steno‐
sis of the LAD (blue arrows). The third image (curved MPR) of the RCA showing a calcified plaque with minimal
stenosis at the ostium (blue arrow).
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4.3.7. Clinical pearls

1. An asymptomatic patient with a CS of 0 has a very low event rate of 0.1% per year [97].

2. Prospective ECG-triggered acquisition is preferred in view of the lower radiation dose.

3. Regular, low HR and obeying breath-hold instructions are essential for diagnostic image
quality.

4. Appropriate timing of contrast injection is crucial for optimal enhancement as contrast
non-uniformity in the distal coronary vessels can simulate stenoses.

5. Volume coverage in the z-axis for a 64-slice CT (0.625 mm detector width) is 4 cm (64 x
0.625), and a 320-slice CT (0.5 mm detector width) is 16 cm.

4.4. Stress cardiac magnetic resonance

4.4.1. Background

CMR has recently emerged clinically as a highly versatile technique with superior spatial and
temporal resolution. The development of high field strength magnets (3T) and rapid imaging
techniques such as gradient echo, echo-planar, and balanced steady-state free precession, have
contributed to the feasibility of MR perfusion. The type of pulse sequence or hybrid sequences
affect the contrast-to-noise ratio and the suspectibility to artifacts, which can affect image
quality. In the context of MPI, CMR is a promising tool in parallel with well-established and
validated modalities such as SPECT and PET MPI. The advantage of MR is its superior
sensitivity for the detection of subendocardial perfusion defects without radiation exposure.
The paramagnetic property of gadolinium (Gd)-based contrast agents can alter the local
magnetic field in the tissue, which enables differentiation between normally and abnormally
perfused myocardium. Arterial spin labeling and blood oxygen level-dependent techniques
are new advances in perfusion imaging, but are still research-based. The use of coronary
magnetic resonance angiography is not well established, except in some highly specialized
centers, and will not be discussed here.

4.4.2. Principles

The fundamental basis of CMR perfusion imaging is the first-pass imaging of contrast transit
through the LV myocardium. This exploits the effect of Gd on the T1 relaxation time of
myocardial tissue [98]. Gd-based contrast agents are paramagnetic, extracellular agents that
are rapidly taken up and rapidly washed out of the normal myocardium, but accumulate in
damaged tissues with slower washout kinetics. Gd is highly toxic in its native state. Therefore,
Gd chelators (e.g., Gd-DTPA) are used clinically. These agents shorten the T1 and T2 relaxation
time constants that represent the decay of the MR signal. However, at low doses, T1 shortening
is predominant. During first-pass perfusion, the normal myocardium (i.e., normal perfusion)
shows substantial Gd uptake, and appears bright (i.e., hyperintense) owing to a short T1.
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Ischemic myocardium (i.e., reduced perfusion) shows diminished Gd uptake and appears dark
(i.e., hypointense) owing to a long T1 [98].

Similar to pharmacological stress SPECT or PET MPI, stress CMR requires the use of a
pharmacological stressor, such as a vasodilator (e.g., adenosine, dipyridamole, and regade‐
noson) or dobutamine. Diseased coronary arteries, exhibit a lower peak myocardial signal
intensity and increases in myocardial contrast transit time (e.g., signal upslope, arrival time,
time-to-peak signal, and mean transit time)[99]. The difference in signal intensity can be
quantitatively, semiquantitatively, or visually evaluated to identify possible perfusion defects.
The use of adenosine and visual interpretation are common, and these approaches are
discussed in further detail.

Historically, inducible ischemia was only assessed using stress and rest perfusion cine images.
This method demonstrated a sensitivity, specificity, and diagnostic accuracy of 88%, 90%, and
89%, respectively, for the detection of significant CAD [100]. The caveat being, in patients with
prior MI, the resultant perfusion deficit may include areas of prior infarct and may not reflect
true inducible ischemia. Imaging with late Gd-enhancement (LGE) was used to detect prior
infarction. A method combining first-pass stress and rest imaging with LGE demonstrated an
overall accuracy of 0.88, or 0.96 for one-vessel disease, 0.75 for two-vessel disease, and 0.9 for
prior coronary artery bypass graft, in the detection of significant stenosis [101].

A stress CMR study can be interpreted using the following algorithm [99]:

Step 1. Assess for LGE

Negative: Move to step 2.

Positive: CAD present.

Step 2. Assess stress perfusion

Negative: No CAD

Positive: Move to step 3.

Step 3. Assess rest perfusion

Negative: Inducible ischemia suggestive of CAD.

Positive: Likely artifact*

* Common being the Gibbs artifact, which is more pronounced on a 3T scanner. This usually
occurs in the phase encoding direction and tends to be transient. If the segment of perfusion
defect is also positive for LGE, then inducible ischemia cannot be assessed in the same segment.

An abbreviated adenosine stress CMR protocol [102]:

1. LV structure and function module – scout and cine imaging for cardiac structure and
systolic function at rest.

2. First pass stress perfusion module – infusion of adenosine (140 mcg/kg/min over 4
minutes), followed by intravenous Gd (0.05 to 0.1 mmol/kg) and saline flush. Once the
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contrast bolus has transited the LV myocardium, adenosine is stopped. Stress images are
acquired for 40 to 50 heart beats.

3. Rest perfusion module– performed after 10 minutes to ensure sufficient clearing of Gd
from the blood pool. Reinjection of a second dose of Gd. Rest images are acquired. Slice
geometry, scan setting, and Gd dose should be similar to step (2).

4. LGE module– performed after 5 minutes of completion of step (3).

5. Analysis– visual interpretation using the 17 segment LV model. The stress and rest cine
images are viewed side-by-side using equivalent slices, in addition to the LGE images.

(Some centers omit the rest perfusion module, if the first pass stress perfusion study is normal).

Adenosine (t ½ = 10 s) is safe and well-tolerated. The potential adverse effects include flushing,
chest pain, palpitations, breathlessness, transient episodes of heart block, hypotension, sinus
bradycardia, and bronchospasm [102]. The contraindication to adenosine stress CMR (in
addition to the general contraindication of any MR study) include known hypersensitivity to
adenosine, known or suspected bronchoconstrictive or bronchospastic disease, 2nd or 3rd degree
AV block, sinus bradycardia (HR <45 bpm), and systolic BP <90 mmHg [102].

4.4.3. Diagnostic and prognostic accuracy

Diagnostic accuracy of stress CMR in a population with high prevalence of CAD (57%) showed
on an overall sensitivity of 89% and specificity of 80% for the diagnosis of significant obstruc‐
tive CAD. Adenosine-based stress demonstrated better sensitivity than dipyridamole (90% vs.
86%), but with similar specificity (81% vs. 77%) [103]. Adenosine and dobutamine stress CMR
have similar sensitivity and specificity [104]. Stress CMR showed no difference in diagnostic
accuracy when compared to SPECT MPI for CAD detection [105]. The concordance and
accuracy of stress CMR with 320-detector row CT, showed an excellent agreement (92%, kappa
value = 0.81) in an intermediate risk cohort [106]. Adenosine perfusion was the most accurate
component of the stress CMR study in predicting which patients had significant CAD,
compared with resting WMA and LGE [107].

Negative findings on stress CMR are reassuring and associated with annualized event rates
of 0.4% for MI and 0.3% for cardiovascular death. In patients with inducible ischemia, the
annual event rates for MI and cardiovascular death were 2.6% and 2.8%, respectively. The
concomitant presence of LGE was associated with a worse prognosis [108]. Other predictors
of cardiac events were resting WMA, inducible WMA and LGE. Patients with inducible WMA
(i.e., ischemia) experienced significant benefits from revascularization, compared with patients
without inducible WMA (i.e., without ischemia) [109].

4.4.4. Strengths and limitations

The strengths and limitations of stress CMR are shown in Table 10.
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Strengths Limitations

Good contrast resolution Expensive

No radiation exposure Not widely available

Visualization of subendocardial Cardiac device/metallic

ischemia and scar implant

Transmurality Glomerular filtration rate

of scar <30 mls/min

Procedural time
(~45 minutes)

Allergy to gadolinium

Breath hold instructions

Pharmacological stress

Claustrophobia

Table 10. Strengths and limitations of stress CMR

4.4.5. Case example 8

A 65-year-old man with prior coronary artery bypass surgery presents with chest pain. An
adenosine stress CMR was performed. For study interpretation, follow the steps as described
in the text starting with LGE, stress and rest images. There is inducible inferior wall perfusion
defect with no LGE (Figure 8).

           

Figure 8. Left to right: 1st image: LV short axis LGE image show no evidence of scar. 2nd image: Stress first pass perfu‐
sion image demonstrate an inducible inferior wall perfusion defect. 3rd image: The corresponding rest image demon‐
strate no perfusion defect in the inferior wall.

4.4.6. Clinical pearls

1. Avoid caffeinated food and beverages, theophylline, and dipyridamole for 24 hours prior
to stress CMR.
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2. Stress CMR should be avoided in patients with a glomerular filtration rate (GFR) < 30 mls/
min.

3. The presence of infarction on LGE (subendocardial or transmural in a coronary artery
distribution) favors CAD, irrespective of perfusion findings.

4. Criteria for a perfusion defect is a persistent delay in enhancement pattern during first
pass observed in at least 3 consecutive temporal images.

5. Perfusion defects should be graded according to transmurality.

6. Dark-rim artifact typically appear as dark lines at the blood pool-myocardium interface,
and can mimic a perfusion defect (typically Gibbs artifact).

We have come to the end of our review on the essentials of noninvasive imaging modalities
for the assessment of CAD. A proposed algorithm for test selection in suspected CAD is
included (Figure 9). The following are four clinical scenarios commonly encountered in clinical
practice and the suggested answers:

1. Would you perform a test in an asymptomatic 35-year-old woman who plans to partici‐
pate in a marathon next month? She has a normal resting ECG with no cardiovascular risk
factor.

Answer: No. Asymptomatic patients generally do not warrant cardiac testing. Her pretest
probability of CAD is very low (<5%).

2. What is the next suitable test in a 60-year-old woman with morbid obesity who presents
with chest pain? She completed 4 METs and achieved 70% of the maximum age-predicted
HR following an exercise ECG.

Answer: Inability to achieve an adequate stress level reduces the sensitivity of an exercise ECG.
Her pretest probability of CAD is intermediate. In the presence of morbid obesity, PET MPI
or CCTA would be considered a suitable alternative.

3. What test would you perform in a 75-year-old man with a sedentary lifestyle who presents
with chest pain on exertion that is relieved with nitroglycerin spray? He has underlying
COPD, diabetes, and hypertension. Baseline creatinine is 300 micromol/l.

Answer: Pretest probability for CAD is high (≥90%) and the diagnosis of CAD is not in question.
He has stable angina. First step would be to inititate medications such as aspirin, beta-blockers,
calcium channel blockers, and statin therapy. Pharmacological SPECT or PET MPI for risk
stratification is reasonable. Pharmacological SE can be performed if a good echo window can
be obtained. In the presence of moderate ischemic burden, high risk variables on MPI, or
worsening of symptom despite on optimal medical therapy, ICA is warranted.

4. Would you repeat another CCTA in a 50-year-old man with an active lifestyle presenting
with atypical chest pain? He had a calcium score of 0 and a normal CCTA a year ago.

Answer: No. No testing is required. If symptoms persist, consider an exercise ECG.
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Suspected Coronary Artery Disease
(Symptomatic, non Acute Coronary Syndrome presentation)

Low pretest probability Intermediate pretest probability High pretest probability

Able to exercise (i.e. need to achieve at least 85% of age predicted target heart rate and 5 Metabolic Equivalents)with an interpretable resting ECG

No Yes No Yes No Yes

*

*

ECG= electrocardiography; CCTA= coronary computed tomography angiography; MPI= myocardial perfusion imag‐
ing; CMR= cardiac magnetic resonance; BMI= body mass index. * BMI ≥30 kg/m2: PET MPI is preferred; BMI <30 kg/m2:
SPECT or PET MPI, depending on resource.
Patients with renal impairment (Creatinine >2.0 mg/dl, avoid CCTA; if GFR <30 mls/min, stress CMR is contraindicat‐
ed.
For pharmacological MPI, use of low level exercise (1.7 mph, grade 0) is an option, in the absence of LBBB.

Figure 9. Proposed algorithm for test selection in suspected coronary artery disease.

5. Conclusion

Understanding the merits and limitations of each noninvasive imaging modality, together with
local expertise and resources, will increase the clinician’s confidence in selecting imaging tests
for the assessment of CAD. This is crucial to avoid layered testing, unnecessary radiation
exposure, and maintain a cost-effective approach. Functional and anatomical noninvasive tests
are associated with similar cardiovascular outcomes in patients with low to intermediate risk
[110]. The use of stress MPI to serve as a gatekeeper for ICA is well validated [111]. A detailed
history and physical examination with sound clinical judgement and the integration of
evidence-based guidelines are vital for selecting the right test. In summary, noninvasive tests
are the cornerstone of CAD assessment. Although not covered in this chapter, such tests also
serve as a guide for ischemia-driven ICA strategies.
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Abstract

Non-invasive anatomic imaging modalities play a crucial role in the diagnosis of coro‐
nary artery disease (CAD), particularly in the case of the symptomatic patient presenting
in the emergency department.

Some of the key issues of discussion will be the appropriate use of coronary computed
tomography (CT) in the anatomical assessment of CAD, the prognostic information that
this assessment holds and how the role of CT may evolve in the coming years.

The aim of this chapter is to summarise and evaluate the current best non-invasive ana‐
tomical strategies of CAD imaging, notably in those with a low to intermediate pre-test
risk of CAD and those with an intermediate luminal stenosis.

Keywords: Coronary artery disease, computed tomography, imaging, intermediate
stenosis

1. Introduction

The British physician William Harvey described the heart as, “the household of Divinity
which, discharging its function, nourishes, cherishes, quickens the whole book and is indeed
the foundation of life.”[1] In Harvey’s words, together with his wider body of work, he en‐
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capsulates three simple truths; it is the heart’s role to pump the blood that it is the role of the
blood vessels to circulate the blood and it is the blood that sustains living tissue. These as‐
sertions may seem obvious, but they are just as pertinent now as when they were first pen‐
ned in the 17th century. The reason for this is clear, the leading cause of mortality in the
developed world is coronary artery disease(CAD). CAD is a narrowing of the lumen of the
arteries that supply blood to the heart resulting in a ‘failure’ of the circulation to deliver
blood to the heart.[2] Modern medical imaging allows the physician to accurately assess the
extent to which the coronary arteries are narrowed (anatomical imaging), and to what extent
this narrowing results in a ‘failure’ to circulate the blood (functional imaging).

It is an undisputed fact that the current best method for imaging the burden of CAD is inva‐
sive coronary angiography (ICA). This fact is reflected in its ubiquitous use in clinical prac‐
tice today; figures from 2004 show that 201,000 of these procedures were undertaken in the
United Kingdom, an increase of 7% from the previous year. Whilst the risks may be small –
a mortality of 0.07% and a radiation exposure risk lower than other imaging procedures [3] –
it would not be safe, practical or cost effective to offer every patient with symptoms of CAD
to ICA. Furthermore, up to 40% of the patients who do go on to have elective ICA are found
to have sub-clinical stenosis in all coronary arteries.[4,5] This highlights the inadequate and
inaccurate information provided by orthodox first-/second-line investigations in the assess‐
ment of symptomatic patients with suspected CAD.

There is an increasing body of evidence which suggests that non-invasive anatomical imag‐
ing modalities have a crucial role to play in the diagnosis of CAD, particularly, in the case of
the symptomatic patient presenting in the emergency department. That is, not to say that
non-invasive imaging will completely supplant ICA, but it may, and in some instances al‐
ready has been proven to be clinically useful in the right patient group, at the right stage of
the patient pathway [6, 7, 8]. One such promising imaging modality, which will be evaluat‐
ed in explicit detail in the course of this review, is CT. Some of the key issues of discussion
will be the appropriate use in anatomic assessment of CAD, the prognostic information that
this assessment holds and how the role of CT may evolve in the coming years.

The aim of this chapter is to summarise and evaluate the current best non-invasive anatomi‐
cal strategies of imaging CAD. The main focus will be to unveil the best to approach the two
less well understood (and sometimes overlapping) cohorts of CAD symptomatic patients:
those with a low to intermediate pre-test risk (10–29%) of CAD and those with CAD, who
have an intermediate amount of luminal stenosis (40–69% of the luminal cross-sectional
area).

2. What is CAD? Blood haemodynamics and myocardial demand

Coronary artery disease has one main consequence: it limits blood flow to the myocardium.
When this happens, CAD can cause an imbalance between the myocardial oxygen demand
and the rate of delivery of oxygen by the blood, leading to tissue hypoxia. The overall proc‐
ess is a broad spectrum of conditions known as ischaemic heart disease. In 1772, when Wil‐
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ing modalities have a crucial role to play in the diagnosis of CAD, particularly, in the case of
the symptomatic patient presenting in the emergency department. That is, not to say that
non-invasive imaging will completely supplant ICA, but it may, and in some instances al‐
ready has been proven to be clinically useful in the right patient group, at the right stage of
the patient pathway [6, 7, 8]. One such promising imaging modality, which will be evaluat‐
ed in explicit detail in the course of this review, is CT. Some of the key issues of discussion
will be the appropriate use in anatomic assessment of CAD, the prognostic information that
this assessment holds and how the role of CT may evolve in the coming years.

The aim of this chapter is to summarise and evaluate the current best non-invasive anatomi‐
cal strategies of imaging CAD. The main focus will be to unveil the best to approach the two
less well understood (and sometimes overlapping) cohorts of CAD symptomatic patients:
those with a low to intermediate pre-test risk (10–29%) of CAD and those with CAD, who
have an intermediate amount of luminal stenosis (40–69% of the luminal cross-sectional
area).

2. What is CAD? Blood haemodynamics and myocardial demand

Coronary artery disease has one main consequence: it limits blood flow to the myocardium.
When this happens, CAD can cause an imbalance between the myocardial oxygen demand
and the rate of delivery of oxygen by the blood, leading to tissue hypoxia. The overall proc‐
ess is a broad spectrum of conditions known as ischaemic heart disease. In 1772, when Wil‐
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liam Heberden described an ‘uncomfortable sensation’ while walking and called it angina,
he was describing a manifestation of ischaemic heart disease (Figures 1 and 2).[2]Figure 1 

 

Figure 1 – Darcy’s law and Poiseuilleʹs law  

 

 

 

 

 The flow of the blood to heart is summarised by Darcy’s law: 
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  In coronary artery disease (CAD) the reduction in flow is as a 
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proportional to the radius to the power of four. [2][1] 
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occlusion, resistance and flow, is a great deal more complicated 

than this when applied to CAD. 
  It is of paramount importance that a more nuanced 
physiological account of blood hemodynamics in CAD is 
understood when interpreting imaging of suspect lesions. 

Figure 1. Darcy’s law and Poiseuille's law

Figure 2. Schematic representation to show Darcy’s law (volume flow rate) and Poiseuille’s law (resistance to flow) in a
rigid tube, assuming laminar flow. adapted without permission[42]

The situation presented by traditional thinking, derived from animal experimental models
in the 1970s, is that CAD is not deemed to be flow limiting at all, when 60% of the lumen
cross-sectional area is occluded and is only deemed to be obstructive to flow during stress
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when 70% of the luminal cross-sectional area is blocked (Figure 3).[10] The relationship be‐
tween the percentage of obstruction and flow forms the basis for much of the findings in
anatomical imaging, such as CT coronary angiography (CTCA). For example, it is a well-re‐
ported fact that sub-clinical stenosis (<50%). CAD is associated with a very low myocardial
infarction event rate.[7]

Figure 3. A graph derived from animal experiments in the 1970s, showing the relationship between the amount of ves‐
sel occlusion and flow at rest and during stress. It can be seen that flow is affected at a lower threshold of diameter
narrowing during exercise than during stress. This was originally cited as the cause of angina described by Heberden
in the 18th century. However, it is now known that the relationship between percentage of vessel narrowing and coro‐
nary flow is a more complicated process than this experiment implied [10] graph adapted without permission

The problem with the traditional thinking and the experimental models, from which it was
derived, is that the animal experiments were done on healthy coronary arteries, which were
externally compressed at one point along the coronary artery. Equating the flow demon‐
strated in an externally compressed coronary artery to that in an equally stenosed, diseased
coronary is wrong for two main reasons. Firstly, the pathophysiological process that causes
CAD does far more than physically ‘block’ the vessel. Secondly, CAD can exist ‘diffusely’
along a great portion of the vessel and still have profound haemodynamic consequences.
For example, one can use ICA to demonstrate that diffuse disease with narrowing as little as
38% can cause as much as a 65% decrease in coronary flow reserve (Figure 4). The implica‐
tions of this for imaging are clear; an anatomical assessment of coronary artery stenosis is
useful information, however, this test alone cannot comprehensively assess the extent or be
the best approach to tackle CAD.[11]

3. Atherosclerosis (Figures 5–7)

As highlighted earlier, CAD results in a narrowing of the coronary arteries. The narrowing
of these coronary arteries can cause a limitation of blood flow and therefore oxygen supply
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(ischaemia) to the myocardium. The cause of this ‘narrowing’ is a poorly understood chron‐
ic inflammatory process called atherosclerosis.[2]. Atherosclerosis, literally meaning ‘hard
gruel’, is a more complicated process than the development of an atherosclerotic plaque,
which thickens the vessel wall, intruding and obstructing the vessel lumen. The reason for
this atherosclerosis is that the healthy coronary artery cannot be thought of as simply an in‐
ert tube through which blood flows. [2, 9] In fact, the healthy artery must be thought of as
three layers of differing function: the tunica intima, tunica media and tunica adventitia.

The intima must be recognised as more than simply a mechanical barrier which encloses the
blood; it is involved in metabolism, signalling and through a combination of both, and it
plays a crucial role in haemodynamics of blood flow. The way it does this is twofold:

1. The intima plays a role in producing anti-thrombotic molecules, lowering the tendency
of blood to clot, therefore lowering its viscosity and the resistance to flow.

2. The intima produces signalling molecules, which alters the contractility on smooth muscle
cells and therefore controls the size of the coronary artery lumen. In health, the intima
triggers vasodilatation of the arterial lumen during exercise and therefore increases the
myocardial blood flow to meet the demand.

During the process of atherosclerosis, for reasons beyond the scope of this chapter, the inti‐
ma lining cells fail to perform their normal role in regulating the flow of blood at a local lev‐
el. As a result, endothelial cell dysfunction arising from atherosclerosis causes both

Figure 4. A schematic representation that illustrates the limitations of anatomic imaging by Artgm (arteriogram) and
IVUS (intravascular ultrasound) during invasive coronary angiography. The recorded value of blood flow, measured
by CFR, is severely at odds with the findings using only anatomic measurements. Adapted without permission[11]
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inappropriate vasoconstriction and loss of normal anti-thrombotic properties (thus increas‐
ing blood viscosity).[2] This is relevant to imaging because the relationship between how
much of the luminal cross-sectional area of a coronary artery is occluded is not always di‐
rectly proportional to flow limitation. Therefore, imaging modalities that merely acquire
anatomical information cannot provide haemodynamic information specific to the individu‐
al.

Another reason why a good understanding of the pathophysiology of atherosclerosis is im‐
portant is because the composition of the atherosclerotic plaque itself is having an incremen‐
tal role in interpreting the significance of imaging findings. [4, 7, 8, 12] During the process of
atherosclerosis, ‘bad’ cholesterol, low-density lipoproteins, accumulate under the intimal
wall; these lipids quickly become oxidised and are engulfed by tissue macrophages forming
‘foam cells’. Another thing that happens, not necessarily in a sequential order, is that smooth
muscle cells are moved away from their native sites in the media and these migrate into the
intima. These smooth muscle cells secrete extracellular matrix forming a fibrous plaque,
which often have high calcium concentrations.[2] Misleadingly, this calcium does not al‐
ways concentrate at the site of maximal stenosis and calcified plaque only represents ap‐
proximately 20% of the total coronary atherosclerotic burden. Therefore, calcium can be
considered a good marker of CAD and its absence is an excellent marker of no CAD [13],
but it cannot diagnose obstructive CAD. [6] [12] The relative proportions of fibrous tissue to
lipid also determine the vulnerability of the plaque to rupture. This is crucial in risk stratifi‐
cation when assessing CAD.

Figure 5. The three layers of artery wall: tunica intima, media and adventitia. The media contains smooth muscle cells.
During the process of atherosclerosis, these can migrate into the intima and elaborate fibrous ECM. The adventitia is
composed of connective tissue, nerves and lymph. adapted without permission[2]
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Figure 6 A micrograph showing that atherosclerotic plaques are not homogeneous in their 
composition. The figure illustrates two stenotic plaques of differing morphology a) plaque consisting 
of hard, collagen rich sclerotic tissue b) A plaque many comprised  lipid‐rich atheromatous core, 
separated from the vessel lumen by a thin fibrous cap 
Adapted without permission[45] 

Figure 6. A micrograph showing that atherosclerotic plaques are not homogeneous in their composition. The figure
illustrates two stenotic plaques of differing morphology a) plaque consisting of hard, collagen rich sclerotic tissue b) A
plaque many comprised lipid-rich atheromatous core, separated from the vessel lumen by a thin fibrous cap. Adapted
without permission[45]

Figure 7. Schematic showing the pathological development of Atherosclerosis and the factors that contribute during
each phase. One of the key aims going forward in anatomic imaging is to identify plaques which are at high risk of
rupture as seen in C adapted without permission[2]

4. Anatomic imaging: The evolving role of coronary CT in the management
of chest pain (Figures 8–12)

CT has come a long way since the first clinical scans in 1971. It is now estimated that over 4
million scans are performed annually in the UK and one of the recent successful applica‐
tions of CT has been the emergence of CT coronary angiography (CTCA) in the manage‐
ment of chest pain.[4] A moving object, such as the heart, was thought impossible to image
by CT as the discrete nature of the imaging process meant early scanners had poor temporal
resolution. However, with the advancement in CT technology, particularly the development
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of greater number of detector row and more rapid gantry rotation, CT can now accurately
evaluate structures in constant motion like the heart and coronary arteries due to its superi‐
or spatial and temporal resolution. [4, 14] CTCA involves visualising the coronary arteries
directly with sub-millimetre isotropic spatial resolution and using this anatomic information
on stenosis severity to determine the true extent of CAD.

 

Figure 9 
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Figure 8. A brief summary of the Physics of CT

Figure 9. CT number (Hounsfield) equation – the equation used to calculate the voxel intensity

5. A Mandate for CTCA (Figure 13)

Traditionally, a patient presenting with chest pain in the emergency department with a clini‐
cal history indicating CAD, but with no ECG changes or troponin-plasma irregularities,
would be sent for an exercise treadmill test (ETT). The weaknesses of ETT are encapsulated
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in a meta-analysis conducted by Patel et al, reviewing a sample of 398,978 cases of chest pain
admissions with unknown CAD. The results show that 59% of the positive tests had no ob‐
structive CAD and 28% were false negatives when ICA was performed. This level of inac‐
curacy is unacceptable, regardless of the fact that ETT is inexpensive and readily available; it
is no better than flipping a coin at positively predicting flow-limiting CAD. The findings of
Patel et al also illustrate that in the established patient pathway only 37.6% of patients refer‐
red to ICA were found to have obstructive CAD. The overall conclusion of the study was
that “better strategies for risk stratification...to increase diagnostic yield of cardiac catheteri‐
sation in routine practice” are necessary [17]

Figure 10. Schematic demonstrating how the ray sums are acquired in the simplest image matrices possible (2 × 2 and 3
× 3). There are N squared unknown values of attenuation for an N × N image matrix. The ray sums can then be solved
as simultaneous linear equations to find the attenuation values of each voxel. Image adapted without consent[14]

Figure 11. In a single plane, perpendicular to the scanning subject, the x-ray tube, and detector acquire attenuation
values 360 degrees around the scanning subject (thus the scanning subject is the axis of rotation). This allows a single
‘volume’ slice to be obtained. Slices can be combined to form a 3D image visualised from any angle. image adapted with‐
out consent[14]
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Figure 12. A flow diagram to show the procedure of calcium scoring and full-blown, contrast-enhanced CTCA. Origi‐
nal figure: information adapted[7]

Figure 13. Flow diagram illustrating CT’s current role in the management of chest pain in the UK does not extend be‐
yond a ‘rule out’ in the intermediate stenosis group. It currently has no role in suspected ACS in the UK. original figure,
information adapted[7]
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The mandate for CT, if proven to work, is clear; too many patients, who do not need it are
being sent for ICA. This is expensive and unnecessarily increases the patient’s risk of com‐
plication. ICA has a serious complication rate of about 1/1,000[12]. Importantly, indecisive
testing also increases the amount of time a patient spends in the waiting room. The CT coro‐
nary angiography for systematic triage of acute chest pain patients to treatment (CT-STAT)
and randomised controlled trial (RCT) showed that as compared with the conventional
pathway, a patient evaluated with CTCA can expect to wait on average less than 4 h at a
cost, which is on average $1,500 cheaper compared with the healthcare provider.[18] Anoth‐
er large-scale RCT (n = 1,365), which compared the traditional care group with that who re‐
ceived CTCA after first line tests, found that there were 26.8% fewer (95% CI 21.4–32.2)
unnecessary admissions in the CCTA group. In addition, there were fewer negative invasive
angiograms and a greater number of patients who were correctly identified as having ob‐
structive CAD. [19] In fact, the health economic model, using ICA as the reference standard,
shows that at a pre-test probability of 50% or lower, CTCA results in a lower cost per patient
with a true positive diagnosis.[15] Annually, there are 6 million presentations for chest pain,
only 20% of these receive a diagnosis of CAD, and a large number are hospitalised unneces‐
sarily. In 2006, the bill for non-specific chest pain in the UK came to £11.2 billion.[8] On the
issue of assessing chest pain for patients in the emergency department, medicine can and
should do better than ETT. The evidence shows CTCA is far superior on the basis of time
and expense [18].

6. How can CTCA be used and does it work?

CTCA has advanced to the stage that it is now advocated by ‘National Institute for Clinical
Excellence (NICE) Guidance 95’ for patients with a low–intermediate risk of CAD (10–29%).
[7] The main reason CTCA has taken on this new role is because of its high negative predic‐
tive value and thus the exceptional ability to rule out CAD (Figures 14–16). [20, 8, 4, 6, 21]

   

 

Figure 14 – A note on methodology of the trials 

 

 

 

 

 

 

 

 

 

 

 

 Pre‐test probability is calculated using an algorithm, which involves 12 lead ECG, 
typicality of symptoms, age, sex and risk factors. 

 It should also be noted that the RCT evidence out there is based on the use of at least 
64 MDCT scanners and therefore the result findings are not applicable to centres that 
do not have this facility available. There is a lack of RCT evidence on the accuracy of 
the newer 320 MDCT scanners, exclusively. 

 Accuracy of CTCA varies according to the level of disease prevalence and the level at 
which anatomic imaging defines luminal obstruction as haemodynamically significant.  
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Figure 15– Strengths and weaknesses of the EVASCAN study methodology 
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 A key strength of EVASCAN, which is not seen in many other studies of this kind, 
is that non evaluable segments were not excluded from the analysis, or as they 
are in other studies, assumed to be stenosed; falsely elevating the negative 
predictive value (NPV) and specificity.  

 One of the EVASCAN study limitations was that currently, stenosis analysis is 
more often performed by more crude qualitative assessment in clinical practice 
rather than the quantitative approach taken in research.[20] For this reason, the 
findings of EVASCAN should be evaluated with caution when applied to the 
clinical setting. 

  A weakness of CTCA pointed out by all major RCT study findings is that 
diagnostic accuracy of CTCA is limited in distal vessels or in vessels that are 
narrower than 1.5 mm due to its limited spatial resolution (0.5 mm) which is still 
by far inferior to that of the invasive angiograph (0.2 mm)[27].  

 All studies pointed toward the need for further study on the 'real life' management of 
patients with chest pain. It is hoped that this could help to define a precise role for CCTA 
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One of the most definitive RCTs conducted to evaluate the accuracy of CTCA at detecting or
ruling out >50% stenosis is the EVAluation of CT SCANner (EVASCAN) study, which in‐
cluded the largest sample of intermediate–high risk stable symptomatic patients, to date.
Considering the low–intermediate group forms, the greatest proportion of individuals pre‐
senting with symptomatic CAD in the emergency department (ED) is 50–70% [19], EVAS‐
CAN’s study sheds light on a previously under-investigated and crucial patient group.
EVASCAN examined population with a prevalence of CAD of 54%, in a study sample of
757, using a 64 slice multi-detector row CT scanner. The sensitivity, specificity, positive pre‐
dictive value (PPV) and negative predictive value (NPV) compared with ICA as the refer‐
ence standard were 91%, 50%, 68% and 83%, respectively.[20] At 83%, EVASCAN’s negative
predictive value concords with the CORE 64 RCT [22], which also examines CTCA’s effec‐
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tiveness at detecting CAD severity compared with the gold standard of ICA. At a lowly
68%, the positive predictive value (PPV) of CTCA is badly affected by CT’s facility to sys‐
tematically over-estimate stenosis severity due to local accumulation of non-obstructive lo‐
cal foci of calcium.

The results of EVASCAN and CORE 64 must be contextualised. Both look at the ability of
CT to determine haemodynamically obstructive CAD, based on a ‘binary’, > or <50% steno‐
sis severity. For reasons highlighted earlier, 50% stenosis is quite a low boundary to be con‐
sidered flow limiting across the board. Whilst the inability to account for other physiological
factors in flow limitation is an inherent weakness of anatomical CTCA, ruling out CAD ex‐
clusively on the basis of a 50% stenosis severity is bound to be less accurate than using the
70% threshold. For this reason, NICE guidance advocates the use of the >70% threshold in
the assessment of flow limitation.[23]

The challenging question of, “what extent of luminal obstruction should be assumed to be
flow limiting?” has recently been tackled by a few small-scale RCTs. These RCTs call for a
re-evaluation of the binary classification of stenosis severity as flow limiting/not flow limit‐
ing according to a single cut-off threshold. These studies demonstrate the potential clinical
usefulness of a more quantitative, tiered approach to evaluating stenosis severity. These
studies also illustrate that stenosis severity can be accurately ‘graded’ by CTCA and this
‘grading’ shows excellent correlation with flow limitation (r = 0.82), assessed by ICA.[24]
Further large-scale RCTs are needed to evaluate the usefulness of this graded approach in
risk stratification and prognostic outcome. More evidence is also needed to determine the
exact effectiveness of anatomical CTCA in assessing flow limitation in the intermediately
stenosed group (40–69%).

The ACCURACY RCT illustrates CTCA’s excellent ability to rule out CAD in populations of
low prevalence of CAD with a negative predictive value of 99%.[25] At the other end of the
spectrum, ACCURACY of 64 shows that CTCA can accurately rule out CAD in populations
with a high prevalence of CAD with an NPV of 98%.[26] These results demonstrate that it is
feasible to use CTCA in populations at high and low risk of the disease. Something that
needs to be considered from a research perspective is that 99% rule out is extremely impres‐
sive and far more encouraging than ETT. However, from a clinical perspective 1 mistake in
every 100, given the high turnover of chest pain patients in the ED, could prove to be very
costly in terms of lives lost. Therefore, while it is feasible to use CTCA in the rule out of ob‐
structive CAD in both of these patient populations, it does not necessarily provide clear clin‐
ical benefit over ICA, the gold standard to which CTCA is being compared with, in terms of
accuracy of the ‘rule out’.

The overall findings of EVASCAN, and associated RCTs, illustrate that in populations with
a low prevalence of disease and using a 70% stenosis as a threshold for flow limitation,
CTCA can be used to a great effect to rule out flow-limiting CAD. This is why EVASCAN
and other studies call for clinicians to recognise the importance of the pre-test probability. In
low to intermediate pre-test probability of CAD (10–29%), where the disease prevalence of
obstructive CAD will be low, it is more cost effective, safer than and almost equally as accu‐
rate as the gold standard ICA at ruling out CAD. The reason CTCA’s use cannot be extend‐
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ed to high pre-test risk population (>61%) is because in spite of the high NPV, a patient will
receive no benefit from receiving CTCA.[7] In this high-risk group, a rule-in test is required,
and CCTA’s unimpressive PPV and ICA’s added benefit of being able to revascularise
straight away, if the culprit lesion is shown to be flow limiting, makes it more cost effective
than CCTA in this patient group.

7. Prognostic value of CTCA

The focus thus far has been to assess to what extent CT can accurately identify obstructive
CAD and the monetary and time-saving benefit CT can offer. It is also crucial to follow up
patients after diagnosis by CTCA and record their outcomes that is. given a negative finding
on CT, what proportion of patients still go on to have major adverse coronary event
(MACE)?

A recent meta-analysis (n = 9,592), with a median 20-month follow-up, showed that the risk
of MACE following a negative test on CTCA is 0.17% per year, a figure that is comparable
with the baseline rate (0.15% per year). In patients with abnormal findings on CTCA, there is
a risk of MACE of 8.8%, 40 times more than the risk in the general population.[27] Another
meta-analysis (n = 3,670), which performed similar analysis over a longer mean follow-up
period (21.6 months), found a tenfold higher risk in patients with “any detectable coronary
stenosis by CTCA compared with subjects without coronary stenosis”.[28]

A recent case–control study went into more detailed analysis at the potential for CT to strati‐
fy risk. It was found that, by grading coronary stenosis using a segmental stenosis score, and
following up after 52 months, those with a score up to 5 (less severe stenosis) had an event-
free survival of 85%, whereas those who had a score >5 had an event-free survival of just
20%. The same study also found that those with an intermediate degree of the stenosis (40–
69% ruled out as flow limiting) showed an event-free survival between those with normal
coronary arteries and those with obstructive CAD.[29] This study conceded that it could not
be sure that the higher number of deaths in this group was because of the non-obstructive
CAD, developing into obstructive CAD, or because of non-obstructive CAD plaque rupture,
and highlighted, “early identification of non-obstructive CAD with CTCA is clinically im‐
portant because it may lead to a more aggressive strategy of cardiovascular risk factor con‐
trol and modification of clinical follow-up.”[29] It is for exactly this reason that prognostic
information obtained by CTCA is so useful; rather than widespread distribution of primary
and secondary interventions, targeted aggressive treatment can be handed to the patients
who need it the most.

8. Prognostic value of CTCA: Calcium scoring

Calcium scoring is a tool available for cardiac CT (Figures 17 and 18), which can be per‐
formed immediately, without the use of contrast and without the use of high doses of radia‐
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tion, in order to stratify for cardiac risk. It works on the basis that coronary artery calcium
(CAC) has excellent x-ray attenuation properties and is a quantifiable marker of atheroscler‐
otic plaque. However, the quantity of CAC is poorly correlated with the degree of stenosis,
so its presence should not be extrapolated to be a good predictor of flow limitation.[8]

 

 

 

 

 

Figure 17 – NICE Recommendations on the calcium score 
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 A calcium score of zero is indicative of no detectable calcium 
 NICE recommend that symptomatic low‐intermediate (10–29%) risk patients 

should be offered‐CAC scoring 
  In a score  between 1 and 400 , the recommendation is to proceed to formal 

CTCA 
  In a score that exceeds 400, with no alternative explanation, the 

recommendation is to proceed to ICA[7] as CTCA is less effective in patients with 
significant calcification [30] 

Figure 17. NICE Recommendations on the calcium score

Figure 18. An unenhanced calcium score showing low degree calcification in proximal left anterior, descending artery.
The patient was thus referred to CTCA. Figure adapted without consent[7]

A calcium score of zero has a 12-year-survival of 99.4% and a score of 100–400 Agatston
units has a lifetime risk ratio of myocardial infarction of 4.3 compared with those with a cal‐
cium score of zero. Despite the excellent prognosis of a CAC score of zero, its use is not indi‐
cated for the purpose of screening as the likelihood of finding stenosis in low-risk patients
(using the Framingham score) is too low to warrant imaging.[12] The CAC score is best de‐
ployed in the intermediate-risk population.[7] A serious consideration which requires the
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physician’s meticulous attention is the calcific distribution; a relatively low overall calcium
score may be taken more seriously if it is found in the ‘spotty distribution’ of calcium.[30]

Another aspect of the calcium score in risk stratification is the patient’s age. Whilst no coro‐
nary calcium is an excellent marker of prognosis, the true false negative rate is not really
known and controversy surrounds the ability of CAC to rule out non-calcified fibrolipid pla‐
que.[7] In a meta-analysis of 10,355 symptomatic patients, testing the ability of CAC scoring
to detect significant CAD compared with ICA, results showed as high as 2% of the patients
had significant CAD with no detectable calcium and CAC scoring had a poor overall specif‐
icity of just 40%.[31] These individuals (significant CAD with no CAC) tend to be younger
than 50 years of age and particular diligence must be taken with patients in this age group.
Worryingly, the presence of this non-calcified plaque is higher in patients with serious acute
coronary syndrome (ACS) rather than stable angina.[12]

9. Prognostic value of CTCA: Plaque composition

An advantage of CTCA, and an area of great promise, is the ability to provide more infor‐
mation about the coronary artery than just the luminal information offered by ICA. CTCA
can offer insight into the degree of mural plaque burden and the plaque sub-type, which is
beyond ICA without the use of intravascular ultrasound.[4]

Broadly speaking, CTCA can identify three types of plaque: calcified, non-calcified and
mixed. Comparison with intravascular ultrasound during ICA shows that CTCA can cor‐
rectly identify 95% of the calcified plaque, 83% of the non-calcified plaque and 84% of the
mixed plaque. The accuracy for the identification of non-calcified plaque is lower for the
same reason; CAC scoring is a poor predictor of obstructive CAD: CTCA systematically
overestimates CAC due to the high attenuation properties of calcium and the partial volume
effect. However, it is hoped that one day CTCA will be able to unlock useful prognostic in‐
formation about the chance of CAD plaque rupture, and therefore detect and direct medical
intervention.[12]

It has already been highlighted that 90% of the ACS is caused by plaque rupture [2] and up
to two-thirds of MIs occur from disruption of plaque that causes less than 50% stenosis. [12]
Currently, CTCA would result in the discharge a patient with chest pain at this intermediate
degree of stenosis and any further functional testing that would be performed (stress testing
or ICA) is unlikely to show any signs of ischaemia. [12]

Plaques at the risk of rupture have a specific morphology called ‘thin-capped fibroathero‐
ma’. These have a lipid-rich, necrotic core with a thin fibrous cap. The most important prop‐
erty in the risk of rupture of plaques is the thickness of the fibrous cap; the thinner the
fibrous cap, the greater the risk of rupture. Currently, the spatial resolution of CT is limited
to 330 μm and, by definition, the fibrous cap is less than 65 μm in thickness. The current
limits of CT suggest that being able to visualise ‘at risk’ fibrous caps is impossible. However,
these ‘fibroatheromas’ have slightly different attenuation properties to more stable, fibrous
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lesions. Although there is still much progress to be made, promise remains in the ability of
CTCA to distinguish the attenuation properties of the lipid-rich core in the hope of recognis‐
ing and quantifying the risk of rupture in vulnerable plaque. [30, 12]

10. CT in the assessment of Fractional Flow Reserve(FFR): The future

ICA has been referred to many times throughout the course of this chapter as the ‘gold
standard’ in the assessment of CAD (Figure 19). In order to define a precise role for anatom‐
ic CTCA, in the assessment of CAD, one must first understand the process of ICA, what use‐
ful information it gathers and whether it is within the capability of CTCA to gather similar,
useful information.

Figure 19 

Figure 19 – The procedure of ICA 

 

 

 

 

 

 

 

 
 

 ICA, or, as it is more simplistically known, coronary angiography involves 
‘cardiac catheterisation’ 

  Cardiac catheterisation is the process where the femoral or brachial artery 
(most commonly on the left side) is punctured and a long, thin, flexible, 
hollow, tube‐like device (a catheter) is fed in a retrograde fashion through 
the circulatory system to the heart and coronary arteries 

  The movement of the catheter tip is guided by an x‐ray machine and 
injections of contrast are used to enhance visualisation of the vasculature. 
[33] This allows the physician to directly visualise the degree of coronary 
artery stenosis in real time 

 FFR is calculated by measuring the ratio of pressure proximal to and distal 
to a stenotic lesion during vasodilator induced hyperaemia 

Figure 19. The procedure of ICA

One of the major advantages of ICA is the ability to perform percutaneous coronary inter‐
vention (PCI) in an attempt to restore normal flow to the obstructed coronary artery. This
assumption was called into question by the COURAGE RCT trial, which compared the out‐
comes of elective, stable angina patients with those who received optimised medical therapy
(anti-platelet therapy and statins) when compared with PCI. The findings of this study were
that, “as an initial management strategy in patients with stable coronary artery disease, PCI
did not reduce the risk of death, myocardial infarction or other major cardiovascular events
when added to optimal medical therapy.”[32]

The COURAGE trial was followed up by the COURAGE nuclear substudy, which took into
account the extent of ischaemia on perfusion imaging, using the same two treatment alloca‐
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tions. The substudy found that revascularisation did lead to a decrease in ischaemia and a
decrease in adverse cardiac events.[27] The results of the two trials were not incongruent.
When taken together, they imply that there is a lack of revascularisation benefit, identified
on anatomical grounds exclusively. In order to effectively identify patients who require re‐
vascularisation, some other test, which directly measures haemodynamic consequences of
stenosis, is required. The test that has been developed and proven to be clinically useful is
the fractional flow reserve (FFR). It has been found that if FFR > 0.75, PCI can be deferred
without increased patient risk, despite an angiographic appearance of significant stenosis.
Moreover, the cardiac event rates were lower in patients with FFR > 0.75 who did not have
PCI than patients who did have PCI. [27, 33, 34]Finally, the evidence supports the fact that
there is no benefit in revascularising, unless the haemodynamic consequences of stenosis are
known.

The relevance to CTCA is that with modern 320 detector row CT scanners, one can also
measure FFR (Figure 20) by applying fluid mechanical modelling to CCTA images, with no
extra radiation exposure and no change to the normal CCTA procedure.[35]

Figure 20. A) An invasive coronary angiogram of LAD artery. QCA – Quantified coronary angiography (maximal
quantified stenosis) is 50.68% showing it is an intermediately stenosed lesion. Invasively measured fractional flow re‐
serve (FFR) is 0.71, which indicates this lesion is causal of ischaemia B) Conventional CCTA concurs with the findings
on ICA that the lesion is in the intermediately stenosed group and C) Combined function and anatomical image of
LAD artery. The shading corresponds with the FFR at that point along the coronary artery. FFR measured by CCTA is
0.78, which by this study’s definition (ischaemia if FFR<0.8) is an ischaemia causing lesion. This highlights the com‐
bined ability of anatomic and, new, functional CCTA to diagnose a lesion as flow limiting despite the fact it is only
modestly stenosed (50.68% by QCA) [35]

How best could we use the anatomical information obtained by CCTA and apply it to the
haemodynamic consequences of CAD on blood flow? The group of patients this has posed a
particular problem for is the intermediate stenosis group (40–69%). Within this group CTCA
has, as yet, been unable to unlock the haemodynamic consequences of CAD through an ana‐
tomical approach.

Recent evidence has shown early promising signs; using CTCA measured FFR can produce
a diagnosis of ischaemia in lesions of intermediate stenosis severity with a PPV (compared
with ICA measured FFR) of 82.4% and a NPV of 90.6%.[35] CTCA measured FFR, in combi‐
nation with anatomical imaging, has been shown to increase the accuracy of the diagnosis of
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haemodynamic consequences of CAD on blood flow? The group of patients this has posed a
particular problem for is the intermediate stenosis group (40–69%). Within this group CTCA
has, as yet, been unable to unlock the haemodynamic consequences of CAD through an ana‐
tomical approach.

Recent evidence has shown early promising signs; using CTCA measured FFR can produce
a diagnosis of ischaemia in lesions of intermediate stenosis severity with a PPV (compared
with ICA measured FFR) of 82.4% and a NPV of 90.6%.[35] CTCA measured FFR, in combi‐
nation with anatomical imaging, has been shown to increase the accuracy of the diagnosis of
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ischaemia in lesions of all types by 25%. Another potential benefit is that in instances of mul‐
ti-segment stenoses, the culprit lesion(s) can be correctly identified. [35] The findings of
these studies are based on a very small cohort (n = 60) and need to be shown to be reprodu‐
cible on a larger scale. Furthermore, the potential to use CCTA measured FFR should not be
seen as a challenge to ICA and its potential benefits, compared or in conjunction with stress-
testing modalities, need to be fully evaluated before its precise role can be defined.

11. Conclusion

This chapter has aimed to show that the process and manifestations of CAD are nuanced;
therefore, what is required is a far more detailed analysis than the current diagnosis of, or
the ‘ruling out’ of, the ACS.

CTCA has been shown to be a cost effective, quick and accurate means of managing patients
with acute chest pain, and it has been established that for CTCA to be used effectively, it
must be targeted at the right patient group (10–29% pre-test probability). The prognostic in‐
formation that can be garnered by CTCA is useful; however, the role of the prognostics in
the direction of primary and secondary intervention requires further study in order for its
precise use in risk stratification and direction of primary, secondary and tertiary interven‐
tions.

The findings demonstrate that the role of CTCA is not to supplant ICA as the gold standard
in the investigation of CAD in a similar way that CT pulmonary angiography has its inva‐
sive counterpart. The current role of CTCA must be viewed as a means to avoiding unneces‐
sary invasive angiography and the associated risks that come with it in the right patient
population. There is no longer a role or a need for ETT in the assessment of patients with
acute chest pain.[36]

Whilst the focus of this chapter is purely upon the merits of anatomical assessment of CAD,
it must be noted that the role of cardiac CT in the management of chest pain in the ED is
evolving.[37] Growing evidence is emerging about the possibility of a ‘one-stop shop’ ap‐
proach where the anatomy, physiology and perfusion of the heart and coronary arteries, as
well as assessment of pulmonary embolism and aortic aneurysm, are all used to diagnose
the cause of chest pain in one study.[38] This has been reflected by a readiness of centres in
the USA to use the modern 320 MDCT scanners in the emergency department assessment of
chest pain.

The potential of using CTCA to determine FFR in the diagnosis of ischaemic heart disease is
also an exciting development and has the potential to expand the role of CTCA further by
elucidating the haemodynamic significance of the intermediate stenosis. Another avenue of
much research lies in the attempt to increase the accuracy of CAD assessment of stable,
symptomatic, intermediate-risk patients, by combining the anatomical approach of CTCA
alongside myocardial perfusion imaging by CT.[27] What is clear is that CTCA, and CT
more broadly, has and will continue to have an expanding role in safeguarding the function
of the heart that William Harvey breathlessly outlined for the first time.
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Abstract

Optical coherence tomography (OCT) is a high-resolution imaging technology, which can
provide detailed observation of the vulnerable coronary atherosclerotic plaques in clinical
settings. The current understanding of the major cause of acute coronary syndrome is
that it results from plaque rupture of a vulnerable plaque. OCT can provide detailed ob‐
servation of the vulnerable coronary plaque. The main findings of vulnerable plaque by
OCT are considered to be a lipid-rich plaque, a thin-cap fibroatheroma, microchannel
structure, spotty calcification, macrophage infiltration, and cholesterol crystal. These fea‐
tures observed by OCT can provide cardiologists to consider pathological mechanisms of
coronary atherosclerosis and suitable medical and interventional treatments for vulnera‐
ble patients. In this review, we will discuss the characteristics of OCT assessment for cor‐
onary atherosclerosis and the clinical impacts of OCT imaging for the treatment of
coronary artery disease.

Keywords: Optical coherence tomography, Coronary artery disease, Vulnerable plaque

1. Introduction

Optical coherence tomography (OCT) is an optical analog of intravascular ultrasound (IVUS)
that allows physicians to visualize various morphological features of coronary atherosclerotic
plaques in vivo. Recently, several vulnerable features of coronary atherosclerosis have been
suggested in both histopathological and clinical studies with the emerging use of OCT. The
main findings of vulnerable plaque by OCT are considered to be a lipid-rich plaque, a thin-
cap fibroatheroma (TCFA), microchannel structure, spotty calcification, macrophage infiltra‐
tion, and cholesterol crystal. We describe the features of vulnerable plaques by OCT and the
impact of OCT findings for diagnosis and clinical treatment.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



OCT is a high-resolution intracoronary imaging technology with near-infrared light to produce
cross-sectional images of coronary artery disease. The spatial resolution of OCT, nearly 10 μm
on the lateral axis, is almost 10 times greater than that of IVUS. OCT could provide detailed
plaque morphology near to pathological assessment. More than 70% of acute coronary
syndrome (ACS) was caused by plaque rupture, and nonruptured type (plaque erosion or
calcified nodules) was shown in 30% of ACS. OCT is able to visualize vulnerable plaque which
was prone to plaque rupture possibly agree with autopsy findings. Vulnerable feature by OCT
were a lipid-rich plaque, a TCFA, vasa vasorum, spotty calcification, macrophage infiltration,
cholesterol crystal. We describe the natural history of vulnerable plaques and the clinical
impact of each vulnerable feature detected by OCT images.

Recent studies have shown that vulnerable plaques could develop not only in native coronary
arteries but also in the neointima after coronary stent implantation. OCT studies have reported
the development of neoatherosclerosis changes within both bare-metal stents and drug-eluting
stents after stent implantation. Neoatherosclerosis includes lipid accumulation, calcium
deposition, macrophage infiltration, and development of neovascularization within neointima
area of the stent. These changes after stent implantation could play an important role in the
development of late stent failure (late stent restenosis and late stent thrombosis).

Primary percutaneous coronary intervention (PCI) is widely performed for patients with
coronary artery disease. Sometimes, no-reflow phenomenon occurred during PCI, and no-
reflow is associated with poor functional and clinical patient outcomes when compared with
patients with adequate reflow. Recent studies have shown that some vulnerable findings
(lipid-rich plaque, TCFA, and spotty calcification) are predictors of no-reflow phenomenon.
We describe how to treat vulnerable plaques during PCI with OCT.

Optimal medical therapy (OMT) is regarded as one of the effective treatments for the stabili‐
zation of coronary artery plaques, and it reduces the risk for coronary events and mortality.
However, cardiovascular events occur in some patients even with OMT; the residual risk has
become a problem. OCT detects and follows vulnerable plaque serially. Dyslipidemia is a
strong risk for coronary artery disease and promotes coronary atherosclerosis. We describe
the impact of oral lipid-lowering agents on stabilizing vulnerable plaques with OCT.

2. Optical coherence tomography technology

OCT is  a  new high-resolution intracoronary imaging technology based on near-infrared
interferometry. As near-infrared light is unable to penetrate red blood cells (RBCs), OCT
imaging is needed to remove RBCs in the coronary artery with a bolus injection of contrast
medium. The high pull-back speed of OCT enables cardiologists to assess the long coronary
plaque  components  in  a  few  seconds.  At  present,  2  types  of  OCT  systems,  Frequency
Domain OCT (St. Jude Medical, ST. Paul, Minnesota, USA) and Frequency Domain Optical
Imaging (Terumo, Tokyo, Japan) are available for clinical use. The spatial resolution of OCT,
nearly 10 μm on the lateral axis, is almost 10 times greater than that of IVUS. As shown
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in Figure 1, OCT visualizes 3-layer structures of coronary artery. OCT-imaging technolo‐
gy allows cardiologists to examine tissue characterization of coronary atherosclerotic lesions
in vivo.

Figure 1. Representative optical coherence tomography images of the three layers of the vascular wall. Optical coher‐
ence tomography could identify the three layers of the vascular wall.

3. Coronary plaque vulnerability by OCT

Recently, several vulnerable features of coronary atherosclerosis have been suggested in both
histopathological and clinical studies with the emerging use of OCT [1-3]. The ability of OCT
in tissue characterization of coronary atherosclerotic lesions has been well-validated in
clinicopathological studies [4-6]. OCT could provide detailed plaque morphology near to
pathological assessment. OCT can provide three morphological features of coronary athero‐
sclerosis: fibrous plaques, calcified plaques, and lipid-rich plaques (Figure 2). Fibrous plaque
is defined as homogeneous, signal-rich regions with low attenuation. Calcified plaque is
defined as well-delineated, signal-poor regions with sharp borders. Lipid-rich plaque is
defined as signal-poor regions with diffuse borders.

The current understanding of the major cause of ACS is that it results from rupture of a
vulnerable plaque. OCT is a high-resolution imaging technology that can provide detailed
observation of the vulnerable coronary plaque. The main findings of vulnerable plaque by
OCT are considered to be a TCFA, ruptured plaque, intracoronary thrombus, vasa vasorum,
spotty calcification, macrophage infiltration, and cholesterol crystal (Figure 3).

Optical Coherence Tomography for the Assessment of Coronary Plaque Vulnerability
http://dx.doi.org/10.5772/61615

101



Figure 3. Vulnerable findings of optical coherence tomography images in coronary plaques. (A) Thin-cap fibroathero‐
ma (TCFA), (B) Ruptured plaque, (C) Intracoronary thrombus, (D) Vasa vasorum, (E) Spotty calcification, (F) Macro‐
phage infiltration, (G) Cholesterol crystal.

3.1. Thin-cap fibroatheroma

TCFA is considered when the fibrous cap thickness is ≤65 μm in the lipid-rich plaque. OCT–
TCFA  has  relationship  with  several  characteristics  of  vulnerable  plaque  in  the  other
intracoronary imagings, such as attenuated plaque by gray-scale IVUS, necrotic plaque by
virtual histology IVUS, and yellow plaque by intracoronary angioscopy [7-9]. Fibrous cap
thickness is associated with serum C-reactive protein, oxidized low-density lipoprotein, and
insulin  resistance  [10-12].  OCT–TCFA  is  a  predictor  of  ACS  and  consequent  plaque
progression [13, 14].

Figure 2. Plaque morphology by optical coherence tomography. (A) Fibrous plaque is defined as homogeneous, signal-
rich regions with low attenuation. (B) Calcified plaque is defined as well-delineated, signal-poor regions with sharp
borders. (C) Lipid-rich plaque is defined as signal-poor regions with diffuse borders.
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3.2. Ruptured plaque

Ruptured plaque is defined as an intimal interruption and cavity formation in the plaque. OCT
enables detection of ruptured plaque more frequently than IVUS. OCT examination after
thrombus aspiration in patients with ACS revealed that 73% of patients showed ruptured
plaque, and the mean thickness of the ruptured fibrous cap was 49 μm [15]. Ruptured plaque
was often observed in non-culprit lesions of ACS especially in diabetic patients, which showed
development of pan-coronary atherosclerosis.

3.3. Intracoronary thrombus

Intracoronary thrombus is a major cause of ACS, which is identified as an irregular high- or
low-backscattering mass protruding into the lumen. OCT can distinguish between thrombus
white and red thrombus [16]. White thrombus presents with a low-backscattering structure.
Red thrombus presents with a high-backscattering structure with signal-free shadowing.

3.4. Vasa vasorum

Vasa vasorum plays a pivotal role in coronary plaque growth by increasing red blood cells,
thereby supplying inflammatory cells and cytokines into the plaque. Sluimer et al. revealed
that vasa vasorum was increased in advanced plaques compared with early plaques in a
human  histological  study  [17].  OCT  has  been  proposed  as  a  high-resolution  imaging
modality that can identify vasa vasorum as microchannels with tiny black holes (50-100
μm). The proliferation of vasa vasorum has been identified recently as a common feature
of vulnerable plaque [18]. Kitabata et al. demonstrated increase of vasa vasorum counts in
TCFA [19]. An observational study of OCT revealed that the presence of vasa vasorum in
the plaques was also associated with positive remodeling and elevated high-sensitive C-
reactive protein levels. The OCT evaluation of vasa vasorum counts might be helpful for
assessing plaque vulnerability.

3.5. Spotty calcification

Clinical observations have suggested that the culprit lesions responsible for ACS are generally
less calcified than those responsible for stable angina pectoris (SAP), indicating that calcium
renders plaques more, rather than less stable [20]. However, the pattern of plaque calcification
may also matter; a small amount of calcium was reported as a characteristic of vulnerable
plaque that contributes to plaque instability. A pathological study by Burke et al. demonstrated
that plaque rupture and TCFA, considered to represent vulnerable plaque, were most
frequently associated with spotty calcification [21]. Previous IVUS studies have revealed a
positive relationship in patients with acute myocardial infarction (AMI) between small and
discrete calcifications within an arc of less than 90°, the presence of a fibrofatty plaque, and
positive remodeling of the culprit arterial segment [22]. Recently, two OCT clinical studies as
for spotty calcification (with an arc of <90°) have been reported. Kataoka Y et al. showed that
plaques containing spotty calcification exhibited a greater lipid plaque volume, thinner fibrous
caps (89.0 ± 31.6 μm vs. 136.5 ± 32.5 μm, P = 0.002) and a higher prevalence of vasa vasorum
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(45.9% vs. 17.7%, P = 0.007) in the culprit lesion of SAP patients [23]. Another study reported
by Mizukoshi M et al. showed that in the ACS patients compared with SAP patients spotty
calcification was more frequently observed in the ACS patients compared with SAP patients
and located close to the luminal surface [24]. Thus, spotty calcification detected by OCT was
positive relationship with plaque vulnerability.

3.6. Macrophage infiltration

Degradation of the fibrous cap matrix by macrophages is associated with atherosclerotic
plaque instability [25]. Macrophages infiltration detected by OCT were observed as a “bright
spot,” with a high signal variance from the surrounding tissue. Tearney et al. [26] and MacNeill
et al. [27] descried OCT was capable to evaluate cap macrophage content accurately. High
degree of positive correlation was observed between OCT and histological measurements of
macrophage density in fibrous cap (r < 0.84, P < 0.0001). OCT provided detection of cap
macrophage density >10% with 100% sensitivity and specificity [19].

3.7. Cholesterol crystal

Previous  studies  demonstrated  that  cholesterol  crystallization  is  higher  in  vulnerable
pathological  examination  [28].  Kellner-Weibel  et  al.  suggested  that,  within  the  lesion,
macrophages  may have  the  pivotal  role  in  initial  nucleation  and subsequent  growth of
cholesterol  crystals  [29].  Meanwhile,  it  has  been shown that  phagocytosis  of  cholesterol
crystals by macrophages causes and advances an inflammation in the atherosclerotic plaques
[30, 31]. OCT-imaging system with high-resolution could visualize structures suggestive of
accumulations of cholesterol crystals in vivo [6]. Cholesterol crystal by OCT was defined as
a thin linear region of  high density without attenuation [32].  Clinical  OCT studies have
suggested that cholesterol crystals frequently coexist with the major findings of vulnera‐
ble plaque (spotty calcification, vasa vasorum, and lipid-rich plaque), and are often seen in
poorly controlled diabetic patients [32].

4. In-stent neoatherosclerosis

In-stent neoatherosclerosis has been reported several years after drug-eluting stent (DES) and
bare-metal stent (BMS) implantation. Neoatherosclerosis is more frequent and occurs earlier
in patients undergoing DES implantation than those treated with BMS [33]. Neoatherosclerosis
includes lipid accumulation, calcium deposition, macrophage infiltration, neovascularization
within neointima, and results in very late stent failure including late stent thrombosis and in-
stent restenosis [34]. OCT studies have reported that in both BMS and DES, neointima in the
stent often comprises lipid-laden tissue in late phase of stent implantation and that expansion
of neovascularization from peri-stent to intra-intima leads to atherosclerotic progression of
neointima [35, 36]. Although the causes of neoatherosclerosis are unknown, Kato et al. recently
showed that predictors of neoatherosclerosis are old stent age ≥48 months, DES usage, age ≥65
years old, current smoking, and chronic kidney disease [37].
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5. Relationship vulnerable plaque by OCT and no-reflow phenomenon

Primary PCI is widely performed for patients with coronary artery disease. Sometimes, no-
reflow phenomenon occurred during PCI in both patients with ACS and SAP, and no-reflow
after PCI is associated with poor functional and clinical patient outcomes when compared with
patients with adequate reflow [38, 39]. Thus, accurately detecting high-risk lesions of no-reflow
phenomenon is warranted for interventional cardiologists. Recent OCT studies have shown
that some vulnerable findings (lipid-rich plaque, TCFA, and spotty calcification) are predictors
of no-reflow phenomenon. Ikenaga et al. showed that length of lipid pool was longer in the
ST-segment resoluton (−) group than in the ST-segment resoluton (+) group in patients with
ST elevation myocardial infarction (10.1 ± 2.8 mm and 7.8 ± 3.2 mm, p = 0.02) [40]. Lee et al.
showed that TCFA was associated with cardiac troponin I elevation after PCI and the presence
of TCFA was an independent predictor of periprocedural myocardial infarction (odds ratio,
10.47; 95% confidence interval, 3.74–29.28; P < 0.001) [39]. Tanaka et al. showed that TCFA was
more often observed in the no-reflow group than in the reflow group (50% vs. 16%, P = 0.005)
and the frequency of the no-reflow phenomenon increased according to the size of the lipid
arc in the culprit lesion in patients with ACS (Lipid arc 1–90°, 4.7%; 91–180°, 35%; 181–360°,
75%) [41]. Furthermore, Ueda et al. showed that colocalization of TCFA and spotty calcification
was an independent predictor of PCI-related cardiac troponin T elevation (odds ratio 8.40, 95%
confidence interval 1.65–52.78, P < 0.01) [42]. Thus, OCT could be a useful tool for risk
stratification of PCI.

6. Considering optimal medical therapy for vulnerable plaque with OCT

Atherosclerosis has an important inflammatory component and acute cardiovascular events
can be initiated by inflammatory processes occurring in vulnerable plaques. The current
understanding of the major cause of ACS is that it results from rupture of a vulnerable plaque.
OCT is a high-resolution imaging technology that can provide detailed observation of the
vulnerable coronary plaque. TCFA is the most typical OCT findings as a vulnerable plaque.
OMT is regarded as one of the effective treatments for the stabilization of coronary vulnerable
plaques, and it reduces the risk of coronary events and mortality. Intensive lipid-lowering
therapy with statins is regarded as one of the effective treatments for the stabilization of
coronary artery plaques, and reduces the risk for coronary events and mortality [43]. Serial
OCT observations could explain this efficacy of statin therapy. Takarada et al. showed that
statin therapy for 9 months after the onset of AMI significantly increased the fibrous-cap
thickness in patients with hyperlipidemia (151 +/- 110 μm to 280 +/- 120 μm, P < 0.01) [44].
However, cardiovascular events occur in some patients even with statin therapy, and residual
risk has become a problem. Habara et al. showed the effect of ezetimibe in addition to
fluvastatin on the progression of coronary vulnerable plaque evaluated by OCT. The change
in the fibrous cap thickness was significantly greater in the ezetimibe and fluvastatin group
than in the fluvastatin alone group (0.08 ± 0.08 mm vs 0.04 ± 0.06 mm, P < 0.001) [45]. The Japan
EPA (eicosapentaenoic acid) Lipid Intervention Study, which was a large randomized clinical
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trial, showed that purified EPA administration along with statin therapy reduced the incidence
of coronary events by 19% [46]. Hasegawa et al. showed that lower EPA/AA ratio was
associated with higher vulnerability of coronary plaques by OCT examination. The low EPA/
AA group had wider maximum lipid arc (114.0 ± 94.8° vs. 56.4 ± 66.0°, p = 0.0097), longer lipid
length (4.8 ± 4.5 mm vs. 1.6 ± 2.6 mm, p = 0.0037), and thinner fibrous cap (69.3 ± 28.3 μm vs.
113.3 ± 46.6 μm, p = 0.005) compared with the high EPA/AA group [47]. Nishio et al. showed
that the EPA and statin group had a greater increase in fibrous-cap thickness, with a greater
decrease in lipid arc and lipid length compared with the statin alone group [48].

7. Conclusion

OCT is a high-resolution imaging technology that can provide detailed observation of
vulnerable coronary atherosclerotic plaques in clinical settings. Since only OCT imaging of
coronary artery is not able to accurately predict the future adverse events in patients with
coronary artery disease (CAD), bringing together clinical data obtained by OCT with clinical
data will improve future outcome of patients with CAD. Further developments in imaging
technology could enable cardiologists to precisely detect vulnerable plaques in coronary artery
and to improve more optimal treatments for vulnerable patients.
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Abstract

Coronary computed tomography angiography (CCTA) is used extensively nowa‐
days as a non-invasive imaging method for the evaluation of patients suspected of
coronary artery disease, providing data on calcium burden, the presence of coro‐
nary artery stenoses, but also, more recently, on coronary atherosclerotic plaque
morphology and composition. Plaque morphology analysis by CCTA aims to accu‐
rately identify vulnerable plaques, in an attempt to reduce the number of ischemic
events triggered by high-risk atherosclerotic lesions. Recent research provides
CCTA descriptions of vulnerable plaques and a particular radiological sign shows
promising perspectives. The napkin-ring sign refers to a rupture-prone plaque in a
coronary artery, comprising a necrotic core covered by a thin cap fibro-atheroma.
The napkin-ring sign is described on CCTA in cross-sectional images of coronary
arteries as a central low-attenuation area surrounded by an open ring area of high
attenuation, having a high specificity and positive predictive value for the presence
of advanced lesions. These lesions have been designated as vulnerable plaques, in‐
dicating an increased probability of rupture, and were shown to correlate with a
higher incidence of cardiovascular events. In acute coronary syndromes, the loca‐
tion of the napkin-ring sign was shown to correspond to the culprit lesions. The aim
of the current paper is to provide an overview of the current literature on available
methods for quantitative measurement of atherosclerotic plaque features from
CCTA and to discuss the clinical implications of the napkin-ring sign as detected by
CCTA.

Keywords: Coronary computed tomography angiography, Coronary artery plaque,
Napkin-ring sign, Plaque quantification, Plaque characterization
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1. Introduction

The development of atherosclerosis by lipoprotein storage, inflammation, muscle cell prolif‐
eration, necrosis, apoptosis, calcification, and fibrosis in the arterial wall triggers important
changes in the coronary vessels, leading to coronary artery disease (CAD). In fact, atheroscle‐
rosis is the main etiology of CAD, and plaque rupture followed by intraluminal thrombosis is
the most common cause of acute coronary events, including sudden coronary death [1, 2]. For
that reason, the early and accurate characterization and quantification of atherosclerotic
plaques is valuable for preventing and managing acute coronary syndrome (ACS) [3]. In
everyday clinical practice, major acute ischemic cardiac events involve plaque rupture in thin-
cap fibroatheromas, which are considered vulnerable plaques; these rupture-prone athero‐
sclerotic lesions usually contain a high level of lipids and have a large necrotic core, numerous
inflammatory cells, and a thin, vulnerable fibrotic cap [4]. Vulnerable atherosclerotic plaques
can be characterized by several invasive and non-invasive methods that are either fully
validated, pending validation, or still under scrutiny for clinical practice. Among non-invasive
methods, coronary computed tomography angiography (CCTA) by multi-detector computed
tomography (MDCT) is currently the preferred modality for evaluating the extent of CAD,
providing the advantage of accurate assessment of coronary atherosclerotic plaque morphol‐
ogy and composition. In two recent multicenter trials [5, 6], CCTA was shown to have excellent
sensitivity (95–99%) and negative predictive value (97–99%), although rather low specificity
(64–83%) for identifying patients with at least one coronary artery stenosis among individuals
at low to intermediate risk for CAD. Moreover, CCTA imaging of atherosclerotic plaques was
found to correlate well with invasive assessment by intravascular ultrasound (IVUS) [7, 8, 9].

2. Role of MDCT in the detection of plaque morphology and composition

2.1. Plaque characteristics

2.1.1. Plaque morphology and composition

Pathophysiologically, a subendothelial accumulation of lipoproteins generates inflammatory
responses involving macrophages and T-cells, leading to the further development of athero‐
sclerotic lesions [10]. Initially, atherosclerotic lesions were classified as fatty streaks, fibroa‐
theromas [11], and advanced plaques, complicated with hemorrhage, calcification, ulceration,
and thrombosis [12]. Over the years, this classification became more complex and six types of
atherosclerotic lesions have been defined by the American Heart Association (AHA) Consen‐
sus Group: type I - characterized by adaptive intimal thickening; type II - fatty streak; type III
- transitional or intermediate lesions; type IV - advanced plaques (atheromas); type V -
fibroatheroma or atheroma with thick fibrous cap; and type VI - complicated plaques with
denudated surface, and/or hematoma/hemorrhage, and/or thrombosis [13]. The earliest lesions
are represented by adaptive intimal thickening (AHA type I) and fatty streaks or intimal
xanthoma, which are basically foam cell collections (AHA type II) [13]. AHA type III transi‐
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tional lesions, described as pathological intimal thickening, represent the earliest stage of the
progressive plaques and are considered precursor lesions of more advanced fibroatheroma.
This type of lesions consists of multiple layers of proliferating smooth muscle cells near the
lumen, with an increased quantity of lipids on the intimal medial border. Intimal xanthomas
are lesions containing a large amount of foamy macrophages but without lipid acumulation
outside the cell [14]. Type IV AHA, also called fibrous cap atheromas, are the first of the
advanced lesions of coronary atherosclerosis [15] and are characterized by the presence of a
necrotic core with a high amount of lipids surrounded by a fibrous cap containing smooth
muscle cells, collagen, and proteoglicans, as well as inflammatory cells such as macrophages
and lymphocytes. This type of lesion can cause significant artery stenosis and may be submit‐
ted to complications, namely surface disruption, thrombosis, and calcification. Fibrous cap
plaques may be more or less prone to complications depending on the thickness of the cap:
fibroatheromas are more stable due to the rather thick fibrous cap, while thin-cap fibroather‐
omas characterize the typycal "vulnerable plaques" [15].

In fact, thin-cap fibroatheromas are very likely to lead to plaque rupture. Although they are
not included as individual entities in the AHA consensus classification, plaque erosion and
calcified nodules are also prone to coronary thrombosis. Erosions may occur on intimal
thickening or fibroatheroma, whereas the notion of calcified nodules refers to eruptive
fragments of calcium that protrude into the lumen, causing a thrombotic event [16]. Also,
plaque ruptures may heal by wide accumulation of proteoglycans, having more reduced
necrotic cores and more extensive areas of calcification. In their study on early coronary lesion
progression near branch points, Nakashima et al. provided evidence endorsing the hypothesis
that intimal thickening lesions with macrophages are more advanced [17].

Macrophage infiltration in lipid pools rich in cholesterol and the deterioration of the extrac‐
ellular matrix believed to be induced by matrix metalloproteinase activity suggest early stages
of the necrosis process and should be recognized. This particular feature, combined with
macrophage destruction as a consequence of an anomalous phagocytic clearance of apoptotic
cells, may contribute to the development of late plaque necrosis. In addition to that, an
extended necrotic core is a strong predictor of complications [17, 18].

Thin-cap fibroatheromas are highly prone to plaque rupture due to their rather large necrotic
core and thin, inflamed fibrous cap (<65 μm). The accumulation of an increased number of
macrophages at the level of the cap is characteristic, although exceptions may occur. However,
as a significant number of fatal coronary events are triggered by plaque rupture due to the
impairment of the fibrous cap followed by thrombosis, early recognition of thin-cap fibroa‐
theromas is crucial. The fibrous cap mainly contains type I collagen, variable numbers of
macrophages and lymphocytes, and rather few alpha-actin positive smooth muscle cells.
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tory cells, high shear stress, macrophage calcification, and iron build-up are recognized as
implicated factors. Data are also beginning to pool on different gene expression in stable and
unstable atherosclerotic plaques [20]. For instance, in one study, differential expression of 18
genes coding for metalloproteinase ADAMDEC1, retinoic acid receptor responser-1, cysteine
protease legumain (a potential activator of matrix metalloproteinases), and cathepsins was
shown to contribute to increased lesion vulnerability [20]. As previously mentioned, the
extension of the necrotic core is also a main factor in plaque complication development, and
intraplaque hemorrhage was shown to favor the accumulation of free cholesterol provided by
red blood cells in these lesions [21]. As atherosclerotic lesions expand, more vasa vasorum
infiltrate the plaque and become leaky, triggering intraplaque hemorrhage [22]. Morphologic
studies have suggested that repeated ruptures are responsible for plaque progression beyond
40–50% cross-sectional luminal stenoses [23]. Three hystological types of lesions have been
described in association with acute coronary events: rupture, erosion, and calcified nodule [13].
Ruptured coronary atherosclerotic plaques folowed by intraluminal thrombosis are the most
common cause of acute myocardial infarction [24]. In fact, two-thirds of luminal thrombi in
acute events result from ruptured atherosclerotic lesions characterized by a necrotic core
covered by a thin layer of fibrous cap [4]. Ruptured plaques are characterized by a lipid-rich
necrotic core (>40% of the total volume of the plaque), surrounded by a thin, fibrous cap with
active inflammation (increased number of monocytes, macrophages, and sometimes even T-
cells), endothelial denudation leading to superficial platelet aggregation, and the presence of
hemodynamically significant coronary artery stenosis (>90%) [19]. Vulnerable plaques prone
to rupture share most of the morphological characteristics with ruptured plaques, showing a
large necrotic core, macrophage infiltration, and often an increased number of intraplaque
vasa vasorum [4], but an intact, thin fibrous cap [13]. These lesions—called thin-cap fibroa‐
theromas—are considered to be at high risk for rupture and subsequent ischemic events [4].

The destruction of the endothelium exposes the minimally inflammed intima containing
smooth muscle cells and proteoglycans to circulating platelets, favoring thrombus formation.
In a post-mortem study of 20 patients who died with acute myocardial infarction, plaque
ruptures were found in 60% of lesions with thrombi, while the remainder of 40% only revealed
superficial erosion [16]. Plaque erosion refers to the lack of endothelial cells on the luminal
surface beneath the thrombus. Kramer et al. showed in their study that, when plaque erosion
was the incriminated lesion, the thrombus was limited to the luminal portion of the plaque,
and no ruptures were identified following serial sectioning of these lesions. In the same study,
more than 85% of thrombi in erosions showed evidence of healing, such as acute inflammatory
cell lysis, invasion by smooth muscle cells and/or endothelial cells, or organized layers of
smooth muscle cells and proteoglycans with varying degrees of platelet/fibrin layering. By
contrast, only half of the ruptured plaques showed signs of healing [25].

Beyond histopathological description, a clinically relevant definition of vulnerable plaques
refers to the risk of developing future major cardiac events, which may also involve the
presence of “vulnerable blood” (prone to hypercoagulability) or “vulnerable myocardium”
(susceptible to arrhythmia), either due to acute or pre-existing ischemia and/or non-ischemic
electrophysiological anomalies. The presence of one or more of these elements elevates the
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individual risk of the patients for cardiovascular events, turning them into “vulnerable
patients”.

Identifying vulnerable plaques is currently a major challenge, although recent progress in
cardiovascular imaging raises new possibilities. As vulnerable plaques are prone to rupture
and rapid evolution towards the development of ACS, [26, 27, 28] finding reliable imaging
characteristics that could help detect unstable plaques are of the utmost importance. Early
identification of such plaques could facilitate timely initiation of adequate primary prevention
measures, thus diminishing the incidence of acute coronary events [29]. For this purpose,
several imaging methods have been proposed, including IVUS, optical coherence tomography
(OCT), magnetic resonance imaging (MRI), or MDCT (Table 1), with variable success [30, 31,
32]. However, the use of many of these methods is mainly confined to experimental studies
and has not yet been validated for everyday clinical practice.

Non-invasive imaging methods Advantages Limitations

- MDCT Measures local tissue attenuation to assess
plaque morphology and composition
Molecular imaging using new contrast agents
is under study
Identifies lumen narrowing accurately
Can help characterize plaque morphology
and composition (within limits)
Has high spatial and temporal resolution

Patient exposure to ionizing radiation
Implies contrast agent use
May be hindered by artifacts (e.g.,
blooming)
The attenuation
spectrum of non-calcified plaque
components (lipid and fibrous) can
overlap

- Contrast-enhanced
ultrasonography

Uses acoustically active microbubbles acting
as pure intravascular tracers; when exposed
to ultrasound, they produce a strong
backscatter signal and specific nonlinear
signal that differentiates them from
surrounding tissues
Molecular imaging is available
There is no exposure to ionizing radiation
Has high temporal and spatial resolution
Allows neovasculature assessment

Spatial resolution and penetration are
limited
Good application for coronary arteries

- High-resolution magnetic
resonace imaging

Uses different contrast weightings (T1, T2,
proton-density, and time-of-flight) to
evaluate plaque components
Molecular imaging uses specific agents
(paramagnetic nanoparticles targeting)
Has high temporal and spatial resolution
Has high contrast resolution

Contraindicated with many
intracardiac devices
Cardiac motion
Poor reproducibility
Contrast agent
Limited spatial resolution
Time consuming reconstruction
techniques

Invasive imaging methods
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Non-invasive imaging methods Advantages Limitations

- Coronary angiography Identifies complex plaques, with irregular
surface
Quantifies stenoses accurately

Invasive
Limited tissue penetration and spatial
resolution

- IVUS

Standard Quantifies plaque volume, vascular
remodeling, and neovascularization
Characterizes plaque morphology and
composition

Invasive
Limited temporal resolution
Limited spatial resolution prevents
thin cap fibroatheroma quantification
Low accuracy for detecting plaque
composition by gray scale IVUS

IVUS elastography Measures the local strain rate of vessel wall
and plaque (fibrous plaques are stiffer than
lipid-rich ones); high strain regions describe
more vulnerable plaques

Invasive
Limited spatial resolution
Artefacted by cardiac motion

Virtual histology Identifies the necrotic core, fibro-lipidic
plaques, calcified, and non-calcified plaques

Invasive
Limited spatial resolution

- Optical methods

Angioscopy Identifies lipid plaques, plaque rupture,
erosion, and thrombosis

Invasive
Limited tissue penetration and spatial
resolution

OCT Provides microscopic characterization of
plaque morphology
Identifies macrophages presence
Allows accurate quantification of the fibrous
plaque
Highest spatial resolution of all imaging
methods
Can identify thin fibrous caps <65 μm
The only technique for eroded plaques
detection
Accurate detection of plaque composition

Invasive
Limited tissue penetration; however,
the most relevant morphologic
findings are primarily localized
within the first 500 μm under lumen
surface

Spectroscopy Identifies the lipid core and evaluates the
chemical structure, temperature and
inflammation of the plaque

Invasive
Limited tissue penetration
Cardiac motion

- Termography Quantifies plaque temperature
Detects plaque inflammation and
neoangiogenesis

Invasive
Limited tissue penetration and spatial
resolution
The cooling effect of the blood leads
to underestimated temperature
differences

- Intravascular cardiac MRI Quantifies the lipid content of the plaque Invasive
Prolonged duration
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Non-invasive imaging methods Advantages Limitations

Implies the use of contrast agents

Plasma markers of plaque
vulnerability

Identifies blood hypercoagulability states
(augmented platelet activation and
aggregation, high levels of coagulation
factors, low levels of anticoagulation factors,
decreased endogenous fibrinolytic activity,
thrombogenic factors)

Table 1. Methods for the Identification and Characterization of Vulnerable Plaques

A possible imaging method for coronary artery plaque assessment is IVUS, which has been
used to measure lumen area, plaque burden, and vascular remodeling [33, 34]; plaque burden
and positive remodeling, in particular, can identify high-risk, thin-cap fibroatheromas during
follow-up [34, 35, 36]. As suggested by IVUS-based studies, a vulnerable plaque is character‐
ized by the presence of an extensive necrotic core surrounded by a thin-cap fibrous with
macrophage infiltration, a large lipid pool, and several more specific traits such as positive
remodeling or spotty calcifications [37, 38]. When such characteristics occur, there is an
increased risk of fibrous rupture, exposing the thrombogenic lipid core, which leads to
thrombus formation and the development of ACS. A more detailed analysis of coronary plaque
composition has been provided by virtual histology (VH)-IVUS studies [39, 40, 41].

Another recently developed method for the assessment of coronary artery plaques quantifi‐
cation is intracoronary OCT that provides the advantage of very high resolution (approxi‐
mately 10 to 20 μm), which is about 10-fold higher than that of IVUS [42, 43]. Unlike some
other imaging methods, including CCTA [27, 44, 45], OCT can be used for measuring fibrous
cap thickness and for detecting lipid content, which makes it useful for in vivo identification
of thin-cap fibroatheromas and for evaluating plaque vulnerability [46]. For the time being,
the correspondence between OCT- and IVUS-derived characteristics of thin-cap fibroathero‐
mas, as well as the angiographic stenosis severity, is yet to be established.

As advanced coronary artery plaques have a high level of complexity, basic classifications that
include non-calcified plaques, calcified plaques, and mixed plaques are rather crude and of
limited use for establishing the potential risk for acute ischemic clinical events of individual
lesions [4, 26, 47]. For that reason, some authors have attempted to provide more detailed
descriptions of vulnerable plaques and to establish correlations between CCTA imaging
characteristics (Figure 1) of the lesions and the risk for acute events. Motoyama et al. suggested
that vulnerable plaques are characterized by positive remodeling, low attenuation plaque and
spotty, limited calcification [44]. In later research, non-calcified plaques were more extensively
characterized by modern MDCT and several authors described a ring-like attenuation of the
non-calcified portion of the coronary atherosclerotic lesion, which is now called the napkin-
ring sign [48, 49, 50]. The description of the napkin-ring sign has changed current classifications
of non-calcified plaques, which are now classified in three categories: homogenous plaques,
non-napkin-ring sign heterogeneous plaques, and napkin-ring sign heterogeneous plaques
[49]. The napkin-ring sign corresponds to a morphological type of vulnerable plaque described
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on coronary CCTA (thin-cap fibroatheromas) comprising a necrotic, low attenuation core
surrounded by a thin area of higher attenuation, which some believe may represent the thin
peripheral fibrous cap (Figure 2) [26, 47]. However, in vulnerable plaques, the fibrous cap has
extremely reduced thickness [48, 51], which makes it indistinguishable by non-invasive
imaging methods; by contrast, the necrotic core may be visualized and quantified on thin
sections (<0.6 mm) on modern CCTA [52, 53]. As the presence of the napkin-ring sign was
shown to have a high predictive value for future cardiac events and is considered a valuable
correlate of unstable plaques [49, 27, 20, 54, 55], its detection could add specificity to the CCTA
assessment of vulnerable plaques.

Figure 1. Different Types of Coronary Plaques by CCTA. The 3 main types of coronary plaques are shown: calcified
plaques (A, D), non-calcified plaques (B, E) and partially calcified plaques (C, F), illustrated in curved planar reformat‐
ted and cross-sectional views.

Figure 2. Representative CCTA Images with Napkin-ring Signs. An atherosclerotic plaque with positive remodeling,
low attenuation plaque, and a napkin-ring sign in the proximal left anterior descending artery on computed tomogra‐
phy angiography. The boxed area indicates cross-sectional images of atherosclerotic plaque showing a napkin-ring
sign.
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However, in studies conducted over the last decade, CCTA was also shown to have excellent
sensitivity for detecting, and particularly, for excluding coronary atherosclerosis in patients
with symptoms suggesting either stable or acute CAD [56]. In addition to that, data from large
prospective registries support the use of CAD absence/presence and extension evaluation by
CCTA for prognostic purposes [53, 57, 58, 59, 60]. Recent studies conducted with more
advanced scanners having 64 to 320 detector rows, and higher spatial (230 to 625 μm) and
temporal (75 to 175 ms) resolution focused on identifying vulnerable coronary artery plaques
and on establishing correlation between plaque characteristics and ischemic events [61].
Currently available spatial resolution of CCTA scanners approach the spatial resolution
provided by invasive methods such as IVUS (100 μm) and invasive coronary angiography (200
μm). Moreover, spatial resolution reaching 0.3 mm in-plane in modern CCTA scanners allows
a more accurate discrimination of the non-calcified portion of the plaques [62].

Some researchers [63, 64, 65] attempted to distinguish lipid-rich from fibrous plaque by CCTA
based on attenuation criteria, as expressed by Hounsfield Units (HU), but conflicting results
have been obtained. In addition to that, HU values cannot accurately discriminate between
the types of plaques, mostly due to the small dimensions of the plaque, insufficient spatial
resolution of CCTA, and reduced contrast difference between lipid-rich and fibrous plaques.
In these studies, certified methods of coronary artery plaque quantification (such as IVUS and
histology) were used for comparison to CCTA [63, 64, 65].

Despite current technical limitations, progress has been made in the non-invasive imaging
assessment of coronary artery lesions by CCTA. Data from recent studies suggest that low
attenuation (<30 HU) is more common to culprit lesions in acute coronary events, as well as
to high-risk, vulnerable plaques [26, 27, 47, 66]. Currently, there is not enough data to support
a valid assumption on the accuracy of CCTA for detecting non-calcified coronary plaques at
high risk. Small studies comparing CCTA to IVUS reported sensitivities and specificities
between 80 and 90% for the detection of coronary artery segments with plaque [8, 9, 67, 68].
Other studies demonstrated significant correlations between measurements of plaque cross-
sectional area, volume of single plaques, and plaque volume per coronary segment on CCTA
and IVUS [8, 69, 70, 71]. However, despite significant and quite high correlation coefficients,
the limits of agreement were typically large in most studies, which betrays the limitations of
CCTA, mainly imposed by the spatial resolution of the method. Plaque quantification is
particularly challenging when plaques have low thickness. Reported interobserver variability
is also unusually high (30% variability for plaque volume quantification) [9, 72, 73] and is very
much influenced by image quality. In a research on 41 patients, the interobserver variability
was 17±10% for the left anterior descending coronary artery, which was best, visualized with
fewer artifacts, but escaladed to 29±13% for the left circumflex and 32±10% for the right
coronary artery [73].

2.1.2. Low CT attenuation plaques

In CCTA studies investigating patients with ACS, several features of high-risk plaques have
been described, such as low attenuation plaque, positive remodeling, and spotty calcification
[74, 54]. Recent studies have also described a specific CCTA aspect of coronary artery lesions
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called the napkin-ring sign consisting of a low attenuation area surrounded by a rim-like area
of higher CCTA attenuation [22, 47]. Speculations were made on the histological substrate of
this aspect, as it was believed to be given by either a central lipid core within a fibrous cap,
deep micro-calcifications, neo-vascularization, or the presence of intramural thrombus [22,
27]. Current criteria for the definition of the napkin-ring sign include the presence of a high
attenuation ring around a certain coronary artery plaque and higher CCTA attenuation of the
ring by comparison to the adjacent plaque, but no greater than 130 HU, in order to differentiate
from calcium deposits [27, 47]. Plaques with rich necrotic core have been described as plaques
of low attenuation; low attenuation areas were shown to correlate strongly with echolucent
areas in IVUS [75]. In a large prospective study on more than 1000 patients, low attenuation
plaques and positive remodeling were shown to correlate with the development of acute
coronary events. In this group, 45 patients had both CCTA characteristics and 10 of them (22%)
experienced an acute coronary event vs. only 4 (0.5%) of the patients who did not exhibit
neither positive remodeling nor low attenuation plaques. Patients with normal CCTA did not
have any coronary events at all (p<0.001). In this study, positive remodeling and/or low
attenuation plaques were independent predictors of acute coronary events (hazard ratio: 23,
95% confidence interval: 7 to 75, p<0.001) [74].

A limitation of CCTA in quantifying atherosclerotic plaques may have its origin in the fact that
intravascular attenuation significantly influences the attenuation of the plaques. Cademartiri
et al. performed a phantom test that supports this hypothesis [76, 77] and Schroeder et al. also
obtained similar results in their study [78]. Comparative studies between CCTA density and
IVUS or histopathology suggest that lipid-rich plaques have lower CCTA density than fibrous
plaques. However, low CCTA attenuation is not a constant finding in lipid-rich plaques,
raising controversy over its ability to discriminate between lipid-rich and fibrous plaques. As
mentioned above, some studies have reported that luminal density influences neighboring
structures CCTA attenuation. Some authors reported that, when contrast medium is not used
for examination, significant overlaps can occur between CCTA attenuation values of lipid-rich
and fibrous plaques.

CCTA resolution is defined in terms of spatial, contrast and temporal resolution. Although
significant technological progress has been made in CCTA, the spatial resolution of CCTA (0.5
mm) is still inferior to that of cardiac catheterization or IVUS. The 0.5 resolution is suboptimal,
considering the fact that the average diameter of a coronary artery is 3–4 mm. CCTA density
is influenced by the partial volume effect and contrast resolution has not improved despite
other technological advances in MDCT [27]. CCTA attenuation values, measured in HU, are
given by the amount of radiation absorbed by tissue in the voxel and density is directly
proportional to the attenuation coefficient. A CCTA value of –1,000 HU corresponds to air,
while 0 HU corresponds to water. Most soft tissues CCTA averages have values of 50 HU.
Some tissues, such as bone, calcified tissues, or the iodine-rich tissue of the thyroid gland are
>100 HU, whereas fat or fatty mixed tissue and lung tissue are <0 HU. If the value for a tissue
type, with the exception of calcified or fatty tissues, deviates from the soft tissue attenuation,
artifacts should be considered, particularly if contrast is used and the beam hardening effect
is suspected; another element of confusion may be the presence of a near-by area of calcification
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or fat that may induce a partial volume effect. MIn addition to that, motion artifacts should be
considered. CCTA values can also be influenced by tube voltage [27].

2.1.3. Spotty calcium in plaques

Besides plaque density (Figure 3), other CCTA features such as positive remodeling and spotty
calcification can suggest plaque vulnerability. Positive remodeling is appreciated by referral
to the remodeling index; obviously, expanded plaques have higher remodeling index, above
the cut-off values, but borderline values can hamper interpretation, considering the narrow
lumen of the coronary arteries, which barely averages 4 mm; a difference of 10% is less than 1
pixel on the CCTA image. Consequently, when the set cut-off value is near one, plaque
expansion may be erroneously measured as positive. Also, the presence of spotty calcification
can lead to overestimation of plaque expansion. As the presence of more calcium is considered
to be an element of increased atherosclerotic plaque stability, low calcification plaques are
regarded as more vulnerable [27].

Figure 3. Curved Planar Reformation of the Coronary Artery in CCTA. The curved planar reformatted computed to‐
mography angiography image of the right coronary artery demonstrates two large, predominantly non-calcified athe‐
rosclerotic plaques with spotty calcification (arrowheads) in the proximal segment and mild of the right coronary
artery.

However, pathological studies concluded that calcium is commonly encountered in ruptured
plaques causing sudden cardiac death and that a few scattered small calcium deposits are often
present in the fibrous cap of fibroatheromas [79]. The development of scattered small calcium
around the necrotic core is believed to be triggered by osteogenic changes under the influence
of inflammatory factors and oxidized lipids [80, 81]. The presence of spotty calcifications seems
to induce mechanical instability at the interface with non-calcified plaque components [82].
Clinical studies have shown that: spotty calcification has been associated with an increased
incidence of ischemic cardiovascular events [83] and, more accurately, that patients with ACSs
have a different pattern of calcification when compared to those with stable angina [84]; spotty
calcifications are more likely to be found in culprit lesions in patients with myocardial
infarction than in patients with stable angina [38]; spotty calcification are more commonly
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encountered in patients with accelerated disease progression [85]; ruptured coronary plaques
are associated with spotty calcification, particularly in deep locations and the number of deep
calcium deposits is an independent predictor of culprit plaque ruptures in patients who had
ACSs [84]; and superficial spotty calcifications in IVUS are associated with very late stent
thrombosis after bare-metal stent implantation [86]. A possible caveat in CCTA imaging may
be the fact that microcalcifications under the detection level of CCTA seem to induce very high
plaque instability. However, the presence of calcification increases CCTA values, which seems
to contradict the finding that low attenuation plaques are unstable.

2.2. Plaque quantification

Currently, MDCT with at least 64 detectors allows nearly motion-free visualization of the
coronary arteries and accurate detection of significant stenosis, comparing well to coronary
angiography at low heart rates [8, 87]. Contrast-enhanced scans are performed by injecting
intravenously 80–100 ml of contrast agent at a flow rate of 6 ml/s followed by 70 ml of saline.
The delay time is previously established using the bolus tracking technique with a region of
interest positioned in the ascending aorta; a manually triggered threshold of 100 HU is
specified for the main scanning. All scans are performed during a single breath-hold.

Non-contrast CCTA is also useful for atherosclerotic plaque description, allowing the calcu‐
lation of the coronary artery calcium (CAC) score. The CAC is validated as a good marker of
atherosclerotic burden and high values are associated with increased cardiovascular risk [88],
However, despite relatively easy quantification, the CAC is hindered by several disadvantag‐
es, including the inability to identify small, scattered calcifications in non-calcified plaques,
which may lead to the underestimation of disease severity and cardiovascular risk. Also,
plaque morphology cannot be described on native calcium scans.

Quantitative measurements of coronary plaques aim to assess global atherosclerotic burden
and provide detailed and specific descriptions of plaque morphology that could accurately
evaluate the risk for cardiovascular events [70, 89, 90]. However, volumetric measurements of
coronary artery plaques with manual tracing contours is strenuous and time-consuming;
current software, such as AUTOPLAQ (APQ; Cedars-Sinai Medical Center, Los Angeles, CA),
allow semi-automated quantification of both calcified and non-calcified plaques that has
reduced the examination time and was shown to correlate very well to the IVUS assessment
of the coronary plaque volume

[91]. Dey et al. [92] evaluated the accuracy of APQ and compared semi-automated quantifi‐
cation on CCTA using APQ to IVUS with manual tracing of the coronary artery plaque.
Average examination time was significantly reduced by automated quantification. Manual
IVUS required the longest processing time (15 to 35 minutes), followed by manual CCTA (5
to 15 minutes), while automated plaque segmentation and quantification took less than 20
seconds. There were no significant differences in plaque volumes calculation between IVUS
compared with APQ, or between manual CCTA quantification and APQ. Interestingly, APQ
quantification revealed smaller absolute differences from IVUS results than CT manual
quantification. APQ has also been shown to have reliable interscan reproducibility of quanti‐
tative plaque measurements. Schuhbaeck et al. evaluated total plaque volume, volume of
calcified and non-calcified plaque, and maximal remodeling index by performing CCTAs
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twice in consecutive patients; using APQ there were no significant differences in any of the
measurements between scans [93].

Another CCTA automated software for plaque quantification, QAngio (Medis, Netherland),
has been developed and compared with IVUS. In their study, Boogers et al. [90] evaluated the
accuracy of CCTA automated plaque quantification using a single algorithm to co-register CT
and IVUS after having previously established anatomical markers; slice-by-slice comparisons
of each location along the transverse axis of the coronary arteries have been made. The
compared parameters included the percent lumen area stenosis, plaque burden, the degree of
remodeling at the level of minimal lumen area, and the mean plaque burden for the whole
coronary plaque. The study revealed significant correlations between the two methods
regarding the quantification of lumen area stenosis, plaque burden at the level of the minimal
lumen area, as well as mean plaque burden. However, CCTA failed to quantify all parameters
as accurately as IVUS, underestimating minimal lesion area and overestimating lumen area
stenosis. Moderate correlations were established between the two methods regarding coronary
plaque remodeling. Automated plaque quantification methods are expected to reduce
interobserver variability by comparison with manual quantification techniques. Several
studies were conducted in order to assess the reproducibility of the results. Papadopoulou et
al. [94] reported little inter- and intraobserver variability for lumen and vessel areas. Also, in
an additional study inter- and intraobserver relative differences for lumen, vessel, plaque area,
and plaque burden did not reach statistical significance. Automated plaque quantification
proved, however, less reliable for compositional measurements of plaque attenuation values,
demonstrating high inter-observer variability (12%), which is an important limiting factor.
Despite this drawback, automated softwares can be used for evaluating coronary artery
sclerosis progression, as demonstrated by Papadopoulou et al [95]. In another study, Blackmon
et al. [96] tested the accuracy and interobserver variability for volumetric measurement of non-
calcified lesions of another automated postprocessing software algorithm. Very strong
correlations were found between manual measurements performed by highly experienced
examiners and automated plaque volumetry, and interobserver variability was reduced when
using the plaque analysis algorithm. As demonstrated by the aforementioned studies,
automated softwares provide the major advantage of higher reproducibility, while also
allowing faster quantifications, which make them elligible for more widespread use. CCTA is
very accurate for stenosis detection [97] and for the measurement of calcified plaque burden
[98, 99]. The amount of coronary calcification quantified by CCTA is a strong predictor of CAD
[100, 101], but fails to accurately identify the site of stenosis. Moreover, even in modern CT
scanners, spatial resolution is not sufficient to provide an accurate analysis of the fibrous cap
by CCTA [102]. Also, histopathologically-based studies suggest that vulnerable plaques are
enlarged in all three spatial dimensions [103] and that average measurements of the necrotic
core, such as length and area [104] are beyond the plaque detection threshold for CCTA [105].

2.3. Functional plaque characteristics

Recently, some techniques have been developed for the purpose of analyzing functional
parameters, as well as anatomical structures. CT-based fractional flow reserve (FFR-CT) and
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CT perfusion allow the non-invasive hemodynamic assessment of coronary stenoses and
increase the specificity of CCTA, which may greatly influence the management of CAD
patients in the future [106].

2.3.1. Endothelial Shear Stress (ESS)

ESS refers to the tangential stress that is applied on the endothelial surface of the arterial
wall  by flowing blood friction and is  expressed in units  of  force/unit  area [107].  ESS is
influenced by blood viscosity and the spatial gradient of blood velocity at the wall. When
a fluid passes through a tube, its flow is influenced by the characteristics of the tube walls
such  as  surface  irregularities  or  obstructions.  Fluid  flow  may  be  laminar  or  turbulent.
Laminar flows are streamlined and may be either completely smooth (“undisturbed flows”)
or “disturbed”, with areas of reversed flow. In turbulent flow, velocities vary continuous‐
ly  in  a  certain  point  in  space  [108].  The presence  of  low ESS favors  the  formation and
development of coronary artery plaques, as well as their progression to high-risk, vulnera‐
ble  plaques.  Local  blood  hemodynamics  can  influence  atherosclerosis  development  for
better or for worse. Therefore, an accurate in vivo quantification of plaque characteristics,
local ESS, and vascular remodeling response would facilitate a better understanding of the
mechanisms behind CAD progression, as well as clinical decision making regarding possible
pre-emptive  local  interventions  [109].  The  evolution  of  each  coronary  artery  plaque  is
individual and considerably influenced not only by the progression of atherosclerosis, but
also by vascular remodeling. Extensive remodeling leads to the development of vulnera‐
ble plaques and is triggered by ESS. Persistent ESS favors local lipid build-up, inflamma‐
tion,  oxidative  stress,  and  matrix  breakdown,  with  subsequent  plaque  progression  and
further remodeling [109].  Advanced plaques in areas of severe stenosis are submitted to
considerable shear stress that promotes plaque destabilization [110].

2.3.2. Fractional Flow Reserve (FFR)

FFR is calculated as the ratio between the maximum blood flow within a diseased coronay
artery and the theoretical  maximum flow in a normal coronary artery.  An FFR of 1.0 is
considered  normal,  while  values  of  less  than  0.75–0.80  are  acknowledged  by  most  as
associated with myocardial ischemia [111]. FFR values >0.8 but <1 are considered indica‐
tive  of  a  hemodinamically  unsignificant  stenosis,  while  values  <0.75  reflect  significant
stenoses.  In  earlier  works,  values  between  0.75–0.80  represented  a  grey  area  and  were
interpreted according to the clinical context. Investigators estimated that the cut-off value
for  FFR  could  be  extended  to  0.80,  thus  improving  sensitivity  without  significantly
compromising specificity. The cut-off value of 0.80 was already used in the FAME 1 and
FAME 2 trials and proved to be clinically valid [112, 113]. This is now the recommended
ischemic  reference  standard  for  the  invasive  assessment  of  myocardial  ischemia  [114].
Invasive  coronary  angiography  is  the  established  clinical  standard  for  coronary  artery
disease  assessment,  with  IVUS  providing  the  advantage  of  intramural  and  transmural
coronary artery imaging. OCT offers an even more accurate visualization of the coronary
arteries [115]. The use of these additional invasive imaging methods can facilitate therapeut‐
ical decisions regarding revascularization and help guide percutaneous coronary interven‐
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tions,  leading to  better  postprocedural  results.  However,  in  current  clinical  practice,  the
reported  rates  of  use  for  these  techniques  in  assessing  intermediate  (40–70%)  coronary
stenoses are fairly low, 20.3% for IVUS and 6.1% for FFR [116].

In the Percutaneous Coronary Intervention of Functionally Non-significant Stenosis (DEFER)
Study [117], investigators evaluated 181 patients with stable ischemic heart disease and FFR >
0.75 across an intermediate stenosis. These patients were randomized to either percutaneous
coronary interventions or to deferral of percutaneous coronary interventions with medical
treatment. At 5-year follow-up, patients in the deferred group had a significantly decreased
(less than half) rate of death or myocardial infarction by comparison with the percutaneous
coronary interventions group. In the Fractional Flow Reserve versus Angiography for
Multivessel Evaluation (FAME) trial [113], 1,005 patients with multivessel disease were
randomized to either FFR- or angiography-guided percutaneous coronary interventions. In
patients with FFR-guided interventions, the composite rate of death, MI, or repeated revas‐
cularization at 1 year was significantly lower (13.2% vs. 18.3%, P<0.02). The Fractional Flow
Reserve versus Angiography for Multivessel Evaluation 2 (FAME 2) trial [113] compared the
outcomes of FFR-guided percutaneous coronary interventions with optimal medical therapy
against optimal medical therapy alone in a group of 888 patients with stable ischemic heart
disease. In this trial, unlike in others such as COURAGE, only patients having at least one
lesion with FFR <0.80 were enrolled [118].

FFR assessment of lesions with 50% to 70% diameter narrowing revealed that only 35% of
the lesions were hemodynamically significant. Interestingly, in severe lesions with 71% to
90% diameter stenoses, 20% were not hemodynamically significant based on FFR and did
not require percutaneous coronary interventions. These results endorse the hypothesis that
FFR can have essential clinical implications regarding revascularization decisions even in
more severe angiographic stenoses and, particularly when noninvasive data is discordant
with coronary angiography [119]. In patients with multivessel coronary artery disease, FFR
can be performed, allowing an accurate determination of the Functional SYNTAX Score,
and  subsequently,  a  better  selection  of  patients  that  could  benefit  from  percutaneous
coronary intervention rather than being submitted to coronary artery by-pass graft [120].
The use of CCTA for non-invasive anatomic assessment has increased considerably and the
method is considered an accurate tool for detecting or excluding CAD [6, 5]. FFR-CT is a
recently developed method based on computational fluid dynamics to calculate coronary
blood flow, pressure, and FFR based on routinely acquired CCTA datasets [121, 122, 123,
124, 125, 126, 127, 128, 129].

3. Clinical implications of napkin-ring sign plaque for prognosis and
management

Recent research has shown that the napkin-ring sign is associated with future cardiac events,
frequently corresponding to the culprit lesion in ACS [53]. In the study by Otsuka et al.,
895 patients were evaluated by CCTA and followed up for 2.3±0.8 years; in this popula‐
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tion,  the  presence  of  the  napkin-ring  sign  on  CCTA was  strongly  associated  with  ACS
events: 24 patients (2.6%) experienced ACS events, of which 41% developed plaques with
napkin-ring sign during the follow-up period [53].  Kashiwagi et  al.  conducted a CCTA-
based study on 273 patients with either ACS or stable angina. In their research, the authors
described the napkin-ring sign as the presence of a ring of high attenuation and the CT
attenuation of a ring presenting higher than those of the adjacent plaque and no greater
than 130  HU.  The  napkin-ring  sign was  more  frequently  encountered in  culprit  lesions
(12.7% vs. 2.8%, p<0.01). Moreover, napkin-ring sign plaques were associated with a higher
remodeling index and lower CT attenuation (1.15 ± 0.12 vs. 1.02 ± 0.12, p<0.01 and 39.9 ±
22.8 HU vs.72.7 ± 26.6 HU, p<0.01) [50]. Similar results were obtained in another study in
which the napkin-ring sign was more common in patients developing ACS than in those
with stable angina [28].

Besides the napkin-ring sign, other imaging characteristics such as large plaque volume,
low  CT  attenuation,  positive  remodeling,  and  spotty  calcification  were  proved  to  be
correlated with a higher risk of  acute events [130].  Motoyama et  al.  found that  positive
remodeling and low attenuation correlated best with the development of ACS, [74] which
is  consistent  with  results  from  other  studies  [131,  132].  Considering  the  results  of  the
previously mentioned studies,  one can conclude that  the identification of  CCTA aspects
suggesting vulnerable lesions may be useful for several reasons. Firstly,  although statins
are known to reduce the incidence of acute cardiovascular events [133], proving their effect
on a  certain  individual  is  challenging.  CCTA may help  identify  coronary artery  lesions
regression, but, as it is not routinely performed, there is not enough data to support this
hypothesis. Risk stratification in asymptomatic individuals has also been taken into account
as  a  possible  use  for  CCTA,  but  the  actual  ability  of  MDCT  for  detecting  small  non-
stenotic plaques is yet to be established [134].

In conclusion CCTA is used extensively nowadays as a non-invasive imaging method for
the evaluation of patients suspected of CAD and the napkin-ring sign described on CCTA
has been designated as a valid element for identifying vulnerable plaques, indicating an
increased probability of rupture,  and was shown to correlate with a higher incidence of
cardiovascular events.
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Abstract

Surgical treatment of coronary artery disease should increase regional coronary flow re‐
serve and not increase any early or late morbidity and mortality more than the other
treatment modalities. In the past 50 years, surgical treatment of coronary artery disease
has been adapted rapidly worldwide and several techniques have been developed to de‐
crease total surgical risks and to improve early and late results with the highest level of
quality of life. In spite of the last guidelines that offer stents for single or multiple vessels
disease, the fact is that surgical revascularization has better outcomes in all groups of cor‐
onary artery patients. In the past two decades, the main target has been to limit or elimi‐
nate side effects of extracorporeal circulation and cardioplegia (off-pump), and general
anesthesia (awake coronary bypass). The prime goal of surgical revascularization is to ob‐
tain complete revascularization by bypassing all severe stenotic coronary arteries having
a diameter larger than 1 mm. Surgical revascularization with cardiopulmonary bypass
through a full sternotomy remains the most widely used surgical technique. With the de‐
velopment of stabilization devices, off-pump procedures can be safely performed in most
patients with single or multivessel disease. Minimal invasive and/or robotic surgery is an
attractive procedure to catch invasive cardiology. The gold standard strategy involves
single graft to single target vessel bypass, especially the left internal mammary artery to
the left anterior descending artery. The early cumulative mortality rate is below 3%, but
lower than 1% in lower-risk patients. There are some variables most predictive of early
mortality: older age, female, reoperation, non-elective surgery, left ventricular dysfunc‐
tion, accelerated atherosclerosis. The survival rate is higher than 65% for 15 years. Late
mortality is dependent not only on non-use of internal mammarian artery, closure of
grafts, progression of native arterial disease but also on comorbidities. Satisfactory quali‐
ty of life after surgery depends on the long-term duration of the freedom from angina,
heart failure, rehospitalization and reintervention, and improvement of the exercise ca‐
pacity. Return of angina during the first 6 months depends on incomplete revasculariza‐
tion or graft failure, whereas progression of native-vessel disease and grafts are serious
risk factors for the late recurrence of angina. Venous graft occlusion is the most common
reason for reintervention, and native vessel disease is the second.

Keywords: Coronary artery bypass, arterial graft, revascularization, off-pump, awake
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1. Introduction

Coronary artery disease (CAD) is the most common pathology which prepossesses cardiolo‐
gists and cardiac surgeons in the past century. It was the most common (38.8%) cause of death
in Turkey in 2013 [1]. Ischemic heart disease was also the most common reason of mortality in
the world as reported by the World Health Organization in 2012 [2]. Coronary artery disease
is caused by an atherosclerotic plaque which narrows the internal lumen of the coronary artery.
This lesion decreases coronary arterial blood flow and oxygen supply to the myocardium, and
causes several symptoms such as chest pain, dyspnea, syncope, sometimes pulmonary edema.
The low blood flow through the coronary artery territory cannot increase and support the
increasing daily-life effort capacity, and the increased demand of oxygenated blood supply
starts angina pectoris. There are several examinations such as exercise test, myocardial
perfusion scintigraphy and computed tomography, but biplane coronary angiography is the
gold standard for diagnosis. An improved understanding of the pathophysiology of CAD has
forwarded efforts to increase myocardial blood supply. According to the result of angiography,
patients should be treated either medically or with invasive treatment modalities. Because
myocardial revascularization prolongs survival, relieves angina, and improves quality of life,
percutaneous coronary intervention and coronary artery bypass surgery (CABG) can be the
only treatment strategies to perform this revascularization. The general condition of patients
is the decisive factor to select the best acceptable revascularization strategy. The most adequate
surgical technique will be selected according to the degree and number of the affected coronary
artery lesions, lesion type, and lesion location. The potential aim of the minimally invasive
techniques is to reduce postoperative patient discomfort, to decrease bleeding and wound
infection, and to shorten recovery times.

2. History

The first method to establish blood supply to the ischemic myocardium is to place the pedicled
pectoralis muscle flap on the pericardium performed by Beck in 1935 [3]. The following 10
years passed with the developments such as chemical pericarditis and revascularization
through the coronary sinus. Beck I operation (abrasion of the pericardium and epicardium +
application of an inflammatory agent + partial occlusion of the coronary sinus) was described
in 1945 and Beck II operation (total or partial ligation of the coronary sinus + brachial artery
bypass between the descending aorta and the coronary sinus) was introduced in 1947.
Vineberg described the direct implantation of internal mammarian artery (IMA) into the
myocardium in 1950 [4]. A modification of the Vineberg procedure (anastomosis of a long
saphenous vein between the aorta and the apex of the heart) was performed by Smith in 1955.
The first successful coronary endarterectomy was performed by Bailey in 1956 [5]. Goetz
performed the first successful planned CABG operation in 1960 [6]. The first patch graft
technique to enlarge the obstructed left main coronary artery was performed by Effler in 1962
[7]. The first usage of a saphenous vein as an aorta–coronary artery bypass conduit was
described by Sabiston in 1962 [8]. Favalaro placed a saphenous vein between the ascending
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through the coronary sinus. Beck I operation (abrasion of the pericardium and epicardium +
application of an inflammatory agent + partial occlusion of the coronary sinus) was described
in 1945 and Beck II operation (total or partial ligation of the coronary sinus + brachial artery
bypass between the descending aorta and the coronary sinus) was introduced in 1947.
Vineberg described the direct implantation of internal mammarian artery (IMA) into the
myocardium in 1950 [4]. A modification of the Vineberg procedure (anastomosis of a long
saphenous vein between the aorta and the apex of the heart) was performed by Smith in 1955.
The first successful coronary endarterectomy was performed by Bailey in 1956 [5]. Goetz
performed the first successful planned CABG operation in 1960 [6]. The first patch graft
technique to enlarge the obstructed left main coronary artery was performed by Effler in 1962
[7]. The first usage of a saphenous vein as an aorta–coronary artery bypass conduit was
described by Sabiston in 1962 [8]. Favalaro placed a saphenous vein between the ascending
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aorta (side-to-end) and the right coronary artery (RCA) (end-to-end) in 1960s. [9] The official
start of CABG surgery happened at the end of 1960s and saphenous vein grafts were used in
all major branches with the same technique as we use nowadays [10]. Kolessov performed the
first successful left internal mammary artery (LIMA) to the left anterior descending (LAD)
coronary artery anastomosis on the beating heart through a left thoracotomy in 1964 [11].
Internal mammary artery grafts have been the first choice and gold standard for LAD revas‐
cularization after their superior long-term patency became known [12].

After all of the developments in cardiac surgery, the cornerstone is the development of the
cardiopulmonary bypass machine. This staged development has brought CABG surgery as a
standard treatment modality after 1960s. The first stage was the discovery of heparin in 1915,
which opened the door for open heart surgery. The second stage was the development of a
heart–lung machine. The first successful open heart procedures on a human utilizing the heart–
lung machine were total left-sided heart bypass procedures, where the patient’s own lungs
were used to oxygenate the blood. The right-sided heart bypass procedure was performed by
Dodrill and colleagues in 1952 [13]. The first successful total cardiopulmonary bypass (CPB)
procedure using a heart–lung machine was performed by Gibbon to close an atrial septal defect
in 1953 [14]. The third stage was the development of membrane oxygenators in the 1960s. The
first successful usage of a membrane oxygenator for extracorporeal circulation was performed
by Hill and colleagues in 1972 [15]. The fourth stage was using a potassium-based cardioplegia
solution to protect myocardium during open heart surgery. Melrose and colleagues presented
the first experimental study with blood cardioplegia in 1955, but toxicity of this solution
prevented usage of this cardioplegia for several years [16]. Several types of crystalloid
cardioplegia solution with different elements were tried to protect myocardium after a
significant protection of myocardium during potassium-induced cardiac arrest was demon‐
strated in 1973 [17]. Follette and colleagues reintroduced the technique of blood cardioplegia
in 1978 [18].

After all of the developments in the conventional CABG surgery, the next step has been to
minimize the standard surgical revascularization procedure using different techniques.
Coronary bypass surgery is performed without opening a cardiac chamber and it is not
necessary to use extracorporeal circulation. Continuing ventilation of the lungs eliminates the
use of any oxygenator and keeping a beating heart eliminates any pump. Even though the first
CABG procedures were performed with off-pump technique, cardiac arrest during on-pump
technique has pressurized beating heart surgery. Ankeney tried to increase the interest of the
off-pump revascularization in 1972, but it took only 10 years to be able to perform off-pump
CABG routinely [19]. Benetti [20] and Buffolo [21] popularized this strategy in 1980s. The first
cases were revascularization of anteriorly located coronary arteries. Three limiting factors have
inhibited ideal myocardial revascularization: adequate exposure, blood flow, and motion. The
technical advances regarding exposure and stabilization have facilitated complete revascula‐
rization. Several new strategies have been developed for off-pump CABG. First strategy was
to stabilize the beating heart with different devices [22]. Second strategy was to position the
beating heart for the adequate exposure of all epicardial coronary arteries [23]. Third strategy
was to minimize surgical intervention with different minimal invasive approaches [24]. Last
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step was to avoid general anesthesia to minimize respiratory side effects [25], whereas Kırali
and colleagues [26] performed off-pump complete arterial revascularization with using
bilateral IMAs for in awake patients. Harvesting IMAs was the other issue for off-pump
surgery. Endoscopic IMA harvesting was used, but it did not widespread [27]. Today, we are
facing fully endoscopic off-pump myocardial revascularization-assisted robotic surgery.
Loulmet [28] was the first to report a successfully completed robotic CABG, but conversion
was very common in early series. Stepwise progression of robotic technology and development
of specific procedures will result in simpler robotic CABG in the near future [29].

3. General information

Coronary artery disease varies enormously from patient to patient; therefore, recommenda‐
tions to patients on the basis of predictions and comparisons of outcomes between CABG and
the other treatment options are of little value. Surgical treatment of CAD should increase the
regional coronary flow reserve and not increase any early or late morbidity and mortality more
than the other treatment modalities. Patient-specific features, risks, and predictions are
required to offer patients the surgical treatment. Because anginal symptoms are very subjective
for both patients and surgeons and there is a weak correlation between the severity of
symptoms and the involvement of coronary arteries, the gold standard biplane coronary
angiography is the only option to decide which surgical revascularization strategy to use.
Perfusion imaging and echocardiography examinations can diagnose associated cardiac
pathologies, which require surgical intervention at the same time. Computed tomographic
angiography is a new option, but not a suitable alternative, and gives more detailed informa‐
tion about distal vascular bed or ostial lesions. Intravascular ultrasound and fractional flow
reserve can clarify the severity of intermediate lesions.

Myocardial revascularization represents an effective treatment strategy shown to prolong
survival. In the past 50 years, surgical treatment of CAD has been adapted rapidly worldwide
because CABG provides excellent short- and mid-term results in the management of ischemic
heart disease with the highest level of quality of life. But long-term results of surgical revas‐
cularization are affected by failure of conduits, and late patency of conduits is affected by graft-
type, coronary runoff, and severity of distal native vessel atherosclerosis. Several techniques
have been developed to decrease total surgical risks and to improve early and late outcomes,
but CABG surgery with or without CPB through median sternotomy remains the standard
surgical intervention despite an increasing risk profile and diffusing coronary artery involve‐
ment. The aim of CABG is to increase the blood supply in coronary arteries by obtaining
complete revascularization of all severe stenotic epicardial coronary arteries with a diameter
larger than 1 mm. However, optimal patency rates can be obtained in saphenous vein grafts
with a distal lumen of ≥ 2 mm. Most patients undergoing CABG have extensive three-system
disease, often with important stenoses in more than three coronary branches. The standard
strategy involves usage of LIMA to the LAD and saphenous veins to the remaining coronary
arteries, whereas full arterial revascularization is preferred in young population. “Single graft
to single target vessel bypass” is the gold standard for myocardial revascularization, but in
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some situations sequential bypass or complex configuration of conduits can be used for
complete revascularization in the presence of inadequate venous grafts. The condition of the
distal coronary vasculature is important for the outcome of bypass conduits, and the rate of
CAD progression appears to be three to six times higher in grafted native coronary arteries
than that in no grafted native vessels. If coronary arteries are diffusely diseased (> 10 mm) or
occluded, several surgical techniques can be chosen to complete surgical revascularization as
explained in the next chapter.

Indication for surgical revascularization depends on the need of improvement in the quality
and/or duration of life. Despite the increase of CAD, nowadays, the indications for CABG have
changed a little, but became more limited. Aggressive percutaneous coronary interventions
(PCI) suppress surgery and minimal invasive surgical procedures force surgery. The last
guidelines offer stents for single or multiple vessels disease, but the fact that surgical revas‐
cularization has better outcomes in all groups of CAD patients and stents is best used if there
are no anatomic indications for CABG. The decision to perform myocardial revascularization
with stent or CABG depends mainly on coronary anatomy, left ventricular function, and other
medical or non-medical comorbidities that may affect the patient’s risk. Patients with more
extensive and severe coronary atherosclerosis could have more increasing benefit from surgery
over stent therapy.

4. Indications

The only base for the indication of surgical myocardial revascularization is the positive benefits
of CABG against no treatment, medical treatment, or treatment by PCI. Regardless of symp‐
toms, indication for CABG is determined by the clinical status of the patient and patient-
specific predictors. The main purpose is to improve the quality of life and to prolong the life
expectancy. The number of the affected vessels, the degree and the localization of lesions are
important to make this decision. 2011 ACCF/AHA Guideline for CABG supports surgical
revascularization for patients with extensive and severe multivessel CAD, especially associ‐
ated with left ventricular dysfunction (LVD), renal insufficiency, and/or diabetes mellitus
(Table 1) [30]. In the real world, patients with proximal LAD lesion must be sent to surgical
revascularization regardless of the number of affected coronary arteries, but cardiologists like
to revascularize these patients with stent regardless of the superiority of LIMA-LAD anasto‐
mosis (Figure 1). Although patients with LVD would benefit from CABG more, the real data
suggest that poor left ventricular function increases early mortality after surgery. Patients with
good left ventricular function can have better prognosis than patients with LVD. Risks and
benefits of CABG become more uncertain when resting left ventricular ejection fraction (LVEF)
is less than 30%, particularly when it is less than 20%. The only exception is myocardial
hibernation which causes severe reduction in resting LVEF. Stable angina requires elective
myocardial revascularization, but unstable angina or non-ST-segment elevation acute coro‐
nary syndrome or non-Q-wave myocardial infarction requires priority CABG to prevent
patients from transmural myocardial infarction. In the early period (< 4 h) after acute trans‐
mural myocardial infarction, emergency CABG can be a lifesaving procedure, but some
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patients cannot be salvaged. Myocardial re-revascularization can be necessary when myocar‐

dial ischemia returns after CABG, and stent implantation is the first choice for restenosis of

grafted coronary arteries or vein grafts.

Revascularization    CABG        DES   

  No‐risk  DM  LVD    No‐risk  DM  LVD 

1‐vessel   N  N  N    Y  Y  Y 

Proximal LAD   Y  Y  Y    N  N  N 

2‐vessel without LAD  N  N  N    Y  Y  Y 

2‐vessel with LAD  Y  Y  Y    Y  Y  Y 

2‐vessel + proximal LAD  Y  Y  Y    N  N  N 

3‐vessel  Y  Y  Y    C  C  C 

3‐vessel + proximal LAD  Y  Y  Y    N  N  N 

LMC ± other lesions  Y  Y  Y    N  N  N 

 

Figure 1. The reality of myocardial revascularization strategies in patients with isolated coronary artery disease. 

CABG = coronary artery bypass grafting; DES = drug eliting stent; DM = diabetes mellitus; LAD = left anterior descending 
artery; LMC = left main coronary artery disease; LVD = left ventricular dysfunction. 

CABG = coronary artery bypass grafting; DES = drug eliting stent; DM = diabetes mellitus; LAD = left anterior descend‐
ing artery; LMC = left main coronary artery disease; LVD = left ventricular dysfunction.
*Y = yes; N = no; C = controversial

Figure 1. The reality of myocardial revascularization strategies in patients with isolated coronary artery disease.

Asymptomatic CAD

Class I

1. LMC stenosis

2. LMCE disease

3. Three-vessel disease

Class IIa

1. Proximal LAD (one- or two-vessel)

Class IIb

1. One- or two-vessel disease not involving proximal LAD

(if a large territory at risk on noninvasive studies or LVEF < 50%, IIa and IIb become class I indications)

Stable Angina

Class I

1. LMC stenosis
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2. LMCE disease

3. Three-vessel disease

4. Two-vessel disease with proximal LAD stenosis and LVEF < 50% or demonstrable ischemia

5. One- or two-vessel disease without proximal LAD stenosis but with a large territory at risk and high-
risk criteria on noninvasive testing

6. Disabling angına refractory to medical therapy

Class IIa

1. Proximal LAD stenosis with one-vessel disease

2. One- or two-vessel disease without proximal Lad stenosis, but with a moderate territory at risk and
demonstrable ischemia

Unstable Angina / Non-ST-Segment Elevation MI (NSTEMI)

Class I

1. LMC stenosis

2. LMCE disease

3. Ongoing ischemia not responsive to maximal nonsurgical therapy

Class IIa

1. Proximal LAD stenosis with one- or two-vessel disease

Class IIb

1. One- or two-vessel disease without proximal LAD stenosis when PCI not possible (becomes class I if
high-risk criteria on noninvasive testing)

ST-Segment Elevation (Q wave) MI

Class I

1. Failed PCI with persistent pain or shock and anatomically feasible

2. Persistent or recurrent ischemia refractory to medical treatment with acceptable anatomy who have a
significant territory at risk and not a candidate for PCI

3. Requires surgical repair of post-infarct VSD or MR

4. Cardiogenic shock in patients < 75 years of age who have ST elevation, LBBB, or a posterior MI within 18
hours onset

5. Life-threatening ventricular arrhythmias in the presence of ≥ 50% LMC stenosis or three-vessel disease

Class IIa

1. Primary reperfusion in patients who have failed fibrinolytics or PCI and are in the early stages (6-12 h)
of an evolving STEMI

2. Mortality with CABG is elevated the first 3-7 days after STEMI/NSTEMI. After 7 days, criteria for CABG
in previous section apply.

Poor LV Function
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Class I

1. LMC

2. LMCE

3. Proximal LAD stenosis and two- to three-vessel disease

Class IIa

1. Significant viable territory and noncontractile myocardium

Life-Threatening ventricular Arrhythmias

Class I

1. LMC

2. Three-vessel disease

Class IIa

1. Bypassable one- or two-vessel disease

2. Proximal LAD disease and one- or two-vessel disease

These become class I indications if arrhythmia is resuscitated cardiac death or sustained ventricular
tachycardia

Failed PCI

Class I

1. Ongoing ischemia with significant territory at risk

2. Shock

Class IIa

1. Foreign body in critical position

2. Shock with coagulopathy and no previous sternotomy

Class IIb

1. Shock with coagulopathy and previous sternotomy

Previous CABG

Class I

1. Disabling angina refractory to medical therapy

2. Nonpatent previous bypass grafts, but with class I indications for native CAD

Class IIa

1. Large territory at risk

2. Vein grafts supplying LAD or large territory are "/> 50% stenosed

Class I: Conditions for which there is evidence and/or general agreement that a given procedure or treatment is useful
and effective
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Class II: Conditions for which there is conflicting evidence and/or a divergence of opinion about the usefulness or
efficacy of a procedure

Class IIa: Weight of evidence/opinion is in favor of usefulness/efficacy

Class IIb: Usefulness/efficacy is less well established by evidence/opinion

Class III: Conditions for which there is evidence and/or general agreement that the procedure/treatment is not useful/
effective and in some cases may be harmful

ACC = American College of Cardiology; AHA = American Heart Association; CABG = coronary artery bypass grafting;
CAD = coronary artery disease; LAD = left anterior descending artery; LBBB = left bundle branch block, LMC = left main
coronary artery; LMCE = left main coronary equivalent; LVEF = left ventricular ejection fraction; MI = myocardial
infarction; MR = mitral regurgitation; NSTEMI = non-ST elevation myocardial infarction; PCI = percutaneous transluminal
coronary angioplasty; STEMI = ST elevation myocardial infarction; VSD = ventricular septal defect

Table 1. AHA/ACC guidlines for CABG

Myocardial revascularization in special circumstances is another important issue (Table 2).
The common denominator of these distressed conditions is the accelerated risk of surgery.
Intraoperative mortality and morbidity increase after CABG due to the multi-organ dysfunc‐
tion. Prolonged intubation, requiring ultrafiltration or hemodialysis, mechanical hemody‐
namic support, and/or infection risk can be very harmful despite full multisystem treatment.
Nowadays, an aggressive strategy is favored to early myocardial revascularization in acute
coronary syndrome, and surgical indication can be extended for these patients, but stent
implantation is the first choice in the majority of this population. Surgical treatment has the
advantage to bypass all occluded and/or stenotic coronary arteries at the same time, which
suppresses early adverse outcomes. Left main or left main equivalent disease should be treated
surgically, and this pathology is not a contraindication to use arterial grafts in any situation,
especially for LIMA to LAD anastomosis. Severe LVD is not considered as an indication for
surgery, but patients with hibernating or stunned myocardium can benefit from CABG. The
only surgical indication for patients with severe LVD is the possibility of full revascularization
during CABG. Otherwise, stent implantation should be the preferred approach. Total occlu‐
sion is not a contraindication for stent; but if it cannot be applied, surgery will be the alternative
treatment. The important point is the diffuse involvement of atherosclerosis, which needs
endarterectomy or long-segment anastomosis, and the choice of the acceptable revasculariza‐
tion procedure, which will be particularly influenced by the presence of comorbidities,
especially in the elderly patients; but they cannot prevent usual surgery. In general, women
have a higher risk for perioperative complications, but this adverse outcome can be explained
by the presentation of female population at older ages with more extensive CAD, associated
risk factors, LVD, and smaller body size. Diabetes is characterized by an inflammatory,
proliferative, and prothrombotic state with more diffuse atherosclerosis, which may have a
role in the increased risk of restenosis and occlusion. The first option is the complete revascu‐
larization, which is more often performed surgically than percutaneously. Coronary artery
disease is a common reason of mortality among patients with end-stage renal failure and CABG
is the option for myocardial revascularization. The main problem is the excessive atheroscle‐
rosis with severe calcification on the aortic wall and in the coronary arteries, which make
surgery difficult. Recurrent ischemia after CABG or stent implantation is an indication of re-
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revascularization. Severe stenosis must be treated with stent after previous CABG, but CABG
is the first option for re-revascularization after previous PCIs.

1. Acute coronary syndrome

2. Left main or left main equivalent (proximal LAD and Cx) disease

3. Severe left ventricular dysfunction

4. Total occlusions

5. The elderly population

6. The female population

7. Diabetes mellitus

8. End-stage renal disease

9. Previous myocardial revascularization (CABG or stent)

Table 2. Special circumstances for myocardial revascularization

5. Bypass conduits

Conduits for CABG are the base of surgical myocardial revascularization, because they are
critical to the success of the procedure. Easy harvesting, simple implantation, long-term
patency, and possible side effects must be taken into consideration during the preference of
usable conduits for each patient to avoid an uneventful postoperative outcome and to achieve
better long-term survival. Arterial grafts are favorable because of their long-term patency and
resistance against atherosclerosis, which is related to the differences in biological characteris‐
tics between veins and arteries. Early vein graft failure (stenosis or occlusion) is the most
important drawback of venous conduits; nevertheless, using venous grafts is still an integral
part of coronary surgery. There are some differences between venous and arterial conduits,
which may affect the long-term patency rate (Table 3).

1. Veins are more susceptible to vasoactive substances than arteries.

2. The venous wall is supplied by the vaso vasorum whereas the arterial wall may be supplied through the lumen in
addition to the vaso vasorum.

3. The arterial endothelium may secrete more endothelium-derived relaxing factor and nitric oxide.

4. The structure of veins is more suited to low pressure whereas the artery to high pressure.

Table 3. Differences between venous and arterial grafts

5.1. Arterial grafts

Arterial grafts are not similar in anatomy or function, and there are differences regarding to
contractility and endothelial function. Commonly harvested arterial conduits relate to
different groups of arteries in the body (Table 4). The most important variation is the structural
histology of arteries, whereas some arteries (Type II and III) contain more smooth muscle cells
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different groups of arteries in the body (Table 4). The most important variation is the structural
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in their wall, thus are less elastic, or some arteries (Type I) contain more elastic laminae, thus
are more elastic. Arterial grafts can develop spasm during surgical harvesting and handling,
but the IMA shows the lowest vasospasm rate. Internal mammary artery releases more nitric
oxide and endothelium-derived relaxing factor than the other arterial conduits. The reactivity
of the arterial conduits changes along the length of arteries and the main mid-portion of them
is less reactive than distal or proximal portions. This is the reason why the small and highly
vasospastic distal part of the arterial grafts is trimmed before anastomosis. This part of conduits
contains relatively smoother muscle cells and has a smaller diameter. The incidence of
atherosclerotic changes in arterial conduits is rare and lower than in coronary arteries. Based
on the superior long-term patency of the IMA, orientation to the other arteries has been
popularized. The radial artery (RA) and the gastroepiploic artery (GEA) have been used for
complete revascularization. Their usage has decreased in the past decade due to their lower
patency rate, where the early occlusion of both grafts depends on higher response to vaso‐
constructive situations like the inotropic support, the low cardiac output syndrome (LCOS),
and usage of different spasmogens.

A. Type I (somatic arteries; less spastic)

1. Internal mammary artery

2. Inferior epigastric artery

3. Subscapular artery

B. Type II (splanchnic = visceral arteries; spastic)

1. Gastroepiploic artery

2. Splenic artery

3. Inferior mesenteric artery

C. Type III (limb arteries; spastic)

1. Radial artery

2. Ulnar artery

3. Lateral femoral circumflex artery

Table 4. Arterial grafts

5.1.1. Internal mammary artery

The IMAs lie vertically and slightly laterally at a short distance from both margins of the
sternum. The length of in situ left IMA is slightly longer than the right and ranges from 15 to
25 cm (mean 20 ± 2 cm). The IMA bifurcates into its terminal branches (musculophrenic and
superior epigastric arteries) at the level of the sixth rib, and the in situ IMA should be cut before
this distal bifurcation to get the acceptable intraluminal diameter for IMA–coronary artery
anastomosis. Excessive traction, stretching, clamping, or misplaced metal clips during
harvesting should be avoided to get a nontraumatized IMA without any injury (hematoma,
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dissection, rupture). We prefer to harvest the IMA using semi-skeletonized technique, which
allows an increasing luminal diameter, providing a longer graft, allowing more distal anasto‐
mosis and sequential grafting. The full length of this IMA prevents any tension on the conduit,
but some associated maneuvers can be needed to avoid stress on the IMA [31]. Making a
window on the pericardium at the left side of the pulmonary artery, where the LIMA is lied
down into the pericardium, prevents also the stretch of the LIMA [32]. The full length of the
right IMA (RIMA) allows anterior (on the front of the heart) or lateral (through the transverse
sinus) wall revascularization with optimal long-term patency, but the RCA revascularization
is more difficult due to the distance of the distal segments [33].

5.1.2. Radial artery

The radial artery with higher patency rate according to saphenous vein can be a second
alternative bypass conduit instead of vein grafts. The RA can have more atherosclerotic
changes at the time of harvest than the IMA. The RA is very vasoreactive, and therefore is very
sensitive to competitive flow. In the past two decades, using the RA as a pedicled arterial graft
has been the preferred conduit as the second bypass graft, but the mid- and long-term patency
rates are controversial. The failure of the RA grafts depends on three general ways: complete
occlusion, string sign, or focal stenosis. The graft failure rate is the highest at the right system
and equal to the saphenous vein graft [34]. The mid-term patency on the left coronary system
is higher if the proximal anastomosis is performed on the ascending aorta [35]. Because the
IMAs have higher long-term patency rates than the RA and the acceptable approach is using
both IMAs for the left coronary system, usage of the RA has not increased and the saphenous
vein is a more practicable conduit with a comparable patency rate than the RA for the right
system [36]. The patient’s nondominant arm is chosen for harvest, but the extremity must have
adequate ulnar collateral circulation and the recurrent radial branch should be left intact [37].
The harvest of the left RA can be performed easily and simultaneously with the LIMA.
Transient paresthesia, numbness, and thumb weakness could be seen, but the symptoms
resolve with time [38].

5.1.3. Gastroepiploic artery

The gastroepiploic artery has been used as an alternative conduit or as part of an all-arterial
revascularization strategy. The widespread use of the GEA has not been adopted due to the
increased harvesting time, the potential abdominal complications, and inadequate early- and
long-term patency rates. Opening the abdomen is a serious intervention and the GEA may be
used only in patients who require any abdominal aortic surgery [39]. This arterial conduit has
been used usually for the RCA revascularization because the in situ right GEA can reach only
to the distal branches of the RCA.

5.1.4. Other arteries

Bilateral IMAs and the RA are often adequate to get full arterial complete myocardial revas‐
cularization. These grafts can be used in situ or in combined fashion, and distal anastomoses
can be made single or sequential. Revascularization with the other arterial conduits has been
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left as an anecdotal use in the literature. Maybe, they can be used during redo or tredo CABG
operations if there is no another conduits left. The studies on these arterial grafts have been
left as academic researches [40].

5.2. Venous grafts

5.2.1. Greater saphenous vein

The saphenous vein is one of the most commonly used conduits in CABG. The early- and long-
term patency of vein grafts is worse than that of arterial grafts, and one third of the vein grafts
shows an important reduction in flow compared with the early postoperative period. Second
disadvantage is easy kinking or torsion after anastomosis, which can cause fatal myocardial
ischemia. However, its easiness to harvest, availability, usability, resistance to spasm, and
acceptable long-term patency rate make vein grafts the second choice for revascularization
conduits. There are no detrimental effects of harvest technique on vein morphology, endothe‐
lial structure or function, or graft patency. Saphenous vein can be harvested with an open
(conventional = standard) or endoscopic technique. Endoscopic or minimal invasive harvest
techniques could be more harmless. Open harvesting can be achieved with a complete or
bridged approach. In reality, no-touch technique during open-vein harvest, in which the vein
is removed with a pedicle of surrounding tissue, prevents vein injury and prolongs long-term
durability. Specifically, vein grafts must not be grasped with forceps, stretched, or overdis‐
tended to avoid any endothelial damage. All venous tributaries should be ligated or clipped
away from the vein itself and the lumen of the graft should not be injured, narrowed, or left
with a blind sac on the side branches.

5.2.2. Other veins

Alternative venous grafts such as the lesser saphenous and cephalic veins are seldom secon‐
dary choice for vein graft. The lesser saphenous vein could be harvested with the same
technique performed during standard vein harvest. Arm veins have significantly lower
patency rate than saphenous veins, and for that reason, they are not used as a venous conduit.

6. Surgical procedures

Coronary bypass surgery can be performed with different techniques. The most common
approach for CABG is on-pump revascularization via median sternotomy and under general
anesthesia. Patients’ characteristics and risk factors forward surgeons to prefer the appropriate
approach for each individual case. Different techniques, variant approaches, new technologies,
surgeon experience, and associated cardiovascular or organ pathologies restrict or direct
cardiac surgeons to specific CABG procedures (Table 5). The benefits of off-pump techniques
can be more evident for patients with high risk, especially for complications associated with
cardiopulmonary bypass (CPB) and aortic manipulation. Myocardial protection prevents
perioperative infarction and/or postischemic ventricular dysfunction (Table 6). Although
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considerable progress has been made in this field, the ideal technique has not yet to be
discovered due to complex nature of ischemia–reperfusion cascade during surgical revascu‐
larization.

A. Arrested heart surgery with CPB

B. Fibrillating heart surgery with CPB

C. Beating heart surgery with circulatory support (central or peripheral)

1. Veno-arterial support (CPB, ECMO)

2. Atrio-arterial support (LHB devices)

3. Veno-venous support (RHB devices)

4. IABP support

D. Beating heart surgery without CPB

1. Standard off-pump through the median sternotomy (OPCAB)

2. Minimal invasive off-pump (MIDCAB)

3. Endoscobic off-pump (OP-TECAB)

4. Robotically assisted off pump (BHTECAB)

5. Awake off-pump (ACAB)

Table 5. Surgical revascularization techniques

A. Arrested heart (cardioplegic) surgery

1. Crystalloid cardioplegia (hypothermic)

2. Blood cardioplegia (cold – warm – tepid)

a) Antegrade (intermittent, continuous)

b) Retrograde (continuous)

c) Combined

i. Antegrade (arrest) – retrograde (continuous)

ii. antegrade (arrest and intermittent) – conduits (intermittent)

iii. antegrade (arrest) – retrograde (continuous) – conduits (intermittent)

B. Beating heart surgery

1. off-pump CABG

2. on-pump CABG

C. Fibrillating heart surgery

1. Intermittent aortic cross-clamping with fibrillation

2. Systemic hypothermia and elective fibrillatory arrest

Table 6. Myocardial protection
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6.1. On-Pump CABG

On-pump CABG surgery is the standard conventional technique for myocardial revasculari‐
zation which is performed via CPB. Despite the fact that off-pump CABG was the first
performed technique, on-pump CABG has been used widespread around the world and
became the first choice for surgery. An empty, nonbeating heart, a bloodless surgical field, and
an easy exposure are essential reasons to prefer on-pump CABG for success of the revascula‐
rization procedure. Cardiopulmonary bypass technique includes several stages: cannulation,
extracorporeal circulation, myocardial protection, distal with/without proximal anastomoses,
and weaning from CPB.

Arterial cannulation for inflow and venous cannulation for outflow are necessary to establish
extracorporeal circulation. Arterial cannulation is performed mostly on the ascending aorta,
but in case of a contraindication, alternative arteries (femoral or axillary artery) can be
preferred. The right atrium is the first choice for venous cannulation; but if there is a contra‐
indication, femoral vein can be used. After inserting the cannulas and finishing harvest of
grafts, cardiopulmonary bypass machine starts to work. Blood comes out from the right atrium
to the venous blood reservoir, then passes through the oxygenator and is sent to the aorta with
a pump. A roller or centrifugal pump is used to continue body perfusion with an acceptable
arterial pressure.

Extracorporeal circulation for support during cardiac surgery is uniform, because blood
contacting to foreign, nonendothelial surfaces is collected in the reservoir and continuously
recirculated throughout the body after oxygenated in the oxygenator. The heart and lung
machine has some side effects on the body, which increases early and late morbidity and
mortality. There are several adverse effects which cause organ dysfunctions (Table 7). The
inflammatory reaction to CPB starts a powerful thrombotic stimulus and the production,
release, and circulation of vasoactive and cytotoxic substances that influence the whole body.
The inflammatory response produces the cytotoxic compounds and activates neutrophils and
monocytes that will destroy organ and tissue cells. On the other hand, the body is able to resist
and repair the most part of the cellular damage, although some abnormalities may appear
later. The body temperature is lowered according to surgical procedures, but usually mild
hypothermic (32–34°C) body perfusion is preferred for isolated CABG procedures to avoid
cold or warm body temperature.

A systemic inflammatory response

Releasing cytokines

Metabolic changes

Ischemia-reperfusion injury

Activation of the clotting cascade

Micro-embolization

Table 7. Adverse effects of cardiopulmonary bypass
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After cross-clamping the ascending aorta, cardiac arrest is achieved with a cardioplegic
solution. Cardioplegic solutions containing a variety of chemical agents are used to arrest the
heart rapidly in diastole, create a bloodless anastomotic field, and prevent myocardium against
ischemia-reperfusion injury. Blood cardioplegia is chosen for myocardial protection of the
arrested heart. Both cold (4–10°C) and warm (37°C) blood cardioplegic solutions have
temperature-related advantages and disadvantages. But, tepid (29–32°C) blood cardioplegic
solution is the other effective alternative to reduce anaerobic lactic acid released during the
arrest period. The best and easiest way to prepare blood cardioplegic solution is to get
isothermic (= body perfusion temperature; 32–34°C) blood directly from the pump. The most
common cause of postoperative LCOS is inadequate myocardial preservation. There are many
different ways of administering the cardioplegic solution: intermittent antegrade ± antegrade
via grafts, continuous retrograde, or combined. Continuous retrograde cardioplegia is
preferred for severe LMC lesions or diffuse multivessel disease; intermittent antegrade
cardioplegia can preserve the myocardium in the other cases effectively. Noncardioplegic
surgery is used very seldom, and elective fibrillatory arrest with systemic hypothermia is
particularly applicable in case of severely calcified “porcelain aorta”, where clamping the
ascending aorta may be associated with increased risk of stroke and aortic dissection.

On-pump coronary artery bypass gives an advantage to the surgeon to make the distal
anastomoses safely and confidently. Arteriotomy sites should be chosen as accurate as possible
to reach the largest-sized coronary target, but distal enough to keep away from obstruction or
significant atherosclerotic stenosis. If any target coronary artery has an intramyocardial course,
this coronary artery must be opened at the epicardial indentation (for the LAD) or the
myocardium on the reflection of the coronary artery can be divided with tight sharp dissection
until the coronary artery is reached (for the Cx). The coronary arteriotomy must be performed
at least 1.5 times the luminal diameter of the distal coronary artery to get acceptable blood
flow, and the distal end of the conduit should be cut vertically at least the luminal diameter of
the coronary artery to avoid any anastomotic kinking. Longer incision is not necessary and
cannot increase blood supply; but if the graft has a wide diameter, the coronary arteriotomy
should be kept open as long as to perform a successful anastomosis. The aim of the anastomosis
is to connect the graft and the target coronary artery with fully endothelial approximation
affording minimal resistance to flow. Sequential grafting permits efficient use of grafts and the
distal anastomosis must be performed on the largest target vessel. The most important
drawback of sequential grafting is the source of two or more distal targets on a single graft,
where the flow could not be enough for this large myocardial area. For that reason, sequential
anastomoses must be performed only on the branches of the same coronary artery. The LAD
artery should be revascularized alone or sequential on itself. With the same reason, the IMA
should be anastomosed on the LAD alone. Any composite grafting on the IMA (T- or Y-
grafting) can increase the risk of inadequate perfusion of the LAD. Coronary arteriotomy and
anastomotic technique in diffuse diseased coronary arteries are discussed in the next chapter.
Proximal anastomoses are performed after the distal anastomoses under the same cross-clamp
or after releasing the cross-clamp under the side-clamp during the rewarming. If the ascending
aorta is severely calcific, proximal anastomoses can be performed on the in situ IMAs or
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brachiocephalic artery, or on the prosthetic tubular graft after the replacement of the ascending
aorta.

On completion of all distal with/without proximal anastomoses, the aortic cross-clamp is
removed and the heart begins to beat. The patient is prepared for conversion from mechanic
circulation to native circulation, and during this period the bypass grafts are checked for kinks,
twists, or tension and for presence of hemostasis. Persistency or regional wall motion abnor‐
malities may require bypass graft revision or replacement of additional bypass graft.

6.2. Off-Pump CABG

The conventional on-pump CABG can be harmful for patients because of the side effects
of  the  heart–lung  machine  causing  fatal  complications  like  stroke,  renal,  or  respiratory
failure. Although off-pump revascularization procedures have gained popularity because
of the avoidance of the heart–lung machine during surgery in the past two decades, off-
pump CABG appears to have reached a plateau, and currently approximately 20% of all
CABG procedures are performed on the beating heart without CPB. The main refuse is to
success uncomplicated distal anastomoses on the beating heart, which needs bloodless and
immobile anastomotic area. Coronary collateral circulation is not necessary until  15 min;
but  if  the  anastomotic  duration  will  be  longer,  an  intracoronary  shunt  may be  used to
prevent intraoperative ischemia [41].

6.3. OPCAB

Ideal candidates for off-pump coronary artery bypass (OPCAB) include those undergoing
primary CABG with good target anatomy and preserved ventricular function. The benefit may
be small in low-risk patients, but it is also not so much in high-risk patients. High-risk patients
with diffuse multivessel disease and/or LVD cannot tolerate longer ischemia during distal
anastomosis, cardiac manipulation, and/or displacement, which cause ventricular arrhythmia
or hemodynamic deterioration. Standard OPCAB is performed through the median sternoto‐
my, and cardiac positioners and stabilizers increase the ability of the manipulation of heart
with minimal hemodynamic compromise during lateral and/or inferior wall revascularization.
A suction-based positioner is placed at the apex to pull the heart in the appropriate direction.
The heart is not compressed, anatomo-functional geometry is keeped, and cardiac positioning
is usually well tolerated. Then, a stabilizer is established with minimal tension on the epicar‐
dium to get a motionless anastomotic area. Some maneuvers may be used to get better exposure
such as Trendelenburg position, turning the table toward any side, deep traction stitches; but
usually they are not necessary. Medical support can be necessary to stabilize the arterial blood
pressure and pulse rate. Anesthesia management is important not to make a per-operative
myocardial infarction and life-threatening arrhythmia during distal anastomoses. Heparini‐
zation dose is lower than that in the standard on-pump CABG surgery. A soft silastic retractor
tape is placed around the proximal segment of the lesion for transient occlusion of coronary
blood flow, whereas a second tape could be placed around the distal segment in the presence
of strong coronary backflow. The field is kept free of blood with a humidified CO2 or O2 blower.
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Careful attention must be paid to the sequence of grafting because regional myocardial
perfusion is temporarily interrupted in the beating heart (Table 8). As a general rule, the
collateralized vessel is grafted first and the collateralizing vessel grafted last. Additional option
is a “proximal first” approach. But in our experience, the priority for grafting belongs to the
in situ LIMA conduit and LIMA-LAD anastomosis is performed first. There is no doubt to
manipulate the heart after this anastomosis, which is the main safety valve of the off-pump
revascularization.

First, to revascularize the LAD with in situ LIMA to get fully LAD perfusion immediately after finishing the
anastomosis.

Second, to anastomose the other in situ conduits to the target vessels (first IMA-LAD, then IMA-Cx, then RGEA-
RCPD)

Third, to perform distal anastomoses of completely occluded or collateralized coronary arteries first, and then to
perform proximal anastomoses.

to perform proximal anastomoses first, and then to perform distal anastomoses.

Fourth, to use an intracoronary shunt when beware of a large, dominant RCA with moderated proximal stenosis.

Fifth, to pass small or intramyocardial vessels on the lateral wall with an appropriate lesion for stent.

Sixth, to avoid any sequential grafting and to apply one-to-one bypass grafting.

Seventh, to keep away from endarterectomy if not total occluded coronary artery is present.

Eight, to convert on-pump beating heart surgery if moderate MR is present in patients with Cx and/or distal RCA
lesions.

Table 8. Sequence of grafting in OPCAB

6.4. MIDCAB

Minimally invasive direct coronary artery bypass (MIDCAB) procedures have evolved to
minimize surgical trauma caused by CPB and aortic manipulation, to avoid wound compli‐
cations developed by full median sternotomy and open harvesting techniques for bypass
conduits, and to prevent respiratory troubles caused by prolonged mechanical ventilation.
Only contraindication is emergent revascularization, and severe chronic obstructive pulmo‐
nary disease may also not be ideally suited to minithoracotomies. This surgical strategy is a
very attractive procedure for coronary patients due to excellent cosmetic and an early and
quick recovery. This approach has begun with the single LAD revascularization, but then it
has been generalized to multivessel CABG. Another situation for MIDCAB is hybrid proce‐
dures, where all coronary arteries that required revascularization (except the LAD) are stented.
There are several procedures to perform MIDCAB for single or multiple coronary artery
revascularization (Table 9). The main difference of some MIDCAB techniques is the selective
right lung ventilation and fast-track approach for extubation.
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A. Incisional (avoid from sternotomy)

1. Mini-thoracotomy (MIDCAB)

2. Mini-sternotomy

a) Reversed-J-inferior partial sternotomy

b) T-sternotomy

3. Rib cage lifting technique

4. Subxiphoidal approach

B. Instrumental

1. Conventional

2. Endoscopic

3. Robotic assisted fully endoscopic (TECAB)

C. Respiratuar (avoid from extended mechanical ventilation)

1. Limited mechanic ventilation (fast track anesthesia = intraoperative extubation)

2. Spontaneous ventilation with high thoracic epidural anesthesia (ACAB)

D. Circulatuar (avoid from cardiopulmonary bypass)

1. Off-pump

2. Partial support

a) ECMO

b) IABP

E. Myocardial (avoid from cardioplegia)

1. Off-pump

2. On-pump on the beating heart

3. Ventricular fibrillation

F. Proximal anastomotic (avoid from aortic manipulation)

1. Special devices for proximal anastomoses on the ascending aorta

2. Proximal anastomoses on the LIMA (T- or Y-graft)

3. All in situ arterial grafts

Table 9. Minimal invasive surgical techniques

6.4.1. Minithoracotomy

Standard MIDCAB is usually performed through a left anterior minithoracotomy. The skin
incision is made 5–6 cm long in the fourth intercostal space, but removal of a rib is not necessary
in any case. This approach is used for single vessel bypass (LIMA-LAD), and the anastomosis
is performed with/without any stabilizator. Rib dislocation or fracture is very seldom. After
the completion of the anastomosis, the rest of the operation is standard and the patient can be
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extubated in the operating room or in a couple of hours in the intensive care unit. The patient
can be discharged on the 3rd or 4th postoperative day. Because this approach is a highly
demanding technical procedure and must be performed by experienced surgeons, this single-
vessel CABG procedure will remain an alternative revascularization strategy to stent for
patients with complex proximal LAD lesion, chronic occlusions, and in-stent restenosis.

6.4.2. Ministernotomy

This approach is preferred mostly by unexperienced surgeons because of similar technical
manipulations of the full median sternotomy procedure. The sternotomy is performed
partially and divided from xiphoid to the second intercostal space in a down to up direction.
Then, the sternum is transected obliquely to the left side (reverse-J-inferior ministernotomy)
for single-vessel CABG or the sternum is cut bilaterally (T-sternotomy) for multivessel CABG.
These both partial lower median sternotomy techniques leave the manubrium intact to
preserve the continuity and stability of the superior thoracal aperture for early and late
postoperative recovery. Furthermore, conversion to full sternotomy is more practical than the
other small thoracotomy techniques. Only reverse-J-inferior ministernotomy can obstruct
proximal anastomosis on the ascending aorta if any free graft is used for bypass surgery [42].
The rest of the surgical revascularization is similar to the conventional CABG procedures.
Reverse-J-inferior sternotomy approach preserves respiratory function postoperatively and
accelerates the early postoperative recovery, especially in ACAB [43]. T-ministernotomy
causes less chest tube drainage, and shorter recovery with early discharge [44].

6.5. TECAB

Robotically assisted totally endoscopic coronary bypass surgery (TECAB) is the most advanced
form of less invasive surgical coronary revascularization, which can be an elegant surgical
component to hybrid revascularization. However, procedural complexity and a steep learning
curve have limited its penetrance in the surgical community. The procedure can be applied on
on-pump or off-pump. There are several instruments for anastomoses, but on-pump is more
acceptable. Peripheral cannulation is the main disadvantage in some patients, who are not
candidates for TECAB.

6.6. ACAB

Awake coronary artery bypass (ACAB) surgery has been offered as a new and unique
technique to decrease the adverse effects of general anesthesia. This new modality of CABG
combines the minimal invasive nature of MIDCAB with the avoidance of endotracheal
intubation and mechanical ventilation. Due to its nature, ACAB offers several advantages over
general anesthesia, including better analgesia, decreased myocardial ischemia, improved
pulmonary function, reduced stress response, and discharge in couple days of surgery. Cardiac
sympatholysis achieves bradycardia, coronary and arterial grafts’ vasodilatation and prevents
arrhythmia. The aim of this technique is to provide somatosensory and motor block at the T1
and T8 levels and motor block of the intercostal muscles while preserving diaphragmatic
respiration. Thoracic sympatholysis allows complete arterial revascularization with bilateral
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IMAs with/without RA [45]. A perfect understanding and cooperation between patient and
anesthesiologist is necessary for ACAB, while an excellent collaboration between cardiac
surgeon and anesthesiologist provides a flawless procedure. Combining advanced anesthetic
and high-level surgical merit, this alternative CABG procedure makes surgical treatment
feasible and suitable for patients who are not candidates for conventional general anesthesia
with endotracheal intubation.

7. Special circumstances

Coronary artery surgery is not unique because of other tissue and/or organ pathologies (Table
10). Coronary revascularization can be performed isolated in patients with single- or multi‐
vessel disease or combined with other coronary artery interventions and/or cardiac proce‐
dures. Associated non-coronary arterial pathologies can make CABG procedures more
complex. Surgical strategies for diffuse CAD are discussed in the next chapter.

A. Associated cardiac pathologies

1. Ascending aorta diseases

2. Left ventricular dysfunction

3. Ischemic mitral insufficiency

4. Valvular lesions

5. Congenital pathologies

6. Coronary anomalies

B. Acute coronary syndrome

C. Associated acute mechanical complications of myocardial infarction

1. Mitral regurgitation

2. Ventricular septal defect

3. Free wall rupture

4. Congestive heart failure

D. Associated non-coronary arterial pathologies

1. Carotid artery disease

2. Abdominal aorta pathologies

3. Peripheral arterial diseases

4. Venous diseases

E. Combined diseases

1. Renal disease

2. Diabetes mellitus

3. Malignancy

4. Chronic obstructive pulmonary disease

Table 10. Special situations
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Ascending Aorta Pathologies

Ascending aortic pathologies can be treated with different methods. Ascending aortic athero‐
sclerosis can be a very important risk factor for distal embolization, especially for stroke.
Epiaortic ultrasound is the only method to identify the extent of atherosclerosis of the ascend‐
ing aorta. Severe atherosclerosis of the ascending aorta forwards surgeons to the right axillary
or femoral artery cannulation. Coronary bypass is performed with “no-touch technique” using
only pedicled arterial conduits or composite grafts (T- or Y-graft). If aortic valve replacement
is required, the ascending aorta replacement will be performed. Ascending aortic aneurysm
and/or dissection required a composite graft replacement during CABG; proximal anastomo‐
ses can be performed easily on the tubular graft or composite conduits can be used.

Left Ventricular Dysfunction

Nowadays, most patients with multivessel disease are candidates for surgical revasculariza‐
tion, but the depressed left ventricular function could be a serious contraindication for surgery
or risk factor for early adverse outcomes. Resting regional perfusion defects and LV systolic
function are improved after CABG in at least 65% of patients with LVD. However, preopera‐
tively depressed resting global left ventricular systolic function cannot change less than 2
weeks after surgery. If this improvement fails to occur, incomplete revascularization or early
graft failure is usually found. When preoperative global LVD is severe (LVEF < 30%), myo‐
cardial scarring is usually greater and limits recovery of left ventricular function. Complete
revascularization is more effective than CABG strategy for myocardial recovery, and there is
no reason to prefer OPCAB with incomplete revascularization [46].

Ischemic Mitral Regurgitation

Ischemic LVD represents the first leading cause for mitral regurgitation (MR), which can alter
the spatial relationship between the papillary muscles and chordae tendineae and thereby
results in functional MR. Some degree of functional MR is found approximately 30% of patients
undergoing CABG. In most cases, MR develops from tethering of the posterior leaflet because
of regional LVD. The incidence and severity of MR vary inversely with the LVEF and directly
with the left ventricular end-diastolic pressure. Correction of reversible ischemia changes the
left ventricular geometry and functional MR can decrease or it can be corrected intraopera‐
tively using a ring. The new designed 3D mitral rings are useful, but MR can worsen with time
if the left ventricular remodeling continues.

Valvular Pathologies

Nonischemic mitral valve diseases are not common with CAD, but they are not contraindica‐
tions for coronary surgery. Mitral stenosis is rare, but mitral valve resection with subvalvular
apparatus does not decrease left ventricular function. Degenerative mitral valve regurgitation
can be associated with LVD; in this situation, subvalvular apparatus should be preserved to
prevent the limited left ventricular function. Tricuspid regurgitation is a rare pathology and
seen mostly secondary to the left-side valvular diseases, and can be a sign of pulmonary
hypertension.
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Degenerative aortic stenosis is the most common associated cardiac pathology because of
advanced age of CAD patients. Aortic stenosis can be moderate or severe, but asymptomatic.
The decision for aortic stenosis may be mixed. If CABG is the decisive indication, the indication
for moderate aortic stenosis is more flexible and aortic valve replacement should be performed
to prevent patients from reoperation. Aortic valve stenosis with moderate signs (mean gradient
> 30 mmHg; aortic valve area 1–1.5 cm2), pathologic bicuspid aortic valve, or severe annulo‐
valvular calcification can indicate for associated aortic valve replacement. Stentless biological
valves must be the first choice if the aorticoventricular continuity is not disturbed [47].

Acute Coronary Syndrome

Acute coronary syndromes cover a wide spectrum of CAD, while non-ST-segment elevation
is the best and risk-free indication for early CABG, if stent implantation is ineffective. Isolated
and limited elevation of troponin is not a contraindication for early surgical treatment. Surgical
revascularization can be postponed in patients with transmural myocardial infarction without
life-threatening complications. But, acute hemodynamic deterioration is a serious and often
fatal complication of ongoing myocardial infarction, and delay of CABG can be disadvanta‐
geous.

Carotid Artery Disease

Carotid artery disease is an important risk factor of stroke after CABG, especially in the older
age group, and the prevalence is higher than 30%. Routine carotid sonographic evaluation is
the most widely used preoperative screening test to detect important asymptomatic carotid
artery stenosis. If the preoperative carotid Doppler study demonstrates significant stenosis
(>80%), it must be verified by arteriography. Combined surgical revascularization has been
used in most centers with two different approaches: concomitant or staged. In both approaches,
carotid endarterectomy is performed primarily to prevent stroke. When a concomitant
procedure is performed, carotid endarterectomy can be performed during hypothermic CPB
before CABG, which provides additional brain protection [48]. Neither strategy has not been
proved to be superior to another, and an individualized approach is most appropriate.
Preoperative stenting is a more suitable alternative approach to combine carotid endarterec‐
tomy and CABG.

Abdominal Aortic Disease

When an abdominal aortic pathology is elective, it should be postponed after CABG. The
combination of an abdominal aortic aneurysm and CAD can be seen more common in elderly
patients. A combined procedure can be necessary in patients with unstable CAD and abdomi‐
nal aortic aneurysm. Combined surgical treatment using CBP is a safe and effective strategy.
Because conventional surgery can increase complications postoperatively, any minimal
invasive combined approach can improve early postoperative outcomes.

Peripheral Vascular Disease

Patients with CAD and peripheral atherosclerosis are older and have more widespread
vascular disease with/without end-organ damage. Coronary atherosclerosis is usually diffuse
and requires more complicated surgical revascularization. Left subclavian artery stenosis is a
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major contraindication for harvesting LIMA, but left subclavian artery bypass or stent
implantation can increase LIMA flow. In this situation, RIMA can be used as a pedicled graft
to LAD, or LIMA can be used as a free graft. Iliac artery stenosis with LIMA collateral
circulation is another contraindication for LIMA-LAD anastomosis, but peripheral artery
revascularization can solve this problem. Except severe peripheral stenosis, staged surgical
approach should be preferred (CABG first).

Chronic Renal Failure

One of the main reasons of death in 40 to 50% of patients on hemodialysis is coronary athero‐
sclerosis. It is well known that cardiac pathologies have more serious outcomes if the establish‐
ed renal failure is concomitant, especially the progression of the CAD is more accelerated in
hemodialysis patients. Calcification of the coronary territory is a serious complication of long-
term  hemodialysis  and  complicates  surgical  revascularization.  Cerebral  and/or  visceral
vascular complications related to accelerated atherosclerosis and particle embolization after
CABG are seen more often in patients with end-stage renal failure than in other patients.
Hemodialysis-dependent  patients  are  at  high  risk  of  CPB-related  complications  such  as
bleeding, volume overload, and cerebrovascular events during conventional CABG, whereas
OPCAB surgery can be the optimum revascularization strategy to prevent these complica‐
tions [49].

Malignancy

Recently, cardiac disease and malignancy are seen together more frequently in patients
undergoing surgical revascularization. Cancer therapy should be applied as soon as possible
after diagnosis; however, patients with high risk of a major cardiac event should take cardiac
surgery as a priority. Conventional open cardiac surgery causes a transient immunosuppres‐
sion due to increasing immunoregulatory factors. Although these biochemical changes are
short term and not likely to induce carcinogenesis, they may lead to cancer surveillance with
the spread and growth potential of coexisting cancer cells. Overall mortality increases after
open heart surgery, and a shorter time interval (especially < 2 years) between the cancer
diagnosis and subsequent cardiac surgical intervention can aggravate cancer-specific deaths.
Results of a multicenter research show that on-pump CABG surgery with CPB increases
significantly the relative risk of skin melanoma, cancer of the lung and bronchus, and overall
cancer incidence when compared with those patients who underwent OPCAB [50]. Off-pump
myocardial revascularization must be preferred over the use of CPB in combined surgery to
prevent the adverse effects of the extracorporeal circulation, especially during lung surgery
[51]. Further researches may obtain optimal strategies for management of cancer patients with
cardiovascular comorbidities.

Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is often considered as a risk factor for
postoperative outcomes after CABG, but the presence and worsening of COPD do not show
any increase in mortality following surgical revascularization in patients with COPD com‐
pared with normal patients. However, severe COPD patients have more frequent pulmonary
infections, atrial fibrillation, and a longer hospital stay when they are compared with mild to
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moderate COPD patients and patients with normal spirometry. Cardiopulmonary bypass has
adverse effects on the alveolar stability by activation of the complement cascade, sequestration
of the neutrophil in the pulmonary vascular territory, release of the oxygen-derived free
radicals, and change of the composition of alveolar surfactant. Atelectasis is the most observed
complication after CPB and mechanical ventilation, especially in the first two days after the
operation. Because patients with COPD are affected negatively from adverse effects of both
CPB and full median sternotomy in the mean of postoperative pulmonary complications, it
seems more advantageous that this patient group will be operated on using OPCAB, especially
with minimal invasive techniques [52].

8. Outcomes

Because CABG is probably the most performed procedure in cardiac surgery, an enormous
amount of information is available about morbidity and mortality, and also long-term survival.
Comparison with stent can never give us the real world results, because every patient has his/
her specific risk analysis. The early mortality and morbidity rates for isolated CABG are
stabilized (Table 11) [53].

Preoperative Characteristics

Age (years) 65 (58 – 73)

Male 74.8%

Body Mass Index 29 (26 – 33)

Hypertension 88.3%

Dyslipidemia 87.5%

Diabetes Mellitus 46%

Peripheral vascular disease 14.4%

Stroke 7.3%

Dialysis 4.8%

Cardiac Characteristics

Previous myocardial infarction 47%

Previous stent 25.3%

Previous CABG 1.32%

Presentation of NSTEMI 23.7%

Three-vessel disease 79.4%

Left main disease 33.8%

Proximal LAD disease 56.9%
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Operative Characteristics

Elective 42.2%

OPCAB 16.6%

Full median sternotomy 98.5%

IMA harvesting technique (standard direct vision) 98.9%

IMA use 100%

LIMA 94%

BIMA 5.1%

Operation durations (minutes)

Cardiopulmonary bypass 91 (71 – 115)

Skin-to-skin 225 (183 – 275)

Operating room 301 (253 – 359)

Any blood products used 31.4%

RBC 2 units

Early Outcomes

Operative mortality 1.5%

Mortality or morbidity 11.8%

Permanent stroke 1.2%

Re-exploration 2.2%

Renal failure required dialysis 1.8%

Prolonged ventilation 8.2%

Mediastinitis 0.3%

Surgical site infection 1.2%

Sepsis 0.7%

Table 11. STS-database for isolated CABG (July 2011 – March 2013; N = 197.672)

Operative Mortality

The risk profile of patients with isolated CAD has changed in the past decade and they have
more complicated comorbidities: older age, LVD, accelerated coronary atherosclerosis, a
higher burden of non-coronary atherosclerotic disease, re-operation, emergency operation,
multi-stent application, multi-organ pathologies. However, early outcomes after CABG
continue to improve and the early cumulative mortality rate is below 2%, lower than 1% in
lower-risk patients. The most common reasons for death are heart failure (65%), neurologic
events (7.5%), hemorrhage (7%), respiratory failure (5.5%), and dysrhythmia (5.5%).

Long-Term Survival
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The survival rate after isolated CABG is higher than 98% for the first month and 97% for first
year, 92% for 5 years, 80% for 10 years, 65% for 15 years, and 51% for 20 years. Late mortality
depends on non-use of ITA, closure of grafts, progression of native coronary atherosclerosis,
and also comorbidities. Procedure-related factors that influence long-term survival include
complete revascularization, selection of bypass grafts, and intraoperative myocardial protec‐
tion. Mortality rate is the highest in the first month, but it is parallel to that of general population
after the first postoperative year. Time-related prevalence of sudden death is low after CABG
(at least, 95% for the first 10 years) and the most significant risk factor for sudden death is LVD.

Quality of Life

Satisfactory quality of life after CABG is the most important and favorable outcome for all
patients who quantify that according to freedom from angina, heart failure, re-hospitalization
or re-intervention, and to improvement of a reasonable exercise capacity. Maximal exercise
capacity is generally improved at least for 3 to 10 years after CABG, whereas degree of recovery
and ultimate exercise capacity reached depend on preoperative LV function, completeness of
revascularization, and long-term graft patency. When preoperative global LV dysfunction is
severe (EF < 30%), myocardial scarring usually affects a wide area and limits improvement of
LV function. But, incomplete revascularization of viable myocardium is the primary cause of
the failure of postoperative recovery. Global LV function during exercise begins to increase
noticeably 2 weeks after CABG in most patients; however, when it still does not improve in 3
months after CABG, one or more bypass grafts are usually occluded or stenosed.

Recurring Myocardial Ischemia

Return of angina is the most common post-CABG ischemic event. Freedom from angina is
approximately 95% at 1 year, 80% at 5 years, 60% at 10 years, 40% at 15 years, and 20% at 20
years. Return of angina during the first 6 months depends on incomplete revascularization or
graft failure, whereas progression of native-vessel disease and grafts are serious risk factors
for the late recurrence of angina. Including perioperative myocardial infarction, the overall
freedom from new myocardial infarction after first surgical complete revascularization is 95%
at least 5 years, 85% at 10 years, 75% at 15 years, 55% at 20 years. The overall freedom from
any re-intervention (stent or re-CABG) is about 97% at 5 years, 90% at 10 years, 70% at 15 years,
and 50% at 20 years. Venous graft occlusion (incidence: 15% at the first year, and 60% at 10
years) is the most common reason for re-intervention, and progression of atherosclerosis in
the native coronary arteries (incidence: 50% at 10 years) is the second. Using IMA(s) reduces
the frequency of reoperation, but not the frequency of stent implantation. Requirement of
reoperation begins to rise noticeably after 5 years and it is usually preferred when the left main
or LAD disease is life threatening. Because the operative risk is double in the second CABG
than those in the primary, stent implantation with the assistance of embolic protection devices
for stenotic vein grafts or native vessels is used more often in symptomatic patients with patent
IMA-LAD anastomosis.

Early Postoperative Complications

1. Perioperative myocardial infarction is defined by appearance of new Q waves or signifi‐
cant elevation of myocardial biomarkers. It relates with early or late death and also with
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postoperative ischemic cardiomyopathy. It depends on inadequate myocardial preserva‐
tion, incomplete revascularization or graft failure. Prevalence of perioperative myocardial
infarction is between 2.5 and 5%. Early renewing or completing revascularization of the
target vessels can be lifesaving.

2. Low cardiac output syndrome varies between 4 and 9% and develops during or after the
operation and increases operative mortality 10- to 15-fold. Inotropic supports with/
without intra-aortic balloon pump support or mechanical circulation support must be
used to maintain a systolic blood pressure > 90 mmHg or a cardiac index > 2.2 L/min/m2.

3. Adverse neurologic events after surgery can be major or minor. Type 1 deficits (stupor,
coma) are more fatal, but the incidence is lower than 1.5%. Severe atherosclerosis of the
ascending aorta and/or severe stenosis with/without any calcification in the carotid
arteries are the most common risk factors for the type 1 neurologic events. Type 2 deficits
are characterized by deterioration of intellectual function and memory, but it is more
difficult to characterize. The risk factors are CPB, aortic manipulation, or air embolization.
Off-pump is not superior to on-pump, but avoidance of proximal anastomoses on the
ascending aorta can prevent type 2 neurologic deficits.

4. Renal failure can develop after cardiac surgery and the incidence of renal dysfunction not
requiring dialysis rises to 6.5%, but requiring hemodialysis is below 1.5%. Operative
mortality rate is directly related to patients’ renal functions: proximately 1% with good
renal function, 20% with renal dysfunction, 60% with renal dysfunction and dialysis.
Older age (< 70 years), LVD, diabetes mellitus with silent renal dysfunction, preoperative
renal dysfunction (creatinine > 2 mg/dL), and LCOS are the major risk factors for postop‐
erative renal failure. Off-pump CABG can be a more appropriate alternative for complete
revascularization in patients with chronic renal failure or patients with estimated
postoperative renal dysfunction.

5. Deep sternal wound infection carries a mortality rate of 25%. Obesity and diabetes are
strong independent risk factors for mediastinitis, whereas reoperation, re-exploration for
bleeding, and blood transfusions are other variables. The use of bilateral IMAs does not
increase mediastinitis risk, especially with skeletonization technique. However, bilateral
IMA harvest must be avoided in obese diabetic women or patients with severe COPD. In
spite of all the recent advances in open cardiac surgery, mediastinitis still is an important
risk factor for early mortality, but it does not affect the graft patency [54].
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Abstract

Diffuse coronary artery atherosclerosis can be defined as “consecutive or longitudinal”
and “complete or partial” obstruction in coronary vessels. Most of the patients with dia‐
betes, hyperlipidemia, chronic renal insufficiency, connective tissue disease, and multi-
stented coronary arteries have diffuse atherosclerotic lesions in the coronary territory.
Viable large myocardium without necrosis is the only coronary bypass indication in these
patients, because it is very difficult to find any healthy area for anastomosis. This type of
coronary occlusion frequently stimulates the formation of collateral vessels that protect
against extensive myocardial ischemia. The choice of a surgical method also depends on
the nature of the coronary artery, and multisegment plaques and healthy-area intervals
simplify complete revascularization. On the other hand, a more aggressive treatment mo‐
dality should be preferred when no soft site can be identified for arteriotomy or there is
an extensively diseased area that is not amenable to grafting. The less invasive techniques
are “don’t touch the plaque” techniques (jumping multi-bypass, sequential bypass, hy‐
brid interventions). Sometimes an aggressive diffuse plaque formation needs to be treat‐
ed with “touch the plaque” techniques (long-segment anastomosis, patch-plasty,
endarterectomy ± patch-plasty). In simple forms, a limited long-segment anastomosis of
conduits eliminates the occlusion of the limited atherosclerotic plaque where the whole
lesion is opened and cross-covered by the graft. In the accelerated form of coronary arte‐
riosclerosis, the atherosclerotic plaque appears widespread and the full-length lumen of
the coronary artery can get very narrow or occluded totally. The long-segment lesion is
usually calcified and it inhibits any kind of stitching; however, the plaque can be separat‐
ed easily from the arterial wall in order to create an appropriate lumen in the total oc‐
cluded coronary artery. Because the aggressive endarterectomy increases the operation
risk, the arteriotomy should be extended until the normal lumen with normal intima in
the distal segment of the coronary artery. In general, severity and distribution of coronary
arteriosclerosis tend to increase with time but the rate of increase is highly variable and
difficult to predict. Although diffuse atherosclerosis is severe enough, it is uncommon to
render any patient unsuitable for surgery.

Keywords: Diffuse atherosclerosis, endarterectomy, patch-plasty, sequential bypass,
jumping bypass
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1. Introduction

Coronary artery disease usually involves the proximal portion of the larger epicardial coronary
arteries, but generally not their intramural branches. In most patients, atherosclerotic lesions
in coronary territory are segmental and eccentric, and they affect particularly bifurcations and
sharp curvatures, whereas the rest of long segments of coronary arteries are plaque-free.
Diffuse coronary artery disease can be defined as the presence of multiple atherosclerotic
stenoses or long-segment occlusions in coronary territory. Atheromatous materials spread
toward distal and retain a long segment of coronary arteries which can obstruct coronary
lumen “consecutive or longitudinal” and “complete or partial”.

In general, severity and distribution of coronary arteriosclerosis tend to increase with time but
the rate of increase is highly variable and difficult to predict. Diffuse atherosclerosis severe
enough to render the patient unsuitable for surgery is uncommon. On the other hand,
progression of atherosclerosis in the native coronary arteries after coronary bypass surgery is
not rare and accelerated atherosclerosis usually is the main contraindication for reoperation.
The early and late results of endarterectomy are inferior to those of routine coronary bypass,
but it offers a viable alternative not to leaving a territory ungrafted. Rate of aggressive
progression of atherosclerosis cannot as yet be examined directly in multivariable risk factor
analyses, but this progression can be slowed by intensive lipid-lowering therapy.

The nature of atherosclerotic coronary artery disease is a chronic inflammation and fibropro‐
liferation of large- and medium-sized epicardial arteries consisting of the progressive depo‐
sition or degenerative accumulation of lipid-containing plaques on the innermost layer of the
arterial wall. The basic mechanism of atherosclerosis is endothelial dysfunction which is
characterized by the reduction of the endothelium-derived vasodilators, especially nitric
oxide, and an increase in endothelium-derived contracting factors. The immune-inflammatory
response involving macrophages, T-lymphocytes and intimal smooth muscle cells tries healing
and repairing injured endothelium, stabilizing plaques, protecting rupture, and avoiding
thrombosis. If the atherosclerotic stimuli persist over long time, the reparative response may
accelerate and target to the progressive occlusion of the arterial lumen. Progressive diffuse
coronary artery stenosis involves the following processes: local atheroma, lipid accumulation,
biologic stimuli of vessel wall, chronic inflammation, cellular necrosis, plaque formation and
complications, and calcification. Arterial wall injury is most often related to age, diabetes,
smoking, dyslipidemia, hypertension, hyperuremia, and immunosuppressive therapy, which
trigger and accelerate the inflammatory response aimed at restoring arterial wall integrity.
During the progression of atherosclerosis, endothelial and smooth muscle cells die by apop‐
tosis, and an atheromatous plaque covers the defects of the endothelium. A vulnerable plaque
is a nonobstructive, silent coronary lesion, which suddenly becomes obstructive and sympto‐
matic. Plaque rupture with/without thrombotic complications is the main reason for this acute
coronary syndrome with/without complications. The lesions responsible for acute episodes
are generally less calcified than plaques responsible for chronic stable angina, because
calcification is the last part of the healing response to atherosclerosis and it appears to have no
direct link to thrombosis. Because diffuse type of coronary disease is time-consuming, slowly
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tosis, and an atheromatous plaque covers the defects of the endothelium. A vulnerable plaque
is a nonobstructive, silent coronary lesion, which suddenly becomes obstructive and sympto‐
matic. Plaque rupture with/without thrombotic complications is the main reason for this acute
coronary syndrome with/without complications. The lesions responsible for acute episodes
are generally less calcified than plaques responsible for chronic stable angina, because
calcification is the last part of the healing response to atherosclerosis and it appears to have no
direct link to thrombosis. Because diffuse type of coronary disease is time-consuming, slowly
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developing occlusions frequently stimulate the formation of collateral vessels that protect
myocardium against extensive ischemia. Viable large myocardium without necrosis is the only
indication for coronary revascularization in these patients (without mechanical complications
of myocardial infarction), because it is very difficult to find any healthy area for anastomosis.
Consequently, the relative severity and associated risk balance between focal stenosis and
diffuse disease cannot be easily compared when making revascularization decisions [1]. The
physiological anatomy of coronary arteries must be detailed for myocardial revascularization,
but quantifying the anatomic severity of diffuse lesions is difficult. Lower coronary flow
reserve associated with severe diffuse disease may neutralize or override any potential benefit
from eliminating stenosis by stents. On the other hand, more diffusely expanded coronary
atherosclerosis can cause higher mortality rate during coronary bypass artery grafting (CABG)
than focal lesions because of association of more complicated vessels, which are not appro‐
priate for suturing or distal perfusion after anastomosis. Patients with diffuse coronary artery
disease can also face a twofold increased risk of in-hospital mortality or major morbidities,
which is independent of reoperation [2].

2. Etiology

Most of the patients with diabetes, hyperlipidemia, chronic renal insufficiency, connective
tissue disease, heart transplantation, and multi-stented coronary arteries have diffuse athero‐
sclerotic lesions in the coronary territory. All of these diseases affect and accelerate coronary
arteriosclerosis differently [3]. Restenosis after first CABG can also be a reason for the diffuse
coronary atherosclerosis, but usually these patients have ungraftable diffuse diseased coronary
vasculature and none of the specific revascularization methods can be used.

2.1. Diabetes mellitus

Compared with nondiabetic patients, diabetes mellitus increases the incidence of coronary
artery disease two to four times as much and accelerates the nature of the atherosclerosis. The
nature of coronary artery disease in diabetic patients is clinically challenging because it causes
an extensive and diffuse multivessel involvement. Hyperglycemia is directly related to the
atherosclerotic development, progression, and instability due to induced endothelial dysfunc‐
tion (abnormal nitric oxide biology, increased endothelin and angiotensin II, reduced prosta‐
cyclin activity), abnormalities in lipid metabolism (high triglyceride and LDL-cholesterol, low
HDL-cholesterol), systemic inflammation (increased oxidative stress, accumulation of
advanced glycation and products), and disorders in the proteo-fibrinolytic system and platelet
biology (thrombosis). Hyperglycemia can deplete the cellular NADPH pool and induce with
high levels of fatty acids to oxidative stress on phospholipids and proteins. Insulin resistance
is the main actor to the endothelial dysfunction in type II diabetes, and endothelial dysfunction
is closely complicated with microangiopathy and atherosclerosis in diabetic patients. Endo‐
thelial dysfunction decreases the capacity of nitric oxide synthase enzyme and depleted nitric
oxide, which effects endothelial cell-dependent vasodilatation. Overexpression of growth
factors causes endothelial cells and vascular smooth muscle proliferation. All of these negative
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changes accelerate atherosclerosis in all arterial territories, and the involvement of coronary
arteries can be very extensive and diffuse with either serious jumping stenoses or long-segment
narrowing with/without occlusion. The optimal strategy of coronary revascularization is
controversial, but CABG has better long-term survival and freedom from re-interventions [4].
Diabetic patients have a higher restenosis rate after stent implantation and also progression of
diffuse disease after stent implantation forms new lesions in diabetic patients than non-diabetic
patients more often. Clinical outcomes in CABG patients are similar for diabetic and non-
diabetic patients, while outcomes after stent could be worse for diabetic patients [5]. In diabetic
patients with multivessel coronary artery disease, rates of death and myocardial infarction in
5 years are significantly lower in patients treated with CABG due to more complete revascu‐
larization, which bypasses several lesions and prevents coronary territory against progressive
proximal coronary stenosis [6]. On the other hand, the operative risk in patients with diabetes
might be a consequence of a preoperatively endothelial dysfunction and an inflammatory
response to extracorporeal circulation characterized by an impaired release of interleukin-6
and increased turnover of E-selectin [7]. Simple distal anastomosis for each coronary artery
cannot be enough to supply blood along the coronary territory, and most of the diabetic
patients with diffuse multivessel coronary artery disease require specific surgical revascula‐
rization modalities, which can increase perioperative myocardial damage and operative
mortality.

2.2. Hypercholesterolemia

Cholesterol is one of the most important risk factors for the development of premature
coronary artery disease, which is characterized without any serious intravascular stenosis.
Cholesterol levels and coronary artery disease show a strong and linear relationship, whereas
cholesterol levels even in the normal range may inhibit endothelium-dependent vasodilatation
in all arterial beds. The pathogenesis of atherosclerosis in the obese population can be related
to metabolic syndrome associated with insulin intolerance and dyslipidemia, which cause
endothelial dysfunction with decreasing nitric oxide production. Lowering of LDL-cholesterol
rather than moderate weight loss is more effective to improve endothelial function, because
the coronary vasculature is affected by the atherosclerosis process, and the most atherosclerotic
lesions are associated with remarkable neovascularization of the vasa vasorum, which can
cause intra-plaque rupture and bleeding. Hypercholesterolemia is one of the most important
factors to stimulate this process and its role begins in the early atherosclerotic remodeling
before plaque formation [8]. Hyperlipidemia-related coronary lesions are very predisposed to
spread lengthways coronary territory and cause diffuse stenosis or occlusion, and calcification
is usually associated with this type of atherosclerosis.

2.3. End-stage renal disease

A strong relationship subsists between chronic renal failure and coronary artery disease, and
atherosclerosis can be accelerated in patients with end-stage renal disease due to multifactorial
reasons [9]. Increased oxidative stress, hyperhomocysteinemia, hyperlipidemia, hyperglyce‐
mia and others are also important comorbidities. The main pathology is the impairment of
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endothelium-dependent vasodilatation. Dialysis-dependent renal failure patients undergoing
CABG can have a greater degree of distal and/or diffuse coronary artery disease burden
compared with matched patients with silent renal failure. The diffuseness of coronary
atherosclerosis in patients with end-stage renal disease can be severe and the intraluminal
lesions are usually calcified. Extensive calcification of all arterial structures in the body can
inhibit conventional CABG strategies, which increase surgical outcomes. Impaired distal run-
off of the coronary arteries is another strong independent predictor of operative mortality. All
kinds of complex anastomotic techniques can be used in these patients, and endarterectomy
can be very easy to perform to get adequate distal run-off. Restenosis after CABG is not
uncommon in this group of patients, especially if saphenous vein is used.

2.4. Connective tissue disease

Several connective tissue diseases (systemic lupus erythematosus, rheumatoid arthritis,
systemic sclerosis, Takayasu disease) are characterized by vascular dysfunction and excessive
fibrosis. The presence of coronary microvascular dysfunction is the common pathologic
change in various chronic inflammatory diseases [10]. Cardiac manifestation of these chronic
diseases can be estimated lower, because most of them are asymptomatic. Diffuse form of these
pathologies has a distressed clinical course with severe organ involvement. First, an endothe‐
lial injury occurs early in the disease process leading to endothelial dysfunction. Myofibro‐
blasts drawn into the arterial wall by cellular growth factors contribute to the thickening of
the intimal layer, compromising regional blood flow by narrowing the arterial lumen. In the
absence of epicardial coronary stenosis, the abnormal coronary flow is dependent on the
structural remodeling of the small coronary arteries and arterioles. Aggressive surgical
interventions are usually ineffective, but multi-anastomoses can be applicable. Because diffuse
atherosclerosis shows strict adhesions between arterial wall layers, endarterectomy can never
satisfy to load out the intra-arterial lumen for appropriate anastomosis.

2.5. Heart transplantation

The occurrence of coronary artery disease is common in posttransplant patients, and athero‐
sclerotic process is different from normally occurring coronary artery disease. This type of
atherosclerosis is specific for heart transplanted patients, and it affects the entire length of the
coronary arteries, and diffuse intimal proliferation develops without damage to the internal
elastic lamina in contrast to classic atherosclerosis. The intimal proliferation developed by
smooth muscle cells and macrophages contains cholesterol crystals and lipid components, but
calcification is rare. This lesion affects large epicardial coronary arteries as well as the pene‐
trating intramyocardial branches, and occlusion of these small branches is the first reason for
acute coronary syndrome. Coronary endothelial vasodilator dysfunction is a common and
early indicator for graft atherosclerosis, which is caused by both immunological and classic
risk factors. The immunological response is the first stimulus causing endothelial damage and
this injury alters endothelial permeability, with consequent myointimal hyperplasia and
extracellular matrix synthesis. Alloimmune injury starts when donor antigens expressed from
the donor endothelial cells interact with recipient dendritic cells, and the activated macro‐
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phages secrete several factors, which stimulate the proliferation of smooth muscle cells and
vascular remodeling [11]. Before microvasculature occlusions, stent or standard CABG can be
preferred for the treatment of newly developed epicardial lesions, but endarterectomy may
not be usually applicable in most diffuse cases, and retransplantation is the only option under
these circumstances.

2.6. Multistented coronary arteries

The problem of restenosis after stenting represents a special case of arterial hyperplastic disease
and the in-stent restenosis is made from myxomatous tissue, whereas accelerated intimal
hyperplasia occludes the distal segment of the same coronary vessel after stenting. Availability
of access to healthy coronary wall for revascularization is usually feasible in patients receiving
a single stent implantation in one or each coronary artery. However, the distal vascular bed of
multi-stented coronary artery is often influenced by the accelerated atherosclerosis and
diffusely diseased where it is impossible to find any healthy area for distal anastomosis.
Sometimes, open endarterectomy with removal of stent(s) can remain the last option for
surgical revascularization.

3. Surgical treatment techniques

Diffuse atherosclerosis has been highly widespread among patients with coronary artery
disease in the last two decades, because simple lesions are usually treated with stent inter‐
ventions in the early phase of the coronary pathology. Diffuse coronary lesion and reduced
coronary flow reserve can be silent due to several collaterals, but it might result in severe
functional limitation, chronic low-level ischemia, and myocardial remodeling. Low-level
ischemia can be a potential driver of both first coronary vasomotor and myocardial dysfunc‐
tion, and then remodeling in heart failure with preserved ejection fraction. Diffuse atheroscle‐
rosis and microvascular dysfunction-associated coronary artery disease comorbid conditions
may guide new, more effective, aggressive, and therapeutic interventions for global cardio‐
vascular risk reduction due to complete revascularization. There is no difference in event-free
survival between CABG or stent implantation in patients with high coronary flow reserve;
however, CABG is significantly more effective than stent in patients with low coronary flow
reserve [12]. Diffuseness of coronary artery disease is a serious risk factor for early and late
adverse events after coronary revascularization, but the acceptable strategy should be
complete revascularization. Standard bypass method (finding an appropriate lumen and
performing anastomosis) is usually not possible in the diffusely diseased coronary arteries,
and such a region, which may be found at most distal, cannot be expected to bring any benefit.
For this reason, in such cases, it is required to apply a complex method other than standard
bypass method. When the atherosclerotic stenosis is local, it is technically possible and easy
to revascularize the distal segment directly, but in diffuse coronary artery disease or in the
presence of diffuse stenotic regions, different techniques should be implemented for complete
revascularization.
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The treatment of the diffused-type coronary artery disease has always been an issue; however,
this scenario is challenging for cardiac surgeons because diffuse atheromatous lesions
frequently render epicardial coronary vessels unsuitable for conventional distal grafting.
However, there are some strategies to perform a complete revascularization with increasing
complexity and mortality risk sequentially in these patients. Second, to attenuate or prevent
perioperative infarction and/or postischemic ventricular dysfunction caused by inadequate
myocardial protection, there are many different administrative ways for cardioplegic solu‐
tions, but the optimal delivery method of cardioplegia also remains controversial. Off-pump
bypass can be another option when coronary artery is totally occluded and retrograde flow
supplies the myocardium.

The aggressive involvement type of atherosclerosis is the corner stone for coronary revascu‐
larization, and the first choice of the aggressive surgical techniques also depends on this nature
(Table 1). A coronary artery with multisegment plaques and healthy-area intervals simplifies
complete revascularization, and multiple revascularization of this coronary artery with
different methods seems applicable by every cardiac team. On the other hand, a more aggres‐
sive treatment modality should be preferred when no soft site can be identified for arteriotomy
or there is an extensively diseased area not amenable to grafting or no other methods except
transplantation. The routine application for arteriotomy in patients with local stenosis is to
perform the anastomotic incision proximal enough to get the larger-sized coronary target but
distal enough from atherosclerotic lesion. Arteriotomy should be more complicated or
extended to get appropriate coronary lumen and anastomotic area in patients with diffuse
coronary lesions. The main goal of CABG is to finish complete revascularization using different
surgical approaches during open-heart surgery. Using a single graft or multi-grafts or a hybrid
procedure (stent + bypass) is a reliable option to revascularize all segments of each coronary
artery: don’t touch the plaque techniques. Sometimes an aggressive plaque formation needs
to be touched using extended arteriotomy with/without endarterectomy and patch-plasty:
touch the plaque techniques.

Don’t Touch the Plaque Techniques

1. Jumping bypass technique

This technique is used for revascularization of the same coronary artery with more than one
anastomosis (Figure 1). Most patients with diffuse coronary artery disease have multiple
severe stenoses along coronary arteries or diseased coronary artery may have critically
important side branches before the last stenosis that could not be bypassed. Jumping bypass
is performed via single or multiple conduits on the same coronary artery and is the only
solution to supply blood throughout the diseased coronary artery, especially for the left
anterior descending (LAD) artery and the right coronary artery (RCA). The circumflex artery
(Cx) may have multiple major branches and each one does not need to be revascularized
consecutively with this technique; on the contrary, these branches should be revascularized
separately with sequential grafting. The jumping bypass technique has several advantages to
avoid unexpected adverse complications intraoperatively (Table 2). It is the simpler technique
to perform complete revascularization in diffuse coronary disease patients. This technique can
be applied via different approaches.
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1. To achieve complete revascularization of the same major coronary artery

2. To supply blood to the myocardium via grafting major side branches of the same coronary artery

3. To avoid more aggressive surgical procedures (“touch the plaque” techniques)

4. To shorten ischemic and cardiopulmonary bypass times

5. To salvage myocardium from perioperative myocardial infarction caused by graft failure

Table 2. Advantages of the jumping bypass technique

a. Jumping grafting with multiple conduits

This approach is the easiest approach, and it is usually used for the LAD revascularization,
whereas the RCA is seldom preferred. This jumping bypass approach using more than one
conduit is usually preferred in emergency situations to salvage myocardium perioperatively,
but it can also be used in elective cases. Two arteriotomies are performed on the same coronary

A. No-touch the plaque techniques

1. Jumping bypass (the same coronary artery)

a. with multiple grafts

b. with a single graft

c. with a composite graft

d. with a bifurcated graft

2. Sequential bypass (multiple coronary arteries)

a. with a single graft

b. with a composite graft

c. with a bifurcated graft

3. Hybrid revascularization (different coronary arteries)

B. Touch the plaque techniques

1. long-segment anastomosis

2. patch-plasty

3. endarterectomy ± patch-plasty

a. closed

b. open

Table 1. Aggressive bypass strategies for diffusely diseased coronary territory
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artery and both are grafted by different conduits (Figure 1a). Two conduits are anastomosed
in an end-to-side fashion, and this approach achieves double suppliers with double sources.
This approach is usually preferred for the LAD, and the left internal mammarian artery (LIMA)
is often anastomosed between the proximal and distal lesions, because the length of LIMA is
usually not enough to reach to the distal segment. The distal segment of the coronary artery
is revascularized using a second conduit, especially with a vein graft. In elective and planned
surgery, the second graft could be an arterial conduit: the right internal thoracic artery (RIMA)
or radial artery (RA). In the emergency salvage re-exploration after perioperative myocardial
infarction, the saphenous vein graft (SVG) should be chosen for its precipitous harvesting. This

(a) (b)(a) (b)

(c) (d)

Figure 1. Jumping grafting is an alternative to multi-revascularization of the same coronary artery with multi-segment
stenoses. a) Jumping grafting with multiple conduits. b) Jumping grafting with a single conduit. c) Jumping grafting
with a composite conduit. d) Jumping grafting with a bifurcated conduit.
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approach can be preventative against early graft failure, whereas the second independent
conduit can continue to supply blood. This approach is also lifesaving when perioperative
myocardial infarction is developed because of the graft failure, and the second graft is
anastomosed at the distal part of the affected coronary artery. This alternative procedure is
mostly used to salvage myocardium when the LIMA or the other conduit does not work due
to any reason perioperatively.

b. Jumping grafting with a single conduit

This approach can be used for the LAD or RCA elective and planned revascularization, but it
is not feasible for emergency surgery. This approach is similar to sequential bypass technique,
but the only difference is to be a single target vessel requiring multiple anastomoses. If
harvesting of a second conduit is not possible due to any reason and the target coronary artery
has multiple stenosis, the harvested single graft can be anastomosed on the same coronary
artery consecutively (Figure 1b). In situ or free conduits can be used for jumping grafting. The
double arteriotomies are made in the direction of the long axis at the mid and distal soft
segments of the target coronary artery, and a single proximal arteriotomy is made at the
conduit. The two proximal incisions are aligned parallel and the proximal anastomosis is
performed in a side-to-side fashion and created kissing anastomosis, which is the critical part
of this approach, but “aligned perpendicular and created a diamond-shaped anastomosis” is
never used for this anastomosis like the routine sequential bypass technique. The distal end
of the graft is anastomosed to the distal arteriotomy on the target coronary artery as the
standard end-to-side fashion. Using a larger graft for consecutive anastomoses on the same
coronary artery can be performed with a lower technical risk than the LIMA because of its
borderline diameter, and the best conduits for this approach are the RA and SVG. This
approach is often complication free and consecutive grafting of the same target coronary artery
permits efficient use of limited conduits, but it is preferred rarely.

c. Jumping grafting with a composite conduit

This approach can be used for the LAD revascularization. This approach is more time-
consuming than the other approaches and needs more attention. A composite conduit can be
built as T- or Y-graft with the in situ LIMA. This second graft is usually prepared from a free
arterial graft (a short segment of the RA or RIMA), and both free ends of the second arterial
conduit are anastomosed on the same coronary artery, whereas the LIMA is anastomosed at
the middle part of the second conduit conduit (T-graft) or the LIMA is anastomosed on the
LAD, whereas both free ends of the second arterial conduit are anastomosed on the distal
segment of the LAD and at the middle part of the LIMA (Y-graft) (Figure 1c). This application
arranges uniform distal anastomoses using the same conduit with the same diameter and
prevents stealing coronary blood by any larger conduit. In the absence of the second arterial
graft, a short SVG can be also used as the composed part.

d. Jumping grafting with a bifurcated conduit

This approach can be used for the LAD or RCA revascularization. This approach is easy to
apply, but it is very uncommon to find a bifurcated conduit in the body. The two branches of
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the LIMA have a smaller diameter and are very vasospastic, which are not suitable for grafting.
The only option is to harvest the SVG with its first major bifurcated branches (Figure 1d). The
advantages are avoiding the second proximal anastomosis on the ascending aorta or on the
other conduit, any handicap caused by anastomosis between both grafts, and technical
difficulties and risks of kissing anastomosis.

2. Sequential bypass technique

This technique is used for revascularization of more than one target coronary arteries or major
branches of the same coronary artery with the same conduit. The number of the sequential
bypassed vessels depends on the availability of multi-conduits, which allow one or more
sequential bypass at the same time. If harvesting adequate conduits is feasible, the true way
is bypassing all diseased coronary artery separately as the “one graft-to-one target coronary
artery” rule. The main purpose of this technique is the efficient usage of limited conduits to
achieve complete revascularization (Table 3). The most distal anastomosis should be to the
furthest target coronary artery with an acceptable diameter, and the conduit is anastomosed
at several coronary arteries before its proximal anastomosis. The most possible drawback is
more than one distal anastomoses with a single proximal source that can cause an aggravated
risk of inadequate myocardial perfusion. It cannot be hazardous, if the equal coronary territory
is bypassed with the same conduit sequentially. On the other hand, if the distal coronary artery
has a small diameter, it would be hazardous, and this smaller distal anastomosis lies under
the risk of total occlusion because of preferential graft flow to the larger proximal coronary
arteries. All available conduits can be used for sequential grafting, especially the SVG. The RA
is usually used for sequential anastomosis during full arterial revascularization [13]. The LIMA
should not be used for sequential bypass grafting, if it supplies the LAD flow, but it can be
used as a donor for composite T- or Y-grafting of other arterial conduits, especially with the
RIMA, in order to achieve complete arterial revascularization. The distal anastomosis is
performed with the standard end-to-side technique and all proximal anastomoses with the
side-to-side technique. Both the target coronary artery and the conduit are incised longitudi‐
nally and aligned perpendicular to each other, and all proximal sequential anastomoses must
be constructed in a diamond-shaped fashion to prevent any stenosis, kinking, distortion or
tension on the anastomoses and conduit. Both the arteriotomy and the incision on the conduit
should not exceed the diameter of the conduit. The distal anastomosis is completed first and
the other anastomoses are performed towards the proximal consecutively.

1. To achieve complete revascularization of the different coronary arteries

2. To perform complete revascularization if conduits are inappropriate

3. To supply blood to the myocardium via grafting major side branches of the same or different coronary arteries

4 To avoid more aggressive surgical procedures (“touch the plaque” techniques)

5. To shorten ischemic and cardiopulmonary bypass times

6. To salvage myocardial revascularization intraoperatively when the conduits are shorter for proximal anastomosis on
the ascending aorta.

Table 3. Advantages of the sequential bypass technique
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a. Sequential grafting with a single conduit

This approach can be used for all coronary arteries and is the most used approach for complete
revascularization. If harvesting of sufficient conduits is not possible due to any reason and
there are a large number of target coronary arteries, the harvested single graft can be anasto‐
mosed on the different coronary arteries (RCA-Cx-Diagonal-LAD) or on the several branches
of a single coronary artery (Cx 1-3) sequentially (Figure 2a). All free grafts are suitable for this
sequential bypass approach. The best conduit for this approach is the SVG or RA. Proximal
anastomosis is always performed on the ascending aorta without any concern on the long-
term patency [14]. In situ arterial grafts should be used alone to the target coronary artery,
especially both IMAs. First, the distal end of the graft is anastomosed to the distal target
coronary artery in an end-to-side fashion. The other proximal coronary arteries are bypassed
consecutively through the anterior surface of the heart. The small arteriotomies are made in
the direction of the long axis of the target coronary artery and small incisions are made at the
conduit. The two incisions are aligned perpendicularly creating a diamond-shaped anasto‐
mosis and the sequential anastomosis is performed in a side-to-side fashion, which is the
critical part of this approach; however, “aligned parallel and created a kissing anastomosis”
is never used for this anastomoses. This approach is often complication free, and sequential
grafting of the different target coronary arteries permits efficient use of limited conduits.

b. Sequential grafting with a composite conduit

This approach can be performed in two different methods. The first method is usually used if
the distal SVGs remain shorter for proximal anastomosis on the ascending aorta intraopera‐
tively, especially for revascularization of the Cx-branches. A composite conduit can be built
as Y-graft and the second short graft is usually anastomosed on the main conduit, and the most
preferred conduits are the SVG and RA (Figure 2b-1). The main graft is anastomosed to the
largest target coronary artery first, and the proximal anastomosis of the other shorter graft(s)
is performed on this main graft before or after releasing the aortic cross-clamp. The second
method is used for complete arterial revascularization of all coronary arteries, but this method
is more time-consuming and needs more competency (Figure 2b-2). This composite conduit is
prepared for T- or Y-graft and it can reach all surfaces of the heart. The most preferred conduits
are the LIMA as a pedicle graft source and the RIMA as a composed part for grafting all target
coronary arteries.

c. Sequential grafting with a bifurcated conduit

This approach can be used for revascularization of the distal RCA- or Cx-branches (Figure
2c). This approach is easy to apply, but it is very uncommon to find a bifurcated conduit in the
body. The advantages are avoiding the second proximal anastomosis on the ascending aorta,
any handicap caused by anastomosis between both grafts, and technical difficulties and risks
of kissing anastomosis.

3. Hybrid revascularization

The standard hybrid coronary revascularization combines the benefits of the LIMA-to-LAD
grafting and stent implantation to the other coronary territory. The hybrid revascularization
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3. Hybrid revascularization
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grafting and stent implantation to the other coronary territory. The hybrid revascularization
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technique can be chosen with several indications in patients with diffuse coronary artery
disease (Table 4). Patients with severe comorbidities or patients with multiple stenoses may
be the best candidates for this procedure. If complete multivessel surgical revascularization
increases operative adverse outcomes in high-risk patients, stent implantation in one or more
coronary arteries, except the LAD, can be a preventative alternative to complete myocardial
revascularization (Table 4). Hybrid revascularization can be performed concomitant or staged.
Concomitant hybrid revascularization needs a specific operating room, whereas staged hybrid
revascularization can be performed in every clinic. Percutaneous coronary intervention is
applied before or after CABG. The decision depends on the severity of proximal lesions which
may not be revascularized, and the aim is the avoidance of any perioperative myocardial
infarction. Especially proximal or ostial left main or LAD serious stenosis should be treated

Figure 2. Sequential grafting is the best alternative for the multivessel revascularization in the absence of adequate
conduits. a) Sequential grafting with a single conduit. b) Sequential grafting with a composite conduit: 1- classic ap‐
proach with inadequate saphenous vein grafts; 2- T- or Y- graft for total arterial revascularization. c) Sequential graft‐
ing with a bifurcated conduit.
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by stent, if single LIMA-to-LAD grafting cannot achieve complete blood supply to the LAD
territory. Ungraftable RCA or Cx vessels with severe stenosis should be treated by percuta‐
neous intervention to achieve complete revascularization.

1. Invisible coronary artery during surgery threatening a huge myocardium

2. Multiple stenosis with a very proximal lesion threatening proximal larger branches

3. To shorten cardiopulmonary and ischemic times

4. Absence of sufficient conduits for complete revascularization

5. Impaired or diseased conduits

Table 4. Indication for hybrid revascularization

Touch the Plaque Techniques

1. Long-segment (1-3 cm) anastomosis

This technique is chosen when the plaque with limited length obstructs the coronary blood
flow. This simplest form includes a limited long-segment anastomosis of a conduit to eliminate
the occlusion of the limited atherosclerotic plaque (Figure 3). This technique is a prolonged
version of the standard anastomosis technique to revascularize proximal and distal segments
of the coronary artery and makes jumping grafting with/without a second graft unnecessary.
The whole diseased coronary artery segment is opened at full length of the atherosclerotic
lesion and the arteriotomy is extended bidirectionally until the healthy coronary artery lumen
comes out. The aim of this maneuver is to forward graft blood flow directly into the healthy
coronary artery lumen bidirectionally. The distal end of the graft is opened longer than
coronary arteriotomy to prevent any tension, tightening, stenosis or inadequately anastomotic
length of the conduit, and then the graft is anastomosed on the coronary arteriotomy longitu‐
dinally. All attention should be directed to avoid any distal embolization of atherosclerotic
debris or to prevent the continuity of the coronary artery.

2. Patch-plasty (> 3 cm) anastomosis

A diffusely diseased coronary artery cannot be grafted by conventional grafting technique and
side branches and/or distal segment would not be revascularized. This technique is preferred
mostly for the LAD, but the RCA or the Cx artery can be also bypassed with this technique.
The patch-plasty technique is necessary if any kind of endarterectomy cannot be applied and
the long-segment lesions should be opened in full length. The main principle is to avoid
touching the atherosclerotic plaques during the patch reconstruction. The in situ or free conduit
can be used alone (Figure 4a) or it can be anastomosed onto the second graft, which is sewn
on the long-segment arteriotomy as a hood (Figure 4b). The arteriotomy can be made as long
as the length of the attainable epicardial coronary artery, and then a conduit is used to close
this arteriotomy without the occlusion of side branches. The graft should also be opened as
long as the arteriotomy and anastomosed with a running single suture. In the standard
approach, the bites can be taken at the free ends of the arteriotomy to get the largest lumen
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(Figure 5a). If the lateral walls of the coronary arteriotomy are much calcified, the bites can
also be taken very closely to the septal branches, however, this approach needs grafting
epicardial side branches separately (Figure 5b). This technique is more useful for the diffusely
occluded LAD to perfuse septal branches as far as possible or for the distal major branches of
the RCA with septal branches. The Cx artery can be grafted with this technique to make the
anastomosis safe.

(a) (b)

Figure 4. Patch-plasty is the best alternative to avoid endarterectomy in the extended long-segment (> 3 cm) diffuse
coronary artery disease. a) The in situ or free conduit is anastomosed onto the long-segment coronary artery as a patch.
b) The limited second conduit is anastomosed as a hood and the main conduit is anastomosed onto this conduit.

Figure 3. Long-segment anastomosis (1-3 cm) is the simplest alternative to eliminate the distal eccentric lesion.
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Figure 5. The stitching maneuvers of the patch-plasty technique. a) Bites on the free margins of the coronary arterioto‐
my. b) Bites close to the septal branches.

3. Endarterectomy with/without patch-plasty

In the accelerated form of coronary arteriosclerosis, the atherosclerotic plaque appears
widespread and the full-length lumen of the coronary artery can be narrowed strictly or
occluded totally. Coronary endarterectomy can be applied via off- or on-pump techniques, but
the Cx endarterectomy with off-pump technique is used very seldom because it is more
difficult and needs more competence [15]. This technique can be often used for every coronary
artery, but it is usually preferred for the LAD and RCA [16]. The long-segment lesion is usually
calcified and it inhibits any kind of stitching; however, the plaque can be separated easily from
the arterial wall. Endarterectomy and graft anastomosis is preferred only to create an appro‐
priate lumen in the total occluded coronary artery due to the removal of the atheromatous
material. Long-standing atherosclerosis permits a successful endarterectomy to get adequate
distal run-off. All debris and layer until the adventitia should be removed, and then the vessel
wall is reconstructed with a conduit. The early occlusion of the endarterected coronary artery
is caused by thrombosis or intimal flap formation, but the reason for late occlusion is intimal
hyperplasia. The endarterectomy and patch plasty approach has a very satisfactory graft
patency compared with the other approaches for the coronary territory [17,18].

a. Closed Endarterectomy

The closed approach is preferred for the LAD or RCA (Figure 6a). Approximately 2 cm
arteriotomy is performed and an endarterectomy plane between the medial layer and the
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adventitia is developed with the coronary scissors. The circumferential plane is performed and
the core is pulled out from the distal arterial wall. Distal plaque removal causes usually a better
coronary distal bed, but proximal plaque removal via a limited arteriotomy can cause poor
outcomes as the native vessel laceration resulting native coronary artery dissection or a native
passage of high blood flow from the aorta to the distal coronary resulting competition, and
early thrombosis. To optimize the technique, avoiding proximal endarterectomy by the pull-
out method and cutting the proximal part without any traction would come along with better
results [19]. The core usually is separated cleanly from the distal vessel, but all debris must be
cleaned from the septal ostia. If the core branches can be reached, major side branches are
endarterectomized separately. The main aim is to get the distal core without any rupture;
otherwise the arteriotomy should be extended until the ruptured distal end to continue the
closed endarterectomy.

Figure 6. Endarterectomy is the most aggressive method for coronary bypass surgery. a) Closed endarterectomy. b)
Open endarterectomy.

b. Open Endarterectomy + Patch-plasty

The open approach is a useful procedure for the total occluded LAD (Figure 6b). The open
approach prevents any obstruction of septal branches and inadequate endarterectomy of
diagonal branches. The arteriotomy is started at the middle segment of the LAD and extended
bidirectionally as proximal and distal as possible. If septal branches are easy to be revascular‐
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ized with long-segment grafting, anastomosis can be finished without endarterectomy. If the
direct anastomosis is impossible because of severe calcified vessel wall or no lumen, a long-
segment endarterectomy should be performed to separate the core from the adventitia. The
core is removed gently and both ends of the core at the ends of the arteriotomy should be cut
without any traction. Because aggressive endarterectomy increases the operation risk, the
arteriotomy should be extended until the normal lumen with normal intima in the distal and
proximal segments of the coronary artery. All coronary arteries have very small lumen and
thin wall at the distal, and the arteriotomy should be stopped 2-3 cm before the last bifurcation.
The arteriotomy is reconstructed with a long segment of the conduit or a graft patch into which
the in situ conduit is anastomosed.
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Abstract

The optimal revascularization strategy for patients with multi-vessel coronary artery
disease remains controversial. The advent of percutaneous coronary intervention
(PCI) has challenged the superiority of coronary artery bypass graft (CABG) surgery
for multi-vessel disease. In the late 1990s, an integrated approach, now referred to as
“hybrid coronary revascularization” (HCR), was pioneered combining CABG and
PCI to offer appropriate patients a less invasive option for revascularization while still
capitalizing on the superior patency rates of the left internal mammary artery (LIMA)
to the left anterior descending (LAD) artery bypass . The operative techniques
continue to evolve as well as the timing strategies for intervention and use of anti-
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1. Introduction

The optimal revascularization strategy for patients with multi-vessel coronary artery disease
remains controversial. The advent of percutaneous coronary intervention (PCI) has challenged
the superiority of coronary artery bypass graft (CABG) surgery for multi-vessel disease as PCI
offers a less invasive option with faster recovery time and lower risk. Despite a survival benefit
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in high-risk groups and superior long-term freedom from revascularization, trends continue
to move toward increasing percutaneous approaches. In the late 1990s, an integrated approach,
now referred to as “hybrid coronary revascularization” (HCR), was pioneered combining
CABG and PCI to offer appropriate patients a less invasive option for revascularization while
still capitalizing on the superior patency rates of the left internal mammary artery (LIMA) to
left anterior descending (LAD) artery bypass. The technology has evolved tremendously since
the introduction of HCR with some LIMA-LAD grafts now performed completely robotically.
As HCR evolves, questions regarding indications, optimal surgical technique, timing, and
outcomes as well as cost-benefit analysis continue to permeate current practice and will define
the future of HCR in the algorithm of coronary revascularization.

2. Rationale

CABG has long been the established standard of care to treat left main or three vessel coronary
artery disease [1]. The therapeutic benefit of this approach lies in the LIMA-LAD revasculari‐
zation. Patency rates of this anastomosis lie between 95%–98% at 10 years [2]. Radial arterial
conduits have been explored as another option for total arterial revascularization; however,
results do not compare with the long-term patency of LIMA utilization [3]. Saphenous vein
grafts (SVG) also do not provide the same longevity of the LIMA-LAD revascularization.
Failure of SVG is multifactorial including technical failure within 30 days, neo-intimal
hyperplasia at 1–24 months, and atherosclerotic degeneration beyond 2 years. Patient risk
factors such as hyperlipidemia and ongoing tobacco are also associated with accelerated graft
failure. Failure rates are estimated as high as 10%–15% at 1 year after CABG with almost 50%
total graft occlusion at 10 years [4]. Despite this high failure rate, SVG remain the most
commonly used conduit for CABG surgery.

PCI has challenged the superiority of CABG surgery for multi-vessel disease. The use of drug-
eluting stents (DES) in particular has provided a less invasive option for revascularization with
faster return to normal activities and lower risk of complications. Restenosis rates and stent
thrombosis of DES in non-LAD lesions are markedly lower than non-LAD SVG with rates less
than 10% and 1%, respectively [5]. In addition, stenting of SVG after thrombosis introduces
technical changes with higher peri-procedural rates of complications and in-hospital mortality
than stenting of native arteries [4, 6]. Despite data that suggests improved outcomes with many
patients including diabetics and those with left main and complex multi-vessel coronary artery
disease (CAD) [2], trends continue toward increased PCI over CABG.

The strategy of HCR attempts to capitalize on the superior LIMA-LAD patency rates as well
as the minimally invasive PCI approach thus eliminating the need for additional venous or
arterial conduits. Patients with multi-vessel disease with significant proximal LAD disease
with other lesions suitable for PCI in the left main, left circumflex, or right coronary artery
territories are appropriate candidates for HCR [7]. In addition, patients with lack of suitable
conduits, prior sternotomy, severe ascending aortic disease, or coronary arteries not amenable
for bypass may be suitable HCR candidates. Patients generally not deemed HCR candidates
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and thus deferred to conventional CABG include those with chronic total occlusions, highly
calcified segments, and diffusely diseased and bifurcation coronary lesions [7]. Table 1
summarizes the clinical and angiographic findings that should be taken into consideration
when discussing the option for HCR. Discussions regarding treatment options are best
facilitated by a multi-disciplinary approach including both an interventional cardiologist and
cardiac surgeon.

PCI CABG HCR

Angiographic Characteristics

Unprotected Left Main Disease no yes yes

Intra-myocardial LAD yes no no

Complex LAD lesion no yes yes

Complex non-LAD lesions no yes no

Comorbidities

Advanced Age yes no yes

LVEF <30% no yes yes

Diabetes mellitus no yes yes

Renal insufficiency no yes yes

Severe chronic lung disease yes no no

Prior left thoracotomy yes yes no

Prior sternotomy yes no yes

Limited vascular access no yes no

Lack of available conduits yes no yes

Severe aortic calcification yes no yes

Contraindication for dual
anti-platelet therapy

no yes no

Table 1. Recommendations for Candidates for Hybrid Coronary Revascularization Versus Conventional Coronary
Revascularization [2, 21]

3. Strategies and surgical approach

3.1. Surgical approaches

Minimally invasive cardiac surgery seeks to eliminate two invasive components of conven‐
tional CABG: cardiopulmonary bypass (CBP) and sternotomy. The development of stabilizer
technology in the early 1990s made available off-pump CABG with the potential advantages
of less blood loss, lower incidence of neurologic complications, and less pulmonary compli‐
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cations [8]. In conjunction with sternal sparing incisions as well as robotic techniques, a
minimally invasive off-pump option for LIMA-LAD revascularization offers the key to
optimizing the HCR option. The techniques described below and in Table 2 discuss the current
options for minimally invasive surgical approaches to LIMA-LAD revascularization high‐
lighting key features of the various techniques.

Thoracic Access
LIMA

Harvest
Anastomosis

Single Lung

ventilation
CPB Advantages/Disadvantages

OPCAB

(Off-pump CABG)

Midline

Sternotomy

Direct

Vision

Direct vision

with

stabilizers

Not Required No
Avoids risks associated

with CBP

MIDCAB

(Minimally invasive

direct

coronary artery bypass

grafting)

Left-sided

thoracotomy

or lower partial

sternotomy

Direct

Vision
Direct Vision

Improves

exposure but

not required

Not required but

can be performed

by femoral

cannulation

Avoids aortic cross-

clamping and manipulation

Endo-ACAB

(Endoscopic atraumatic

coronary

artery bypass graft

surgery)

Limited rib sparing

left-sided

thoracotomy

Robotic or

Thoracosco

pic

Hand-

Sutured

Required when

robot

is used

Not required

Decreased morbidity from

thoracotomy incision yet

allows for hand-sewn

anastomosis

TECAB

(Totally endoscopic

coronary

artery bypass graft

surgery)

Thoracoscopic Robotic

Robotic

intracorpore

al

anastomosis

Required Not required

Minimally invasive,

however very technically

challenging

Table 2. Surgical Techniques Used for LAD Revascularization During Hybrid Coronary Revascularization

MIDCAB: Minimally invasive direct coronary artery bypass(MIDCAB) grafting refers to an
off-pump minimally invasive LIMA-LAD revascularization performed through a small left-
sided thoracotomy in the fourth or fifth interspace. Costal cartilage removal or rib disarticu‐
lation is sometimes necessary for visualizing. Cardiac stabilization and LAD harvest is
performed directly through the wound and does not require endoscopic or robotic skills to
master the LAD harvest. Surgeon comfort with off-pump techniques is critical as well as
experience with sternal sparing incisions. Single-lung ventilation is optimal for exposure;
however chest cavity insufflation is not necessary. A slightly larger thoracotomy incision can
allow exposure for harvest of bilateral internal mammary arteries.

Large series published since 1994 have validated short-term LAD-LIMA patency rates of this
technique at 95%–97% [8]. The advantage of this technique lies in the avoidance of CBP and
aortic manipulation as an off-pump strategy; however, no data exists to suggest differences in
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post-operative pain or pulmonary complications from conventional CABG [8]. MIDCAB may
have decreased bleeding and infection rates compared to traditional sternotomy, however the
need for a thoracotomy incision for the technique has prompted further exploration into
various thoracoscopic and robotic techniques to capitalize on the advantages of minimally
invasive strategies as discussed in the following.

Endo-ACAB: Endoscopic atraumatic coronary artery bypass (Endo-ACAB) refers to the
thoracosocpic or robotic identification of the LAD with LIMA mobilization without violating
the integrity of the chest wall (Figure 1). A directed, non-rib spreading or limited rib spreading
thoracotomy is then employed for a hand-sewn LIMA-LAD anastomosis on the beating heart.
Robotic LIMA mobilization requires single-lung ventilation and insufflation to create space in
the anterior mediastinum to facilitate LIMA harvest. After the LIMA is taken down, a peri‐
cardial incision is made for identification of the LAD. A small (4–5cm) anterior thoracotomy
without disarticulation of costal cartilage is then made to introduce an endoscopic stabilizer
via an arm port, which allows for LAD stabilization and hand-sewn anastomosis.

Figure 1. EndoCab technique as described above.

Multiple case series have reported excellent LIMA-LAD patency rates with thoracoscopic
Endo-ACAB approaches. In new smaller series with robotic Endo-ACAB approaches, routine
post-operative angiography has demonstrated no decline in LIMA-LAD patency rates. In
Kiaii’s series of 58 patients who underwent one-stage robotic Endo-ACAB HCR, the average
length of stay in the ICU and hospital were 1 and 4 days, respectively, leading the authors to
suggest benefit to patients in terms of post-operative surgical morbidity and recovery time
using more minimally invasive technology [9].
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TECAB: Totally endoscopic coronary artery bypass grafting (TECAB) utilizes a robotically
sewn, intracorporeal anastomosis, which negates the need for even a small thoracotomy. This
technique was first explored on an arrested heart during CBP; however, the associated
complications of CPB have led most robotic surgeons to employ an off-pump TECAB. The
operation itself is technically challenging without widespread adoption of this technique
owning to the need for robotic technology and surgeon expertise.

One of the largest series published in 2012 reported on 226 patients with 5-year outcomes [10].
Perioperative results were consistent with the standards of open CABG. The authors report a
dramatically decreased time to recovery owning to the lack of need for sternal precautions. In
the 10 cases requiring conversion to thoracotomy, these patients averaged 2- day longer
hospital stays with increased ventilator time and return to normal activities [10]. Overall results
in other case series support the safety and feasibility of this technique; however, Harskamp
reports that only approximately one-third of HCRs from 2011–2013 reported in the Society of
Thoracic Adult Cardiac Database utilize robotic technology [11]. Expansion of the TECAB
approach is currently limited by the cost and learning curve associated with the implementa‐
tion of robotic technology.

Graft Assessment: Off-pump (OP) and minimally invasive techniques for LAD-LIMA grafting
have appropriately been scrutinized with regard to patency rate outcomes compared to the
classical on-pump CABG via a midline sternotomy. The recent Randomized On/Off Bypass
(ROOBY) trial as well as other smaller trails have demonstrated that the patency rates of LIMA-
LAD grafts between off-pump coronary artery bypass (OPCAB) and conventional CABG were
similar (95.3 and 96.2, respectively) [12]. As the HCR approach relies upon the durability and
integrity of this anastomosis, the ability of the surgeon to assess the LIMA-LAD graft intra-
operatively becomes increasingly important. In fact, the European Society of Cardiology (ESC)
and the European Association for Cardio-Thoracic Surgery (EACTS) recommends graft
evaluation before leaving the operating room [13].

Graft assessment includes the traditional methods such as inspection, palpation, electrocar‐
diography (ECG), and echocardiography (ECHO). Other methods include conventional
coronary angiography, which is the gold standard, transit-time flow measurement (TTFM),
and intra-operative fluorescence imaging (IFI). As the causes of early graft failure are often
technical, this technology seeks to eliminate these errors by objectively evaluating graft
function. Certainly, a clear advantage of single stage HCR with CABG followed by PCI lies in
the opportunity for angiographic graft assessment with readily available operative access for
reintervention; however, when angiographic assessment is not available, the most commonly
utilized technique among cardiovascular surgeons over the last decade has become TTFM.
Retrospective studies have demonstrated the ability of TTFM to detect grafts with impaired
flow thus predicting graft failure within 6 months after CABG [14]; however, little is known
about how TTFM relates to long-term graft patency and patient survival.

TTFM relies on the principles of transit-time ultrasound technology. The surgeon can obtain
both quantitative data of average blood flow volume and several calculated derivatives of the
flow of blood in the graft displayed in waveform. TTFM cannot, however, differentiate
physiologic conditions accounting for low blood flow versus technical quality of a surgical
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anastomosis. While clear cut-off values for graft revision have not been set, a mean flow <15ml
min -1 for grafts to the left coronary system and less than 20ml min -1 for grafts to the right
coronary system were predictive of failure. A pulsatility index (PI) greater than 0.5 is predictive
of graft failure. Another important value is the diastolic flow percentage (DF%) or diastolic
flow divided by total flow through the graft. This value should be greater than 50% for all
grafts and territories and ideally greater than 65%. When the PI and DF% both demonstrate
adequate measurements, the graft can be objectively presumed adequate [15]. Figure 2
demonstrates the intra-operative TTFM tracings utilizing the MediStim ASA technology,
which is one of the more commonly utilized flowmeters.

Figure 2. Transit Time Flow Assessment.

3.2. Timing strategies

HCR began in the 1990s as a staged procedure with LIMA-LAD revascularization performed
first followed by PCI. The use of DESs and anti-platelet therapy as well as the use of hybrid
operating room suites has introduced questions as to the most optimal timing for open and
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PCI revascularization. Currently, three options for timing strategies exist: PCI followed by
CABG, CABG followed by PCI, and one-stage hybrid HCR. Each option introduces different
benefits and challenges, and at this time no clear consensus exists on the optimal strategy for
timing of revascularization (Table 3). Patient characteristics, operator skill, and availability of
facilities should be considered when choosing the most appropriate approach.

One-Stage HCR Two-Stage HCR

Simultaneous CABG and PCI CABG then PCI PCI then CABG

Advantages: Advantages: Advantages:

Ability to study LIMA-LAD graft Ability to study LIMA-LAD graft Pre-operative angiographic imaging of
LIMA size

Protected LAD to allow PCI to
high-risk non-LAD lesions

Protected LAD to allow PCI to
high-risk non-LAD lesions

Lower risk of ischemia during
CABG given non-LAD territory
revascularization

Single anesthetic exposure Reduced risk of post-surgical bleedingas
no need for anti-platelet therapy post
CABG

Useful in acute coronary
syndromeswith non-LAD culprits

Can convert to conventional CABG
if PCI fails

After LIMA-LAD revascularization,
asymptomatic patients may require no
further intervention

If stents unsuccessful, conventional
CABG has to be subsequently
performed

Single procedure reduces cost and
hospital length of stay

Disadvantages: Disadvantages: Disadvantages:

Requires hybrid suite Risk of ischemia during CABG in non-
LAD
lesions

No ability to angiographically evaluate
LIMA-LAD anastomosis

Increased risk of post-operative
bleeding due to need for anti-platelet
after surgery

Unsuccessful PCI may lead to need
for surgical reintervention

Increased peri-operative bleeding due
to need for anti-platelet therapy

Risk of stent thrombosis due to
post-operative inflammatory state

Potential for LAD territory ischemia
between stages

CKD patients exposed to dual
nephrotoxic insults with surgery
and PCI contrast use

Higher risk of stent thrombosis due to
inflammatory response of CABG and
potential need to hold anti-platelet
therapy

High degrees of coordination needed
between teams

Table 3. Advantages and Disadvantages of One and Two-Staged HCR Procedures
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One-Stage HCR: Simultaneous CABG and PCI: The advent of hybrid operating room suites
has introduced the option for simultaneous CABG and PCI. This approach allows for complete
revascularization before leaving the operating room. Routine imaging of the LIMA-LAD
anastomosis is also available before chest closure. More aggressive percutaneous approaches
can be taken to otherwise challenging lesions given the safety net of open revascularization
options. The patient benefits from a single anesthetic exposure and decreased hospitalization
time. One ongoing concern however is the post-operative risk of bleeding given the need for
dual anti-platelet therapy after DES placement in conjunction with incomplete heparin
reversal. Concerns also exist regarding the relationship of the inflammatory response in the
post-operative setting and risk for acute stent thrombosis.

Two-Stage: PCI Followed by CABG: This option confers several advantages. In revascula‐
rizing the non-LAD lesion first and thus providing collateralization, the potential risks of
ischemia during LAD occlusion are minimized. PCI firstly also provides the interventional
cardiologist a safety net should revascularization be unsuccessful percutaneously. The most
important benefit of this approach occurs in the setting of acute coronary syndrome with a
non-LAD culprit. The acutely affected lesion may be stented followed by LAD revasculariza‐
tion at a later time. This strategy does however introduce the difficulty of the need for anti-
platelet therapy with DES. Even brief discontinuation of anti-platelet therapy can risk stent
thrombosis; however this must be weighed with intra-operative bleeding risk. Investigation
is underway regarding the use of newer anti-platelet agents and potential decreased bleeding
risk. It again should be noted that the pro-inflammatory trauma from surgery could also put
new stents at risk for thrombosis.

Two-Stage: CABG Followed by PCI: This strategy has become the most widely adopted one
for HCR. With PCI post-CABG, the concern for surgical bleeding while on anti-platelet therapy
is negated. Like hybrid HCR, LIMA-LAD graft patency can be confirmed during PCI angiog‐
raphy. Pre-PCI protection of the LAD also provides the interventional cardiologist the option
to approach lesions that would perhaps have otherwise been at higher risk. This includes both
left main lesions and diagonal bifurcation lesions [8]. For the minimally invasive surgeon, the
unrevascularized collateral lesions could manifest as intra-operative ischemia. Careful
attention must be paid to hemodynamics during insufflation, and the use of peripheral CPB
should be considered if needed. In the scenario of a PCI complication or failure, this approach
could necessitate a return to the operating room with emergent CABG. The optimal time frame
for PCI following CABG remains unclear. Some teams opt for PCI during the index hospital‐
ization and thus avoid patient discharge with an incomplete revascularization, however other
teams propose a more extended period of waiting from 1 to several weeks. Economic factors
also become an increasing concern given questions of reimbursement.

Overall, no clear optimal timing strategy has been clearly defined. While some studies
demonstrate increased post-operative bleeding risks on dual-anti-platelet therapy, others
suggest that the minimally invasive surgical approaches negate this risk traditionally associ‐
ated with sternotomy. Harskamp’s analysis of recent STS data suggests that the need for post-
operative transfusion was actually lower in the one-stage procedure group with comparable
reoperation for bleeding [11]. This analysis also reports that patients undergoing one-stage
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procedures were more likely to have peripheral vascular disease and stroke history compared
to other groups [11]. Further studies are needed to outline the specific clinical scenarios and
patient characteristics, which should dictate the timing of CABG and PCI. Certainly, cost
analysis and patient preferences will also factor into future decision-making regarding timing
strategies.

Anti-platelet management: As discussed, the use of anti-platelet therapy is a complicated
balance of post-surgical bleeding versus risk of acute stent thrombosis. Currently, no guide‐
lines exist to define the optimal strategy. This question of anti-platelet therapy poses two
questions regarding the order of staging as well as timing of initiation of therapy. Different
authors have reported their experience with varying strategies and outcomes. In cases of two
staged procedures with CABG first, most authors performed CABG on aspirin alone followed
by a second anti-platelet agent greater than 4 h post-operatively after ensuring that there were
no bleeding complications [16]. In the two stage procedures, which performed PCI first, anti-
platelet therapy was begun before PCI and continued uninterrupted during CABG. In one-
stage procedures, the most common strategies administered anti-platelet therapy after
undergoing the LIMA-LAD graft, just before its completion, or immediately after PCI. Others
administered anti-platelet therapy at the induction of anesthesia or in the pre-operative area
owning to the fact that maximal platelet inhibition occurs 4–24 h after administration [16].
None of these strategies differed in reported rate of acute stent thrombosis [5]. In some studies,
the rate of blood transfusion was actually lower in the HCR group as was the need for
reoperation for bleeding [11]. Newer anti-platelet agents that are more potent and have a faster
onset of action and reversal have also been employed; however, there is currently no data to
support the use of these new agents in HCR.

4. Outcomes

Multiple case series from single institution experiences have been published on HCR since
the first report in 1996. This includes a population of over 3,000 patients [16]. Data from
these  series  suggest  that  in  experienced  hands,  the  safety  profile  of  HCR  is  excellent.
Multiple  studies  comparing outcomes after  HCR versus CABG and multi-vessel  disease
have also been published (Table 4). Among cohort studies, the single-stage HCR was most
commonly  employed.  Across  these  studies,  age  averaged  around 60  years  with  a  male
predominance. Left ventricular ejection fraction (LVEF) was preserved or mildly reduced
in  the  majority  of  patients.  With  the  exception  of  data  from  Leacche  et  al.,  overall  in-
hospital mortality, stroke and reoperation for bleeding rates were comparable and low [0%
to 2.6%). The outlier reported by Leacche et al. was among the high SYNTAX-HCR group
with a reported in-hospital mortality of 23% leading the authors to suggest that HCR should
be approached with caution in patients with high (≥33] SYNTAX scores [17]. These reports
collectively suggest that HCR may be a comparable option to CABG in patients with non-
LAD lesions accessible by PCI.
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Table 4. Studies Comparing Outcomes After HCR Versus CABG or PCI in the Drug Eluting Stent Era [5, 22]
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Harskamp et al. published a meta-analysis in 2014 reporting clinical outcomes after HCR in
1,190 patients in single-center registries [18]. This study incorporated six observational studies
(one case control and five propensity adjusted) that included adjustments for differences in
baseline characteristics. Comparisons of individual components showed no differences in all-
cause mortality, MI, or stroke at one year follow-up (odds ratio: 0.49; 95% confidence interval:
0.2 -1.24; p=0.13), however the HCR group demonstrated a higher repeat revascularization rate
compared with CABG. These findings were irrespective of the order in which LIMA-LAD graft
and PCI were performed.

The only current randomized control trial comparing HCR and CABG was published in 2014
[19]. Two-hundred consecutive patients from a single institution with angiographically
confirmed multi-vessel disease involving the proximal LAD and a significant (>70%) lesion in
at least one major non-LAD epicardial vessel amenable to both PCI and CABG were random‐
ized in a 1:1 fashion. The primary endpoint was the evaluation of the safety of HCR. The HCR
group (n=98) utilized MIDCAB and cobalt chromium DES with a two-stage HCR with PCI
performed within 36 h of initial MIDCAB, versus the conventional CABG group (n=102) in
which 85.0% of the procedures were performed off-pump. Pre-operative characteristics were
similar. Regarding HCR procedures, 6.1% patients were converted to CABG with no adverse
early or late outcomes, and HCR was feasible in 93.9% of patients. At 1 year, the two groups
had similar all-cause mortality (CABG 2.9% versus HCR 2%; p=NS) and MACE-free survival
rates (CABG 92.2% versus HCR 89.8%; p log-rank =0.54). Larger studies are needed to power
conclusions regarding long-term mortality data; however, this study suggests that HCR is
feasible and safe.

Harskamp et al. recently published a study of practice patterns and clinical outcomes after
HCR, in the United States, using the Society of Thoracic Surgeons Adult Cardiac Surgery
Database from July 2011 to March 2013 [11]. This analysis demonstrated that HCR represented
0.48% (n=950; staged=809, concurrent=141) of the total CABG volume (n=198,622) over the
studied time. HCR was performed in approximately one-third of participating centers (n=361).
Interestingly, patients who underwent HCR had high-risk profiles but less extensive coronary
disease. There was no statistically significant association between operative approach and
operative mortality when comparing the HCR and conventional CABG treatment groups [11].

5. Conclusions

Hybrid coronary revascularization has emerged as a promising technique that combines the
superior patency of the LIMA-LAD graft with the superior patency of DES to SVG grafts for
non-LAD vessels. As with any new technique, ongoing research will benefit from standardized
definitions as well as sub-classification for HCR procedures [20]. Current evidence also lacks
direction as to which patient population benefits most from HCR. Current data supports HCR
as a feasible alternative to CABG, however, the future of these techniques will rely on improved
patient satisfaction, recovery, and financial feasibility. Current reported quality of life assess‐
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ments 1 year post-operatively are remarkably better in patients undergoing HCR versus
OPCAB [5]. Likely reasons include decreased post-operative pain and decreased length of
intensive care and hospital stay with quicker return to work and normal activities. Cost
analysis have been reported both equal and in favor of HCR; however, these analysis did not
examine the hidden cost of construction of a cardiac hybrid operating room as well as training
of personal [5]. Further studies are needed to firmly establish improved outcomes and financial
benefits of HCR before this novel technique establishes itself as a widespread option in the
algorithm of coronary revascularization.
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Abstract

Complications of acute myocardial infarction are different and life threatening.
Prompt diagnosis and therapy are essential. In this, chapter we will analyse mechani‐
cal complications, such as ventricular free wall rupture, ventricular septal defect, pap‐
illary muscle rupture, ischaemic mitral regurgitation, left ventricle aneurysm, and
cardiogenic shock.

Keywords: Mechanical complications, ventricular free wall rupture, ventricular septal
defect, papillary muscle rupture, ischaemic mitral regurgitation, left ventricle aneur‐
ysm, cardiogenic shock, remodelling

1. Introduction

Complications of acute myocardial infarction are different and sometimes life threatening.

We can globally classify them in five categories: (1) ischaemic complications, which include
infarct extension, recurrent infarction, and post infarction angina; (2) arrhythmic complica‐
tions, in terms of atrial or ventricular arrhythmias, and sinus or atrioventricular node dys‐
function; (3) embolic complications towards central nervous system or peripheral
embolization; (4) inflammatory disturbances, such as pericarditis; (5) mechanical complica‐
tions, as myocardial rupture, mitral valve dysfunction, ventricular aneurysms and cardiogenic
shock up to heart failure.

Since the last years of the eighteenth century, many physicians discovered these clinical
entities, firstly during autopsy, and progressively by doing pioneristic surgical efforts, starting
by suturing heart wounds, and gradually trying to apply similar techniques on the infarcted
heart.

Mechanical complications of myocardial infarction are direct consequences of anatomopatho‐
logical changes occurring in ischaemic cardiac tissue. After a coronary occlusion, there is a lack
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in perfusion and in oxygen supply that cause functional, morphological, and biochemical
alterations. In the first 30 minutes from the occlusion, reversible changes happen; macroscop‐
ically and microscopically there are no grossly damages yet, but myofibrils start to relax, and
cells start to suffer. After half an hour, ischaemic necrosis begins, and the irreversible damage
occurs. Complete necrosis of myocardial cells requires at least 2–4 hours, or longer, depending
on the presence of collateral circulation, persistent or intermittent coronary arterial occlusion,
pre-conditioning, and individual demand for oxygen and nutrients. The principal mechanism
is coagulative necrosis, with neutrophil infiltration, oedema, and loss of myofibrils. After 6–
12 hours, loss of vitality is complete. In one week, macrophagic phagocytosis and collagen
disruption begin, and tissue becomes weaker; that is the most dangerous step in which heart
ruptures are more frequent [1, 2, 3].

The irreversible damage starts at a subendocardic level, and when the ischemia is widespread,
necrosis moves forward, involving the adjacent tissue both in width and in thickness. If
coronary flow is promptly restored while the damage is still reversible yet, the cells' vitality
could be preserved. On the other hand, reperfusion damage could be present by generating
free oxygen radicals and apoptosis activators.

After a couple of weeks, granulation tissue and neoangiogenesys begin, up to the formation
of a scar in about two months from myocardial infarction. Remodelling of myocardial tissue
is the final step; both infarcted and non-infarcted regions change in dimensions, thickness, and
shape, with hypertrophy and dilatation of the myocardial wall, and with the possible forma‐
tion of an aneurysm. Remodelling could be seen as a sort of haemodynamic compensation;
nevertheless, degenerative changes in myocardial tissue may cause a depression in regional
and global contractility, with a final lack in myocardial function [1, 2, 3].

As we will discuss, on a clinical level, signs and symptoms of mechanical complications of
myocardial infarction may vary according to the seriousness of the damage, going from rare
asymptomatic medical cases, through plainly symptomatic patients showing classical chest
pain, up to more frequent catastrophic, and even sudden onset with cardiogenic shock. Because
of these, a prompt diagnosis is important. While ECG may demonstrate the presence of an
infarction and help locate the ischaemic lesion, transthoracic echocardiography with Doppler
is the modality of choice for bedside diagnosis, capable of detecting heart ruptures, as well as
valve defects or ventricular motion abnormalities. Its immediate availability and the detailed
information it provides are fundamental in the management of these patients, helping in the
decision-making process. The use of other diagnostic tools, such as angiography, is subdued
to haemodynamic stability of the patient [3].

As far as therapy is concerned, most of all mechanical complications of myocardial infarction
require an urgent surgical approach. Meanwhile, initial management with medical therapy
should be administered immediately, in order to improve systemic and coronary perfusion,
and stabilise the haemodynamic status. Supplement oxygen and mechanical ventilatory
support while necessary should be provided, as well as analgesic therapy, in order to control
pain and reduce sympathetic tone; crystalloid infusion should be administered when hypo‐
tension and relative hypovolemia is present, together with inotropic agents. Many more
pharmacologic agents are useful, depending on every different clinical presentation, but the
positioning of an intra-aortic-balloon pump (IABP) is always a support of choice in order to
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reduce cardiac workload and increase supply of oxygen by increasing coronary perfusion
during diastole and reducing the after-load during systole [4].

Survival depends primarily upon the rapid recognition of each complication and upon an
immediate therapy. Even if operative mortality remains high, surgery is the essential tool to
avoid a fatal outcome.

In this chapter, we will analyse mechanical complications of myocardial infarction, such as
ventricular free wall rupture, ventricular septal defect, papillary muscle rupture, ischaemic
mitral regurgitation, left ventricle aneurysm, and cardiogenic shock. We will also deal with
therapies for heart failure, and make a brief digression upon strategies against myocardial
remodelling.

2. Left ventricular free wall rupture

The first description of left ventricular free wall rupture appeared in 1647 by William Harvey,
but until 1970, with operations managed by the teams of Hatcher and FitzGibbon, no successful
surgery was done [5, 6].

Left ventricular free wall rupture (LVFWR) is the most frequent presentation of myocardial
rupture: it occurs up to ten times more frequently than septal or papillary muscle rupture, and
mostly hits the lateral midventricular wall along the apex to base axis (the incidence of right
ventricular free wall rupture is very low, roughly 0.44%). Free wall rupture may occur at any
time after myocardial infarction, most frequently after 3–7 days, when coagulative necrosis,
neutrophil infiltration, and tissue lysis make myocardium weaker. Moreover, an increase in
wall tension may overcome the tensile strength of the weakened wall. However, at least 1/4 of
heart rupture occurs within the first 24 hours. Interstitial oedema, damage to collagen network
and myocyte apoptosis are proposed mechanisms [7].

The real incidence of this complication is unknown, although the reported incidence is
increasing (1–4%) among patients surviving hospital admissions due to an increment of the
availability of non-invasive diagnostic tools. Free wall rupture accounts for 6–17% of in-
hospital mortality [8]. The National Registry of Myocardial Infarction (NRMI) shows an
elevated incidence of in-hospital mortality among patients treated with thrombolytic therapy
(12.1%) than patients who were not treated (6.1%) [9]. In the Thrombolysis in Myocardial
Infarction Phase II (TIMI II) trial, 16% of patients died within 18 hours of therapy. Moreover,
patients who were treated with PTCA had an incidence of free wall rupture lower than that
of patients receiving thrombolytic therapy [10].

Risk factors are age (usually over 60 years old), gender (female), a history of hypertension, and
the absence of ventricular hypertrophy. Moreover, LVFWR occurs mostly after an ST elevation
myocardial infarction (STEMI), and in areas lacking of fibrosis (that means in patients without
history of previous angina or myocardial infarction). These last associations suggest that the
size of necrosis and the absence of collateral blood flow (with lack of previous ischaemic
symptoms) are important determinants in the aetiology of heart rupture [8].

To understand the clinical presentation of the LVFWR, it is worthy to speak about the
morphological pattern of rupture. Pathologically, Perdigao and associates described four types
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of ruptures: the type I, or direct rupture, is a single dissection of the wall in only one direction
and without dissection or blood infiltration (Fig. 1); type II is represented by a multiple
dissection, with a multicanalicular trajectory and an extensive haemorrhagic infiltration of
neighbouring tissue (Fig. 2); in type III, rupture is protected either by an intracardiac thrombus
or by adhesions on the epicardial side (Fig. 3); type IV is characterised by an incomplete
rupture, that doesn't cross the thickness of the ventricular wall, creating an intramural
haematoma [12]. However, Becker and van Mantgem proposed a different classification that
could be connected to the clinical presentation: acute, subacute, and chronic [13]. The acute
rupture (also called "blow-out" rupture, corresponding to Perdigao type I-II) is characterized
by a massive haemopericardium (Fig. 4); the presentation is dramatic, with sudden and
recurrent or persistent chest pain and a rapid deterioration into electro-mechanical dissociation
caused by pericardial tamponade. A severe jugular venous destention and cyanosis may be
present. Death occurs within a few minutes. When the rupture area is smaller, and temporarily
sealed by thrombus or pericardial adhesions, a subacute onset happens (also called “ooze”
rupture or Perdigao type III, and occurs in 30–40% of cases). Clinical presentation may involve
the gradual onset of signs and symptoms of cardiac tamponade. A variety of other signs may
be present, such as arrhythmias, a severe hypotension, syncope, and, eventually, cardiogenic
shock, but also malaise and nausea for few days.

A chronic rupture occurs when the leakage of blood is slow and when surrounding pressure
on the epicardium temporarily controls the haemorrhage, with the formation of a false
aneurysm (or pseudoaneurysm). This is a rare entity and usually occurs within three months
after myocardial infarction. Clinical presentation, in this case, is represented by congestive
heart failure, recurrent or persistent chest pain, ventricular arrhythmias, and even emboliza‐
tion [14].

Perdigao type IV (intramural haematoma) has no different presentation from the usual
infarction.

Perdigao Becker and van Mantgem

Type I

Acute (“blow-out”) rupture

Single dissection of the wall, in only one
direction and without dissection or

blood infiltration
Fig. 1

Type II

Multiple dissection, with a
multicanalicular trajectory and an

extensive haemorrhagic infiltration of
neighbouring tissue

Fig 2

Type III

Subacute (“ooze”) rupture
Rupture is protected either by an

intracardiac thrombus or by adhesions
on the epicardial side

Fig. 3

Chronic rupture (pseudoaneurysm)
Pressure on the epicardium temporarily

controls the haemorrhage

Type IV Intramural haematoma

Table 1. Nema
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Figure 1. Perdigao type I, a single dissection of ventricular free wall

Figure 2. Perdigao type II, multicanalicular trajectory of rupture
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Figure 3. Perdigao type III, rupture is sealed by pericardial adhesions

Early diagnosis is improved by the use of transthoracic echocardiography, the fastest and most
useful diagnostic test, with a high diagnostic sensitivity (≥ 70%) and specificity (> 90%). The
most frequent finding is the presence of a pericardial effusion (> 5 mm), high-density intra‐
pericardial echoes, right atrial or right ventricular wall compression with tamponade, and, in
50% of cases, visible wall defects [15]. The role of the invasive diagnostic tools is still unclear
and depends on the haemodynamic stability of the patient. Most of the time, the definitive
diagnosis is made at surgery. Generally, when Perdigao type I, II, III, and IV are non-haemo‐
dynamically stable they require a surgical approach. Type IV in haemodynamically stable
patients can be treated conservatively [11, 17, 18, 19].

The first objective of treatment is to reach haemodynamic stability. Rapid infusions of
crystalloid along with inotropic agents may help to achieve this; pericardiocentesis may be
carried out prior to surgery and not only may confirm a haemorrhagic effusion, but also may
decrease the threat of tamponade. Placement of IABP should be done [20].

Surgical repair of the rupture site is the definitive treatment, and it can be administered in
different ways and with different techniques. Traditional and standard repair involves
performing infartectomy (including the area hit by the rupture) and reconstructing the
ventricle or close the damage with simple pledgeted suture (Fig. 5), with or without cardio‐
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pulmonary bypass. Both techniques have a shortcoming: in the first case, a ventricular cavity
distortion may damage the ventricular function; on the other hand, stitches are placed in a
necrotic—and so weaker—tissue. Different authors heave recently reported newer surgical
strategies, usually performed in the presence of oozing or sealed rupture (type III), by using
different biological materials such as pericardium (Fig. 6) and newer acellular xenogeneic
extracellular matrix patches, and non-biological patches made of polyethylene terephthalate
polyester fibre (Dacron) or polytetrafluoroethylene fluoropolymer resin (Teflon). Suturless
techniques with fibrin tissue-adhesive collagen fleece, and Gelatin-Resorcin Formaldehyde
glue are described [12, 16, 21, 22, 23].

In the matter of chronic rupture, the treatment of choice is still surgery, but obviously the
timing depends on the balance between risks and benefits. Pseudoaneurysm can be repaired
by the closure of the neck or by using a patch (similar to true aneurysm). Percutaneous
approaches (by using the AmplatzerTM occluder) are described as well [24].

The mortality rate is significantly high. It is strictly linked to the preoperative haemodynamic
condition of patient and to a prompt diagnosis.

Figure 4. Haemopericardium
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Figure 5. The damage has been closed with simple pledgeted suture

Figure 6. The damage has been sealed by using a pericardial patch
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3. Interventricular septal rupture

Ventricular septal defect (VSD), firstly described by Latham in 1845 [25], is a serious compli‐
cation of myocardial infarction that is little less frequent than free wall rupture. Its incidence
has been estimated between 1% and 2% of all myocardial infarctions even if the advent of
reperfusion therapy has decreased this value below 0.5%. However, the mortality is still high,
with 60–70% of patients dying within the first 2 weeks, and less than 10% survives after 3
months [26].

As for free wall rupture, risk factors for septal rupture include advanced age, hypertension,
and no previous myocardial infarction or angina.

The acute rupture occurs 3–7 days after a huge transmural infarction, with the weakening of
the septal wall, but the median decrease below 24 h with the use of thrombolysis. Late rupture
is possible (as long as 2 weeks). Pathophysiologically, this results in a left-to-right shunt with
diversion of blood flow towards pulmonary circulation. Systemic vasoconstriction in response
to peripheral hypotension and hypoperfusion worsens the shunt. As a consequence, low
cardiac output and cardiogenic shock occur [2].

Classification of the defect are of three types: type I ruptures show an abrupt tear in the wall
of normal thickness; in type II, the infarcted myocardium erodes before the rupture, and is
covered by thrombus; type III shows perforation of an aneurysm grown after infarct healing.
Moreover, defects can be classified in two other categories: simple and complex. Multiple
defects may be present in 5–11% of cases, and are probably caused by infarct extension. Simple
rupture is a discrete lesion, with holes located at a similar level in both ventricles and in a linear
path. This is the typical pattern of an anterior infarction and usually hits the part in which the
septum meets the free wall. On the other hand, inferior infarction usually leads to a complex
type, which presents a meandering dissection path between ventricles and extensive haemor‐
rhage in the nearby tissue that occurs near the base of the heart. Midseptal defects are rare and
are usually elicited from the occlusion of a perforating artery [4].

In both cases, rupture may vary in size from mm to cm. This determines the magnitude of left-
to-right shunting, influencing the clinical presentation (from asymptomatic to cardiogenic
shock), and the likelihood of survival. Signs and symptoms may include recurrent chest pain
and dyspnoea, but even a precipitous onset of haemodynamic compromise characterised by
hypotension and biventricular failure (often predominantly right-sided failure), up to cardio‐
genic shock is possible. At physical examination, a harsh and loud pansystolic murmur at the
left lower sternal border is present in over 90% of cases. A palpable thrill can be detected in
up to 50% of patients [27].

ECG shows changes associated to myocardial infarction and may help to correlate the
localization of infarction with the type of septal rupture.

Historically, the gold standard diagnostic tool was right cardiac catheterization using a Swan-
Ganz catheter, useful also to differentiate among other clinical entities (mitral ischaemic
regurgitation and papillary muscle rupture). In septal rupture, it is easy to find oxygen
saturation step-up between the right atrium and pulmonary artery greater than 9% (in
papillary rupture, giant V-waves in pulmonary artery wedge pressure are shown). Nowadays,
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the use of echocardiography (both transthoracic and transesophageal) has almost replaced this
diagnostic tool. Doppler may easily and accurately identify the location, the size, and the
presence of the shunt, indeed, with 100% specificity and 100% sensitivity. It may also assess
the ventricles function and estimate the right ventricle systolic pressure. The use of angiogra‐
phy is debatable; it can provide important information about coronary lesions, but, on the other
hand, may delay the surgical treatment [28].

Kirklin and colleagues reveal that nearly 25% of patients with post infarction septal rupture
and no surgical intervention died within the first 24 hours, 50% died within 1 week, 65% within
2 weeks, 80% within 4 weeks [28]; only 7% lived longer than one year. In the GUSTO-I trial,
the 30-day mortality rate was lower in patients treated with surgical repair than in patients
treated only medically (47% vs. 94%). The same results for the 1-year mortality rate (53% vs.
97%) [29]. In the SHOCK trial, the in-hospital mortality rate was higher in patients with
cardiogenic shock due to septal rupture (87.3%) than in patients with cardiogenic shock from
all other causes (59.2% with pure left ventricle failure and 55.1% with acute mitral regurgita‐
tion) [30].

The optimal approach varies with the clinical presentation. Medical therapy is considered to
be a support tool in the offing of surgery, and is usually managed with the use of pharmacologic
support with vasodilators (which reduce afterload, thereby decreasing left ventricular
pressure and the left to right shunt), inotropic agents (which may increase the cardiac output),
diuretics, and IABP. In patients with cardiogenic shock, death is inevitable in the absence of
urgent surgical intervention. Delayed elective surgical repair is feasible in patients with heart
failure without shock, but an unpredictable and rapid deterioration is always lurking in
general; adverse outcomes are correlated with advanced age and a lengthy delay between
septal rupture and operation [28].

The surgical approach has been performed since 1959 when Cooley and associates performed
the first successful surgical repair through a right ventriculotomy with incision of right
ventricular outflow tract [31]. Disadvantages of this approach were suboptimal exposure and
failure to eliminate the bulging segment of infarcted left ventricular wall. Later, Heimbecker
[32] and colleagues developed a different technique, performing a left ventriculotomy.
Nowadays, multiple techniques are described. Apical amputation is simpler, but apical defects
are rare. This technique was proposed in the 1970s by Daggett [33]. After the resection, the
ventricular free walls are linked using Teflon strips. Other techniques involve infarct exclusion
and defect closure with a patch (biological or synthetic) using both stitches and glues [34].

Preservation of the geometric configuration of the ventricles is an important target, together
with the closure of the defect.

Even a percutaneous approach has been considered, mostly in order to close contingent
residual defects (residual defects are present in about 28% of survived patients) or sometimes
used for the acute stabilization of critically ill patients. However, no long-term outcome data
about this mini-invasive technique are available [35].

Despite continuous advances in surgical approaches, operative mortality remains high (20–
50%), with no clear differences between different techniques (Fig. 7–13) [34].

Coronary Artery Disease - Assessment, Surgery, Prevention224



the use of echocardiography (both transthoracic and transesophageal) has almost replaced this
diagnostic tool. Doppler may easily and accurately identify the location, the size, and the
presence of the shunt, indeed, with 100% specificity and 100% sensitivity. It may also assess
the ventricles function and estimate the right ventricle systolic pressure. The use of angiogra‐
phy is debatable; it can provide important information about coronary lesions, but, on the other
hand, may delay the surgical treatment [28].

Kirklin and colleagues reveal that nearly 25% of patients with post infarction septal rupture
and no surgical intervention died within the first 24 hours, 50% died within 1 week, 65% within
2 weeks, 80% within 4 weeks [28]; only 7% lived longer than one year. In the GUSTO-I trial,
the 30-day mortality rate was lower in patients treated with surgical repair than in patients
treated only medically (47% vs. 94%). The same results for the 1-year mortality rate (53% vs.
97%) [29]. In the SHOCK trial, the in-hospital mortality rate was higher in patients with
cardiogenic shock due to septal rupture (87.3%) than in patients with cardiogenic shock from
all other causes (59.2% with pure left ventricle failure and 55.1% with acute mitral regurgita‐
tion) [30].

The optimal approach varies with the clinical presentation. Medical therapy is considered to
be a support tool in the offing of surgery, and is usually managed with the use of pharmacologic
support with vasodilators (which reduce afterload, thereby decreasing left ventricular
pressure and the left to right shunt), inotropic agents (which may increase the cardiac output),
diuretics, and IABP. In patients with cardiogenic shock, death is inevitable in the absence of
urgent surgical intervention. Delayed elective surgical repair is feasible in patients with heart
failure without shock, but an unpredictable and rapid deterioration is always lurking in
general; adverse outcomes are correlated with advanced age and a lengthy delay between
septal rupture and operation [28].

The surgical approach has been performed since 1959 when Cooley and associates performed
the first successful surgical repair through a right ventriculotomy with incision of right
ventricular outflow tract [31]. Disadvantages of this approach were suboptimal exposure and
failure to eliminate the bulging segment of infarcted left ventricular wall. Later, Heimbecker
[32] and colleagues developed a different technique, performing a left ventriculotomy.
Nowadays, multiple techniques are described. Apical amputation is simpler, but apical defects
are rare. This technique was proposed in the 1970s by Daggett [33]. After the resection, the
ventricular free walls are linked using Teflon strips. Other techniques involve infarct exclusion
and defect closure with a patch (biological or synthetic) using both stitches and glues [34].

Preservation of the geometric configuration of the ventricles is an important target, together
with the closure of the defect.

Even a percutaneous approach has been considered, mostly in order to close contingent
residual defects (residual defects are present in about 28% of survived patients) or sometimes
used for the acute stabilization of critically ill patients. However, no long-term outcome data
about this mini-invasive technique are available [35].

Despite continuous advances in surgical approaches, operative mortality remains high (20–
50%), with no clear differences between different techniques (Fig. 7–13) [34].

Coronary Artery Disease - Assessment, Surgery, Prevention224

Figure 7. Anterior repair of VSD [Adapted from Chikwe J, Beddow E, Glenville B. Cardiothoracic Surgery. Oxford
University Press 2006]

Figure 8. VSD, anterior surgical approach
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Figure 9. VSD closure with synthetic patch

Figure 10. VSD closure with synthetic patch
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Figure 11. Ventricular free walls are linked using Teflon strips

Figure 12. Apical resection [Adapted from Chikwe J, Beddow E, Glenville B. Cardiothoracic Surgery. Oxford Universi‐
ty Press 2006]
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Figure 13. Posterior repair of VSD [Adapted from Chikwe J, Beddow E, Glenville B. Cardiothoracic Surgery. Oxford
University Press 2006]

4. Papillary muscle rupture

Papillary muscle rupture (PMR) is a rare entity and occurs in about 1% of patients with acute
myocardial infarction. It accounts for 5% of infarct-related deaths. Mortality may be as high
as 50% in the first 24 h, and up to 80% in the first week, when only medical treatment is applied.
Timing of rupture stays in a range between 1 and 14 days, but 80% occurs in 7 days [36].

Rupture of papillary muscles results from infarction of the muscle itself and leads to an
ischaemic mitral regurgitation by lack of leaflet tethering (Carpentier type II, see next chapter
for further information).

PMR is most common with an inferior myocardial infarction, and the posteromedial papillary
muscle is most often involved (6 to 12 times more frequently than anterolateral papillary
muscle); that's because of its single blood supply through the posterior descending coronary
artery (anterolateral papillary has a dual blood supply, instead, from the left anterior descend‐
ing and left circumflex arteries) [36, 37, 39].

Among risk factors, there is, once again, the absence of a previous infarction in medical history.

PMR may be complete, with a massive mitral regurgitation and rapid onset of symptoms up
to hemodynamic collapse and death, or partial, with a moderate to severe mitral regurgitation.
Clinical presentation may vary according to the completeness of rupture, but usually presents
dyspnoea, hypotension, acute pulmonary oedema, and cardiogenic shock. At the physical
examination, a soft murmur without thrill may be present, even if the absence of new heart
murmur does not exclude the diagnosis.
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The gold standard in diagnosis is Doppler transthoracic and transesophageal echocardiogra‐
phy, with the evidence of a tear in papillary tissue and the flail of mitral leaflet leading to severe
mitral regurgitation (Fig. 14, 15). Left ventricular function is usually hyperdynamic as a result
of ventricular contraction against the low impedance left atrium. Haemodynamic monitoring
with a Swan-Ganz catheter can reveal large (> 50 mmHg), early V waves in the pulmonary
capillary wedge pressure, and no increase in oxygen saturation from right atrium to right
ventriculum (useful to conduct differential diagnosis with septal rupture) [36, 37, 38].

Figure 14. Echo findings in complete papillary muscle rupture

Figure 15. Echo findings in complete papillary muscle rupture
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The only real treatment for papillary muscle rupture is surgery, although it is high risk
(operative mortality up to 20–25%) [37]. Medical therapy could be performed in order to reach
a hemodynamic stability prior to emergency surgery, and includes aggressive afterload
reduction in order to decrease the regurgitant fraction by using nitrates, sodium nitroprusside,
diuretics, and IABP.

The surgical technique depends upon the location and the completeness of the rupture. With
partial PMR, some surgeons prefer to stabilise the patient and delay surgery for 6–8 weeks
after myocardial infarction to avoid operating on the necrotic myocardial tissue. However, an
acute intervention in patients that cannot be stabilized must be considered. A surgical repair
of the papillary muscle head is really rare, but possible, with pledgeted sutures and the
addition of glue to strengthen the repair. Mitral valve repair rather than replacement should
be attempted when there is no papillary muscle necrosis [36, 37].

Figure 16. The excised mitral valve showing complete rupture of the papillary muscle

5. Ischaemic mitral regurgitation

Ischaemic mitral regurgitation (IMR) is a functional entity that occurs in 8% to 50% of patients
after myocardial infarction. Unlike the structural mitral regurgitation, here the valve leaflets
and valvular apparatus are normal, even if the coexistence of coronary artery disease and non-
ischaemic mitral disease has led to a poor understanding of this clinical entity [40].
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Carpentier described three general types of mitral regurgitation according to different
pathophysiologic mechanisms: type I, in which there is a normal leaflet motion, and regurgi‐
tation is caused by annular dilatation from ischemia of adjacent ventricular wall or by leaflet
perforation; type II, in which we can find an increased leaflet motion, with a prolapse of valve
leaflet (in this case, regurgitation is caused either by papillary muscle rupture or in papillary
muscle elongation due to chronic ischemia, and usually lead to an asymmetric leak); type IIIa,
with leaflet restriction during systole and diastole (not seen in ischaemic mitral regurgitation);
type IIIb, leaflet restriction only during systole caused by a dysfunction of ventricular wall,
dilated after ischaemic injury, with systolic tethering of papillary muscle (as a consequence,
there's a failure in mitral coaptation).

IMR could be acute or chronic, but both result from ischemia of ventricular wall and missed
coaptation. The remodelling secondary to acute and chronic ischemia remains the principal
mechanism for IMR and depends on apical tethering and an excessive tenting volume, which
cause coaptation failure of the mitral leaflets. Mild-to-moderate mitral regurgitation is often
clinically silent and detected on Doppler echocardiography performed during the early phase
of myocardial infarction.

Risk factors are advanced age, female sex, large infarct, multivessel coronary artery disease,
and, unlike other mechanical complications, history of a previous myocardial infarction or
recurrent ischemia.

The acute onset of severe IMR is a life-threatening complication and arises from a few hours
to weeks after myocardial infarction; in this case, a sudden volume overload is imposed on the
left ventricle, increasing preload and a small increase in total stroke volume. Acute mitral
regurgitation usually results from the rupture of papillary muscles or chordae tendineae:
haemodynamic deterioration is sudden, because no compensatory structural changes in
atrium and ventricle are possible. Pulmonary congestion, as well as cardiogenic shock, may
occur. Clinical features include pulmonary oedema, chest pain, and dyspnoea. A new pan‐
systolic murmur can be detected, best heard at the apex [40, 44].

Chronic IMR occurs as a consequence of ventricular dilatation secondary to ischaemic
ventricular remodelling (both regional or global), with papillary muscle displacement and
failure of leaflet coaptation. During chronic onset of the disease, the left atrium and ventricle
may develop an offsetting hypertrophy and dilatation. Enlargement of the left atrium allows
volume overload, but may cause arrhythmias, such as atrial fibrillation, and the formation of
thrombi. Until systolic dysfunction prevents effective ventricular contraction, patients are
asymptomatic. After that, exertional dyspnoea and fluid retention may be present [40].

The gold standard diagnostic tool is echocardiography, both transthoracic and transeosopha‐
geal, which assess mitral valve apparatus, the mechanism of regurgitation, and the ventricular
function [3, 15]

Medical therapy may have a supportive role in case of acute onset of mitral regurgitation, while
in chronic cases it is useful in decreasing the regurgitant volume and improve ventricular
function by using ACE-inhibitors, and to reduce remodelling by using beta-blockers. Most
patients with acute mitral regurgitation are managed with percutaneous coronary intervention
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(PCI) or thrombolysis. Surgery is usually reserved for acute and severe cases, which do not
ameliorate after these approaches, and for chronic patients symptomatic for coronary disease.

Repair versus replacement of the mitral valve is still debatable. Mitral valve repair is generally
preferred whenever possible based on valve pathology and patient stability: it avoids long-
term anticoagulation, decreases infective endocarditis risk, and provides greater leaflet
durability. Among repairs, different techniques are available, but annuloplasty with prosthetic
ring is the gold standard [41, 42]. On the other hand, valve replacement is usually reserved for
situations where the valve cannot be reasonably repaired, or when repair is unlikely to be
tolerated clinically. Moreover, it being a faster procedure is better in high-risk surgical
candidates. Mitral valve replacement could be managed by using the chordal-sparing techni‐
ques, a range of procedures that permit the resuspension of chordae and the preservation of
subvalvular anatomy [43].

Percutaneous approaches are available, but often limited to patients with lots of comorbidity
and a poor surgical outcome [40].

6. Left ventricular true aneurysm

The earliest reports of a ventricular aneurysm appeared in 1757, during an autopsy managed
by Galeati and Hunter; but the first surgical approach to this pathology was performed in 1942
by Beck.

A true aneurysm is the result of the gradual thinning and the expansion of the scarred left
ventricular wall after transmural infarction. This is a different entity from a pseudoaneurysm,
which does not contain all the three layers of the myocardium and is frequently lined by
pericardium and mural thrombus [45, 47, 49].

The 85% of true aneurysm is located anterolaterally, near the apex of the heart. Two types of
true aneurysm are present: a traditional aneurysm, namely a region of myocardium with an
abnormal diastolic contour and a systolic dyskinesia, with a paradoxic bulging; and a func‐
tional aneurysm, in which bulging is not present, but is characterised by large areas of akinesia,
that affects ventricular function. They originate from two distinct phases of myocardial
infarction. First, an early expansion phase defined as the deformation or stretch of infarcted
myocardium during the first week after the ischaemic injury: wall thinning due to the
degradation of collagen matrix and dilatation lead to an augmentation in both systolic and
diastolic wall stress, following LaPlace law, and to a greater request of oxygen supply. Fibre
stretching is progressive until fibrosis and scarring. Increased diastolic stretch, elevated
catecholamines and stimulation of natriuretic peptides may demonstrate increased fibre
shortening and myocardial hypertrophy as adaptive changes. The second phase is constituted
by late remodelling. Here, the aneurysm is composed of scar tissue; systolic and diastolic
ventricular dysfunctions are present, in fact aneurysm does not contract nor distend (this
impairs diastolic filling and increases left ventricular end-diastolic pressure). Mechanism of
compensation such as chamber dilatation, hypertrophy, and changes in ventricular geometry
lead to a poor contractile function, and eventually heart failure [46, 48]
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The incidence of true aneurysm is 10–35% after transmural myocardial infarction, even if it
may result from trauma, Chagas' disease, sarcoidosis, or may be congenital as well. Risk factors
seem to be the presence of a previous infarction in medical history and a decreased ejection
fraction (less than 50%).

Clinical presentation often involves angina (in more than 60% of patients, three-vessels
coronary disease is present), dyspnoea, and symptoms of congestive heart failure. Atrial and
ventricular arrhythmias may occur in the scar tissue, producing palpitations, syncope, and
even sudden death. A mural thrombus is often found (50%) [43, 44, 45, 50, 51, 52, 53].

Even if echocardiography is a useful diagnostic tool capable of identifying false aneurysm and
assessing ventricular function, angiography and left ventriculography is the gold standard,
estimating the size of aneurysm and evaluating cardiac function and kinesis, as well as
coronary status. Tomographic three-dimensional echocardiography and magnetic resonance
imaging are the most reliable means of evaluating left ventricular volume. Positron emission
tomography (PET) can be helpful in an early phase to differentiate true aneurysm from
hibernating myocardium with reversible dysfunction. Even magnetic resonance imaging can
be useful, but cannot assess coronary anatomy.

Medical therapy aims to minimise the remodelling of the left ventricle: both in acute and
chronic heart failure; ACE inhibitors may reduce ventricular wall stress, as well as ventricular
dilatation. Beta-blockers do the same. Nitrates may reduce hypertrophy, but it seems they don't
affect mortality.

Anticoagulation with warfarin is  indicated for patients  with a mural  thrombus.  Patients
should be treated initially with intravenous heparin, with a target aPTT of 50–70 seconds.
Warfarin is started simultaneously, and the INR target is 2–3 for a period of 3 to 6 months.
The use of anticoagulation without the presence of a thrombus is controversed. Anticoagu‐
lation should be reinitiated if a new thrombus develops, and an echocardiographic follow
up must be done [54].

Asymptomatic patients with a small aneurysm may be treated medically. However, an
aneurysm that occupies more than 25% of the ventricular surface may significantly affect the
global function. When refractory heart failure or ventricular arrhythmias are present, as well
in the presence of a huge aneurysm, surgery is indicated.

Resection of the aneurysm may be followed by conventional closure or newer techniques to
maintain LV geometry. In the plication technique, a direct closure of the aneurysm without
excision is performed; this is usually done for very small aneurysms without internal thrombus
[55]. Another conventional strategy, the linear repair, was first introduced by Cooley in 1958.
In this technique, the incision is extended round the aneurysm leaving a rim of scar tissue and
buttressed mattress sutures are placed successively. With this technique, changing ventricular
geometry is possible [55].

Other newer techniques aim to maintain ventricular geometry by using the external patch
(procedure performed by Daggett) or inverted T closure of ventriculotomy (as done by
Komeda) [56], or circular patch technique for posterior aneurysms [57]. Finally, endoaneur‐
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ysmorraphy, a procedure proposed by Jatene, Dor, and Cooley, positions an endocardial patch
in order to preserve both normal ventriculum and septal geometry [58, 59, 60].

Figure 17. Traditional aneurismectomy: Linear closure [Adapted from Chikwe J, Beddow E, Glenville B. Cardiothora‐
cic Surgery. Oxford University Press 2006]

Figure 18. Traditional aneurismectomy: Patch closure [Adapted from Chikwe J, Beddow E, Glenville B. Cardiothoracic
Surgery. Oxford University Press 2006]
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7. Cardiogenic shock and heart failure

Cardiogenic shock is a clinical syndrome characterised by end-organ hypoperfusion, due to a
rapid worsening of ventricular function.

It occurs in 5–8% of hospitalised patients with STEMI, and 12% of these cases are caused by a
mechanical complication of myocardial infarction. Cardiogenic shock may also occur in 2.5%
of non-coronary cases: any cause of acute, severe left or right ventricular dysfunction such as
acute myopericarditis, tako-tsubo cardiomyopathy, hypertrophic cardiomyopathy, acute
valvular regurgitation caused by endocarditis or chordal rupture due to trauma or degenera‐
tive disease, as well as aortic dissection, severe aortic or mitral insufficiency. Moreover, cardiac
tamponade or massive pulmonary embolism may lead to this kind of shock [60, 61, 62, 63, 64].

Risk factors are directly related to the principal trigger. In the context of myocardial infarction,
risk factors may include older age, hypertension, diabetes mellitus, multivessel coronary artery
disease, prior myocardial infarction or angina, anterior location of infarction, prior diagnosis
of heart failure, STEMI, and left bundle-branch block.

Considering the ischaemic aetiology of cardiogenic shock, pathological mechanism starts with
the ischaemic injury of myocite, with loss of effective contractility, and a systolic and diastolic
dysfunction. A decrease in cardiac output leads to a decrease in systemic and coronary
perfusion. A vicious cycle originates, with the worsening of hypoperfusion and the increasing
of infarcted regions of myocardium. To compensate the decrease in stroke volume and cardiac
output, sympathetic tone is increased, eliciting tachycardia, systemic vasoconstriction, and
increased contractility of the healthy non-ischaemic myocardium. This results in an increase
in the cardiac workload and oxygen consumption. When these compensatory mechanisms
cannot meet the increased demand, there's once again a progression in myocardial injury. Even
systemic inflammation may contribute to myocardial dysfunction, decreasing systemic
perfusion. The spiral worsening of ventricular function and a subsequent shock was thought
to occur after the loss of at least 40% of the left ventricular mass [60].

The definition of cardiogenic shock includes haemodynamic parameters, such as persistent
hypotension (systolic blood pressure < 90 mmHg, with severe reduction in cardiac index < 1.8
L/min/m2), elevated filling pressure, and pulmonary capillary wedge pressure < 15 mmHg.
Signs and symptoms include cool and sweaty extremities, cyanosis, decreased urine output,
and/or alteration in mental status. Haemodynamic abnormalities go from mild hypoperfusion
to profound shock, and the short-term outcome is directly related to the severity of the
haemodynamic derangement [60, 61, 62, 63, 64].

The diagnosis is usually made with invasive haemodynamic monitoring using pulmonary
artery catheterisation (Swan-Ganz catheter); however, Doppler echocardiography may help
to confirm the elevation of the left ventricle filling pressures, and may assess mechanical causes
of shock above all. ECG confirms ischaemic aetiology.

Therapies should not be delayed. On the pharmacological side, no drugs have been shown to
improve survival, but they are fundamental in supporting and stabilising the patients prior to
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the definitive therapy. Support includes inotropic and vasopressor agents, which should be
used in the lowest possible doses (higher vasopressor doses are associated with poorer survival
due to a combination between hemodynamic derangement and direct toxic effects).

IABP has long been a mainstay of mechanical therapy for cardiogenic shock [66, 67, 68, 69]. It
improves coronary and peripheral perfusion via diastolic balloon inflation and augments left
ventricular performance via systolic balloon deflation with an acute decrease in afterload.
Nowadays, the reported efficacy of this mechanical support in studies has been variable; some
studies, such as the IABP-SHOCK II trial have downgraded IABP, showing no significant
differences in treatment groups [71]. Despite this fact, IABP remains in wide use, driven by
substantial anecdotal evidence as well as meta-analytic results [70].

In the vicious cycle that characterises cardiogenic shock, revascularisation fulfills an important
role, increasing the likelihood of survival with good quality of life (in the randomized SHOCK
trial, a 13% increase in 1-year survival in patients assigned to early revascularisation was
found) [30]. Mechanical reperfusion may be obtained with a percutaneous approach (angio‐
plasty with or without stenting) or with surgical approach (coronary artery bypass grafting).
The optimal revascularisation strategy for patients with multivessel coronary artery disease
and cardiogenic shock is not clear. At large, immediate coronary artery bypass surgery is the
preferred method of revascularisation when severe triple-vessel or left main disease is present,
and should be performed when mechanical complications coexist. Percutaneous coronary
intervention of the infarct-related artery is recommended in the case of single or double-vessel
disease, or when surgery is not possible [60, 65]. In the STICH (Surgical Treatment for
Ischaemic Heart Failure) trial, the addition of coronary artery bypass surgery to medical
therapy reduced the most common modes of death (sudden death and fatal pump failure
events), with beneficial effects principally seen after two years [72].

Temporary mechanical circulatory support may theoretically interrupt the vicious spiral of
ischaemic damage, and allow for recovery of stunned and hibernating myocardium. This kind
of support involves circulation of blood through a device that drains venous blood and returns
it to the systemic arteries with pulsatile or continuous flow after passing a membrane oxy‐
genator. The major limitations of temporary mechanical circulatory support are device-related
complications and irreversible organ failure.

It is possible to distinguish between two main classes of devices with short-term and long-
term support. Short-term devices are usually placed in patients with acute heart failure, with
a refractory cardiogenic shock and/or mechanical complications of myocardial infarction.

Veno-arterial extra-corporeal membrane oxygenation (VA-ECMO) assists both ventricles and
provides a continuous flow with maintenance of a pulsatile arterial pressure unless the
circulation is completely supported by the cardio pulmonary bypass device. This pump may
be beneficial in cases of severe cardiogenic shock refractory to other pharmacological and
mechanical support measures, although its use has not been tested in randomised clinical trials.
In a recent meta-analysis, it is shown that VA-ECMO provides acceptable short-term survival
for adult patients with cardiogenic shock and stable long-term survival outcomes at up to 3
years. These benefits, however, must be considered alongside the significant associated risks
in the decision to institute this type of haemodynamic support [73, 74].
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Other short term supports are axial flow pumps, with pumps positioned across the aortic valve
to provide active support by transvalvular left ventricle assistance, placed with percutaneous
or peripheral surgical approach (e. g., The Impella Recover® - Impella CardioSystems GmbH,
Aachen, Germany), and the left atrial-to-femoral arterial left ventricular assist devices, with
percutaneously inserted transseptal and arterial cannulae connected to a centrifugal pump (e.
g., The Tandem HeartTM pVAD - Cardiac Assist Technologies, Inc., Pittsburgh, PA, USA) [75].

Studies have shown that these mechanical supports may reverse haemodynamic and meta‐
bolic parameters in cardiogenic shock more effectively than with standard IABP treatment
alone.

However, when end-stage heart failure occurs, cardiac transplantation remains the gold
standard, even if the lack of suitable donor organs significantly limits this therapeutic option.

Implantation of a long-term ventricular assist device as a bridge to transplantation or as a
destination therapy is an established life-sustaining treatment option for select patients [76,
77, 78, 79].

8. New therapeutic strategies against myocardial remodelling

As seen in the beginning of this chapter, at the bottom of any mechanical complication after a
myocardial infarction is the process that starts with an ischaemic injury and finishes with the
remodelling of the myocardial tissue. As a result of myocite apoptosis, fibrous tissue deposi‐
tion and the formation of a myocardial scar, heart failure occurs [2].

Although modest cardiomyocyte turnover occurs in the adult heart, it is insufficient for the
restoration of a normal contractile function after substantial cardiomyocyte loss, and even if
this cardiac remodelling can be slowed or sometimes reversed by intense pharmacological
therapy (thrombolysis, ACEi, beta-blockers, and statins), this process is often progressive.

Several studies aim to find new therapeutic strategies for daily practise against myocardial
remodelling. Many of them focused on biochemical patterns occurring during the remodelling
process, principally on the ischaemic-reperfusion injury, by searching strategies against the
generation of reactive oxygen species (ROS) in the ischaemic myocardium, or by interacting
with complex cytokines pathways [80].

On the other hand, stem cells therapy seems to be another new approach to the problem of
remodelling. Replacement and regeneration of functional cardiac muscle after an ischaemic
insult co

uld be achieved by either stimulating proliferation of endogenous mature cardiomyocytes
(reinitiating mitosis) or resident cardiac stem cells or by implanting exogenous donor-derived
or allogeneic cardiomyocytes. New strategies may consist of transplanted bone marrow-
derived cardiomyocyte or endothelial precursors, foetal cardiomyocytes, and skeletal myo‐
blasts [81, 82, 83, 84].
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Abstract

Cardiovascular disease is the leading cause of morbidity and mortality among peo‐
ple with diabetes worldwide, accounting for 60% of all deaths in diabetics. Despite
advances in our pathophysiologic understanding of diabetic co-morbidities and
measures to help counter these, diabetics still remain at increased risk for cardiovas‐
cular disease complicating our overall approach to management. Diabetics, in par‐
ticularly type 2, are often fraught with additional risk factors contributing to their
overall propensity for developing cardiovascular disease. These include, but are not
limited to, obesity, dyslipidemia, poor glycemic control, lack of physical activity,
and hypertension. In response to this, research driven guidelines focusing on pri‐
mary prevention have continued to arise with new clinical targets and goals sub‐
stantially changing our approach with the diabetic population. It is important to
note early on, type 1 diabetics carry a higher risk of cardiovascular disease for
which the pathophysiology is only recently being elucidated. The underlying rela‐
tionship between cardiovascular events and risk factors is, however, not well un‐
derstood. For this reason, management approaches to risk reduction have been
extrapolated from experience in type 2 diabetes mellitus. The purpose of this chap‐
ter is to present the conclusions of current literature pertaining to blood pressure
and blood glucose control, cholesterol management, aspirin therapy, and lifestyle
modification. We present a synthesis of the new guidelines, and clinical targets, in‐
cluding preventative measures for subclinical cardiovascular disease for the con‐
temporary management of patients with diabetes mellitus.

Keywords: Diabetes, atherosclerosis, coronary artery disease, glycemic control, antidia‐
betic medications
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1. Introduction

1.1. Diabetes and cardiovascular risk: Scope of the problem

Cardiovascular disease (CVD) is the major cause of morbidity and mortality in the diabetic
population which is rapidly expanding around the globe and is increasing due to the rising
epidemic of obesity and increasing sedentary lifestyle along with poor dietary habits.[1] The
cardiovascular events associated with type 2 diabetes and the high incidence of other macro‐
vascular complications, such as strokes and amputations, are major causes of illnesses and a
large economic burden. Heart disease and strokes account for over 2/3 of mortality in the
diabetic population who are 2–4 times more likely to have atherosclerotic heart disease
compared to non-diabetic individuals. In fact, diabetes itself is considered a cardiovascular
risk equivalent and the diabetic population is less likely to survive when they develop CVD,
compared to their non-diabetic counterparts. While the additional risk diabetes confers cannot
be completely eliminated, large benefit is seen when multiple risk factors and associated
comorbid conditions are addressed globally in this patient population and addressed specif‐
ically with respect to treatment targets and goals.

1.2. Risk factors for cardiovascular disease in diabetes

Risk factors for increased CVD among people with diabetes include traditional ones such as
insulin resistance, hypertension, dyslipidemia, central obesity, and cigarette smoking. Non-
traditional risk factors include microalbuminuria, increased inflammation, oxidative stress,
hyperuricemia, hypercoagulable states, endothelial dysfunction, decrease nitric oxide func‐
tion, increase vascular reactivity and permeability, increased glycated end products, as well
as stimulation of the renin angiotensin aldosterone (RAAS) system.

Modifiable Risk Factors Non-modifiable Risk Factors

Overweight/obesity Family history of diabetes or premature coronary disease

Sedentary lifestyle Latino/Hispanic, Non-Hispanic black, Asian American,
Native American, or Pacific Islander ethnicity

Hypertension History of gestational diabetes

Elevated LDL-C and/or triglycerides and/or low HDL-C History of infant delivery birth weight "/>9 pounds

Psychiatric illness Polycystic ovarian syndrome

IGT, IFG Age

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; IFG, impaired fasting
glucose; IGT, impaired glucose tolerance

Adapted from Diabetes Care Volume 38, Supplement 1, January 2015 [2]

Table 1. Modifiable and non-modifiable risk factors associated with type 2 diabetes mellitus and cardiovascular
disease
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1.3. Hypertension

Hypertension is the most common comorbid disease associated with diabetes. It has been
found to increase the risk of nephropathy, retinopathy, left ventricular hypertrophy, and
cardiovascular events.[3] Prevention of these vascular complications is a worldwide priority
as the prevalence of diabetics by 2030 is estimated to be approximately 350 million.[4] As a
result, blood pressure (BP) management is arguably one of the more critical aspects of the care
of the patient with diabetes. The current 2015 American Diabetes Association (ADA) recom‐
mendations are for all diabetics to achieve a systolic blood pressure (SBP) of <140 and a diastolic
blood pressure (DBP) of <90. This has been revised to reflect the most recent high-quality
evidence that exists to support a goal of DBP, 90 mmHg. Although, it has been traditionally
recommended that diabetics achieve a blood pressure of less of 130/80, there is insufficient
evidence to justify the benefit of this value.[5] While hypertension therapy is not the main focus
of this chapter, it is important to realize that lifestyle therapy for hypertension should be offered
to all patients as a reasonable first intervention; this includes weight loss, increased physical
activity, and a Dietary Approaches to Stop Hypertension (DASH)–style diet. If despite this the
patient is unable to achieve the goal BP pharmacological therapy should comprise a regimen
that includes either an angiotensin converting enzyme (ACE) inhibitor or angiotensin receptor
inhibitor (ARB)–either of which are effective in preventing the development or progression of
microalbuminuria which reduces the incidence of new or worsening nephropathy.[6]

2. Hyperglycemia and cardiovascular risk

Hyperglycemia, even in the non-diabetic range such as impaired fasting glucose and/or
impaired glucose tolerance (collectively classified as pre-diabetes) is associated with increased
risk of coronary artery disease. This has been shown in several trials and also evidence exists
that glycemic control is associated with decreased coronary artery disease. For example, the
landmark United Kingdom Diabetes Perspective Study (UKPDS) showed a graded risk
reduction in myocardial infarction among the diabetic population with 14% decreased risk for
every 1% decrease in A1C. Glucose control is important and associated with decreased
microvascular complications such as diabetic nephropathy, retinopathy, as well as neuropa‐
thy, with about 30% risk reduction with each 1% decrease in A1C, as evidenced from large
trials in type 1 DM such as Diabetes Complication (DCCT) in type 1 diabetes and from UKPDS
study in type 2 diabetes in patient with new onset/early onset diabetes.[7]

Long term follow up of these cohorts also provided evidence of decreased macrovascular
disease such as in the Epidemiology of Diabetes Interventions and Complications (EDIC), a
follow up of the DCCT trial where intensive blood glucose control reduced risk of any CVD
event by 42% and the risk of nonfatal myocardial infarction, stroke, or death from cardiovas‐
cular causes by 57%.[8] However, tight glycemic control has been shown to be associated with
increased mortality among high-risk population. In the large randomized controlled trial,
ACCORD (Action to Control Cardiovascular Risk in Diabetes), tight control of blood glucose
to a hemoglobin A1C of 6.4%, compared to 7.5% in the control group, was associated with a
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22% increased mortality leading to premature termination of the study protocol. Furthermore,
there was increased risk of hypoglycemia requiring assistance and an average of 10 kg weight
gain in the period of 3.5 years of follow up. This study, as well as others, triggered a Position
Statement by the American Diabetes Association (ADA) and the European Association for the
Study of Diabetes (EASD) calling for an individualized patient approach with less stringent
glycemic control for patients with established vascular complications, as well as those with
longer diabetes duration and increased risk of hypoglycemia such as those with CKD and the
elderly with long standing diabetes and neuropathy.

2.1. Cardiovascular disease in the high-risk diabetic sub-population

Diabetes disproportionately affects minority populations such as blacks, Hispanics, Native
Americans, and South Asians. In these populations, the prevalence of diabetes is much higher
compared to Whites and they are disproportionately affected by diabetes complications
including chronic kidney disease, strokes, and coronary artery disease.

Premenopausal women with diabetes lose the estrogen protective effects that are partially
mediated through nitric oxide and women with diabetes have worse outcomes compared to
men when presented with acute coronary syndrome. Despite advances in the diagnosis and
treatment of acute coronary syndrome, and through improved medical therapies such as
revascularization, improved survival among men and women without diabetes as well as men
with diabetes has been observed, but evidence suggests worse prognosis for women with
diabetes remains.

2.2. Screening for cardiovascular disease

Screening of asymptomatic patients with high CVD risk is not recommended, as there have
been no trials that demonstrate improved outcomes even in the setting of angiographically
defined coronary disease. One of the largest trials to address this concern was the Detection
of Ischemia in Asymptomatic Diabetics (DIAD) study. DIAD randomized 1,123 subjects into
two categories: those who would and would not be screened with stress myocardial perfusion
imaging (MPI). Despite abnormal myocardial perfusion imaging in more than one in five
patients, cardiac events were lower than expected and equivalent in screened versus
unscreened patients.[9] Furthermore, trials including the COURAGE and BARI 2D have
shown no difference between revascularization and optimal medical therapy in patients who
are effected by stable coronary disease supporting a less invasive approach to management.
[10,11] The favorable cardiac outcomes among asymptomatic diabetics can likely be attributed
to guideline-driven management of cardiac risk factors. Therefore, the current standard of care
for type 2 diabetes should focus on the reduction of cardiovascular risk factors with avoidance
of indiscriminate screening.

2.3. Type I diabetes mellitus

Type I diabetes is a challenging clinical entity. It deserves separate mention as its management
has lagged in success when compared to type II diabetes.
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longer diabetes duration and increased risk of hypoglycemia such as those with CKD and the
elderly with long standing diabetes and neuropathy.

2.1. Cardiovascular disease in the high-risk diabetic sub-population

Diabetes disproportionately affects minority populations such as blacks, Hispanics, Native
Americans, and South Asians. In these populations, the prevalence of diabetes is much higher
compared to Whites and they are disproportionately affected by diabetes complications
including chronic kidney disease, strokes, and coronary artery disease.

Premenopausal women with diabetes lose the estrogen protective effects that are partially
mediated through nitric oxide and women with diabetes have worse outcomes compared to
men when presented with acute coronary syndrome. Despite advances in the diagnosis and
treatment of acute coronary syndrome, and through improved medical therapies such as
revascularization, improved survival among men and women without diabetes as well as men
with diabetes has been observed, but evidence suggests worse prognosis for women with
diabetes remains.

2.2. Screening for cardiovascular disease

Screening of asymptomatic patients with high CVD risk is not recommended, as there have
been no trials that demonstrate improved outcomes even in the setting of angiographically
defined coronary disease. One of the largest trials to address this concern was the Detection
of Ischemia in Asymptomatic Diabetics (DIAD) study. DIAD randomized 1,123 subjects into
two categories: those who would and would not be screened with stress myocardial perfusion
imaging (MPI). Despite abnormal myocardial perfusion imaging in more than one in five
patients, cardiac events were lower than expected and equivalent in screened versus
unscreened patients.[9] Furthermore, trials including the COURAGE and BARI 2D have
shown no difference between revascularization and optimal medical therapy in patients who
are effected by stable coronary disease supporting a less invasive approach to management.
[10,11] The favorable cardiac outcomes among asymptomatic diabetics can likely be attributed
to guideline-driven management of cardiac risk factors. Therefore, the current standard of care
for type 2 diabetes should focus on the reduction of cardiovascular risk factors with avoidance
of indiscriminate screening.

2.3. Type I diabetes mellitus

Type I diabetes is a challenging clinical entity. It deserves separate mention as its management
has lagged in success when compared to type II diabetes.
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Type I diabetes is associated with an increased risk of early death with acute diabetes-related
complications responsible for the majority of younger deaths and cardiovascular disease the
main cause for older patients.[12,13,14] CVD occurs much earlier in type I diabetics than in the
general population—often after 2 decades of disease. This can occur as early as 30 years of age
disease rates of >3% per year.[15] Poor glycemic control has correlated to cardiovascular risk
(Table 2), however, the success rates of achieving optimal A1c levels is far from ideal. In two
national registries, only 13% to 15% of patients with type 1 diabetes met a target A1c level of
<7%.[16,13] The difficulty partially lies in dietary/insulin regimen adherence and risks of tight
blood sugar control (absolute risk of severe hypoglycemia increasing with tighter control).[6]

Mean HbA1c Death from any cause Death from cardiovascular disease

≤ 6.9% 2.36 (95%CI: 1.97–2.83) 2.92 (95%CI: 2.07–4.13)

7.0%–7.8% 2.38 (95%CI: 2.02–2.80) 3.39 (95%CI: 2.49–4.61)

7.9%–8.7% 3.11 (95%CI: 2.66–3.62) 4.44 (95%CI: 3.32–5.96)

8.8%–9.6% 3.65 (95%CI: 3.11–4.30) 5.35 (95%CI: 3.94–7.26)

≥ 9.7% 8.51 (95%CI: 7.24–10.01) 10.46 (95%CI: 7.62–14.37)

Adapted from Lind et al [11].

Table 2. Adjusted hazard ratios for death from any cause and death from cardiovascular disease among individuals
with type 1 diabetes vs control according to the glycated hemoglobin

Even when target glycemic control is achieved, the risk of death from cardiovascular causes
is more than twice the risk in the general population and poor glycemic control portends a risk
ten times higher.[17] The issue is complicated by several components highlighted by the
Scottish Registry Linkage Study. Unlike type 2 diabetics, type 1 diabetics generally do not
suffer from obesity and hypertension/dyslipidemia rates are not in excess of the general
population.[18] At this time, there is no clear explanation for the additional risk. It is postulated
that earlier onset and severely altered glucose homeostasis produces a variety of oxidative
stressors promoting a milieu of underlying vascular disease. This may be especially true in the
preadolescent years where subclinical disease manifests, priming the cardiovascular system
for accelerated atherosclerosis despite the best efforts at achieving glycemic control later in
life.[19] The term coined, metabolic memory, has been used to denote this theoretical process.
The phenomenon gained support after a significant trend was noted at the conclusion of the
DCCT and follow-up EDIC trial in regards to microvascular complications, e.g. nephropathy,
retinopathy. In summary, the DCCT trial ended with a transition of participants to an intensive
insulin regimen secondary to successful glycemic control and reduction in microvascular
complications with this method. Interestingly, as the same patients were followed, those
originally on the standard insulin regimen continued to have higher incidences of microvas‐
cular disease when compared to their counterpart. This occurred despite achieving near
equivalent A1c levels.[20,21,22] The notion of early vascular stress portending a worse
prognosis was also echoed in a recent Cochrane review where findings concluded that tight
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control reduced the risk of developing microvascular diabetes complications (the risk for
macrovascular complications was less clear secondary to the younger patient population they
examined), but the impact became weaker once complications manifested.[23] Furthermore,
during the EDIC study, macrovascular relationship became more apparent. Those participants
who initially were under the intensive regimen experienced a 42% reduction in CVD events
after 17 years. The ongoing EDIC showed these benefits persisted up to 10 years after the end
of the DCCT.[7,24,25,26] These findings are promising as more effort is being placed at
identifying subjects and initiating treatment earlier. Early therapy stands to eliminate or reduce
a large amount of complications; however, longer-term studies are still needed to realize the
full potential. It is also still unclear why cardiovascular complications start so early in the
disease history when, presumably, only mild hyperglycemia exists.

3. Multifactorial therapy: A comprehensive evidence based approach

Over the past two decades, diabetes management has evolved substantially as epidemiologic
and therapeutic based research has broadened our understanding of this complex disease. As
a general principle, diabetes magnifies many of the indolent cardiovascular risk factors for
morbidity and mortality amongst non-diabetic patients. As the population of diabetics
increases, there is a growing effort to acknowledge the risks and lessen them to the best of our
abilities. This begins with addressing modifiable risk factors for late complications in patients
which includes hyperglycemia, hypertension, and dyslipidemia—all of which increase the risk
of a poor outcomes.

Intensive treatment of multiple cardiovascular risk factors can have a major impact among
patients with diabetes. Reduction in glycosylated hemoglobin values, systolic and diastolic
blood pressure, fasting serum cholesterol and triglyceride levels, and urinary albumin
excretion rate all have their value in reducing cardiovascular morbidity and mortality. Up until
the turn of the century, numerous randomized trials investigated the effect of intensified
intervention involving a single risk factor in patients with type 2 diabetes demonstrating
benefits in terms of both macrovascular and microvascular complications in kidneys, eyes, and
nerves.[27,28,29,30,31] This formed the basis of American Diabetes Association recommenda‐
tions for many years which were finally bolstered by the landmark publication, Steno-2 study,
which investigated a multifactorial, goal directed strategy involving lifestyle modification and
pharmacologic management addressing all major metrics. An unrivalled 50% reduction in the
risk of macro and micro-vascular events was demonstrated in those who received intensive
treatment.[32] Since this study, several further trials have replicated these findings and have
shown that the benefit of aggressive lifestyle and multi-drug therapy is effective and should
be coupled with timely screening to confer a life-long benefit.[33,34,35]

3.1. Dietary management

Diet is one of the most important behavioral aspects of diabetes treatment, slowing and
potentially preventing the rate of developing complications. Basic principles of nutritional
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management have evolved over the past decade from a generalized approach to an individ‐
ualized one in the form of medical nutrition therapy (MNT). This approach takes scientific
evidence, individual goals and abilities into consideration to formulate lifestyle changes that
can be maintained. It is monitored and guided by a dietician or nutritionist with regular follow
up. Goals of MNT that apply to individuals with diabetes include achieving and maintaining
(1) blood glucose levels in the normal range or as close to normal as is safely possible, (2) a
lipid and lipoprotein profile that reduces the risk for vascular disease, (3) blood pressure levels
in the normal range or as close to normal as is safely possible, (4) to prevent, or at least slow,
the rate of development of the chronic complications of diabetes by modifying nutrient intake
and lifestyle to address individual nutrition needs, taking into account personal and cultural
preferences and willingness to change, and (5) the pleasure of eating by only limiting food
choices when indicated by scientific evidence.[36] By the mid-90’s diet directed research had
bolstered this involved form of dietary intervention with promising results. Randomized
controlled trials of MNT have reported decreases in HbA1c (A1C) of 1% in type 1 diabetics
and 1–2% in type 2 diabetics, depending on the duration of diabetes. After initiation of MNT,
improvements were apparent in 3–6 months.[10,37,38]

3.2. Lipid management

Both types of diabetes associated with a substantially increased risk of atherosclerotic vascular
disease, identification of treatments for the prevention of major occlusive vascular events is a
public-health priority.[39,40,41] The most recent meta-analyses have underscored the impor‐
tance of lipid management and have changed the medical communities general approach to
risk reduction in the diabetic community. There appears to be an approximately linear
relationship between the absolute reductions in LDL cholesterol achieved in these trials and
the proportional reductions in the incidence of major vascular events.[42,43] The implications
of this is far reaching. What used to be a categorical approach with a goal cholesterol level in
mind has broadened considerably. In all patients with diabetes over the age of 40 years
moderate intensity statin treatment should be considered, in addition to lifestyle therapy
(Table 3). If the patient falls under a ‘high-risk’ category—those with acute coronary syn‐
dromes or previous cardiovascular events, LDL cholesterol > 100mg/dL, high blood pressure,
currently smoking and/or overweight should have more aggressive therapy with high doses
of statins.[44,45] This strategy should be coupled with medical nutritional therapy.

3.2.1. Aspirin therapy

In general, patients with or without diabetes, who have known occlusive vascular disease,
stand to benefit from long-term antiplatelet therapy with aspirin, reducing the yearly risk of
serious vascular events. The benefits of antiplatelet therapy substantially exceed the risk of
major bleeding events and it is therefore widely accepted as means of secondary prevention.
For primary prevention, however, the balance is less clear with no single trial demonstrating
a clear benefit.[46,47] In order to reconcile the uncertainty regarding primary prevention the
American Diabetes Association performed a meta-analysis that added data from additional
trials performed specifically in patients with diabetes to the data from the subgroups of
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patients with diabetes from the six trials included in the ATT (Antiplatelet Trialists' Collabo‐
ration Collaborative) meta-analysis. They concluded that aspirin appears to produce a modest-
sized reduction in MI and stroke in patients with diabetes, but current evidence remains
inconclusive. This was partially rectified by recent 14 trial meta-analysis which found a
significant net benefit, but the authors still concluded inconclusiveness in regards to diabetic
patients.[48,49,50]

In 2010, a position statement of the ADA, the American Heart Association, and the American
College of Cardiology Foundation recommended physicians consider aspirin therapy (75–162
mg/day) as a primary prevention strategy in those with type 1 or type 2 diabetes at increased
cardiovascular risk (10-year risk >10%). This includes most men aged >50 years or women aged
>60 years who have at least one additional major risk factor (family history of CVD, hyper‐
tension, smoking, dyslipidemia, or albuminuria). However, aspirin was no longer recom‐
mended for those at low CVD risk (women under age 60 years and men under age 50 years
with no major CVD risk factors; 10-year CVD risk under 5%) as the low benefit is likely to be
outweighed by the risks of significant bleeding.[27]

3.3. Anti-diabetic medications and cardiovascular disease

Several classes of antidiabetic medications are currently available and effectively decreased
hyperglycemia; however, concern regarding increased CVD risk was raised with the publica‐
tion of the famous metanalysis by Nissen et al (2007) and showed rosiglitazone to be associated

Age Risk factors Recommended statin
dose*

Monitoring with lipid
panel

< 40 years None
CVD risk factor(s)**
Overt CVD***

None
Moderate or high
High

Annually or as needed to
monitor for adherence

40-75 years None
CVD risk factors
Overt CVD

Moderate
High
High

As needed to monitor
adherence

>75 years None
CVD risk factors
Overt CVD

Moderate
Moderate or high
High

As needed to monitor
adherence

* Moderate-Intensity Statin Therapy: Atorvastatin 10-20 mg, Rosuvastatin 5-10 mg, Simvastatin 20-40 mg, Pravastatin
40-80 mg, Lovastatin 40 mg. High-Intensity Statins Therapy: Atorvastatin 80 mg, Rosuvastatin 20-40 mg

**CVD risk factors include LDL cholesterol $100 mg/dL (2.6 mmol/L), high blood pressure,

smoking, and overweight and obesity.

***Overt CVD includes those with previous cardiovascular events or acute coronary syndromes.

Adapted from Diabetes Care Volume 38, Supplement 1, January 2015 [2]

Table 3. Recommendations for statin treatment in people with diabetes
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with a significant increase in the risk of myocardial infarction and with an increase in the risk
of death from cardiovascular causes that had borderline significance. This study eventually,
as well as other concerns, led to the withdrawal of the medication from the European Union
as well as severe restriction that amounted to effective withdrawal in the United States as well.
These findings also prompted the FDA to require cardiovascular safety data prior to approval
of new diabetes drugs in the USA. Currently, evidence available regarding cardiovascular
safety and even protective effects for metformin either neutral or uncertain effects of others
agents due to lack of long-term safety data.

4. Global control of cardiovascular risk in the diabetic population

The estimation and categorization of cardiovascular risk requires close attention to the risks
being explored (Table 4). While certain CVD risks are modifiable such as smoking, obesity,
hypertension and dyslipidemia, others are non-modifiable such as family history of premature
coronary artery disease. Despite evidence for improved CVD outcomes with control of CVD
risk factors, data from our group (McFarlane et al., 2002, 2005) conducted at multiple centers
in the USA, among various ethnic groups and practice settings, showed largely suboptimal
control of glycemia, blood pressure, and cholesterol and also demonstrated gender disparity
in the outcomes of diabetic care. For these reasons, a multifactorial targeted and evidence based
approach as detailed in this chapter needs to be employed for the appropriate and adequate
management of these diabetic patients at risk for cardiovascular disease.

Modifiable Risk Factors Non-Modifiable Risk Factors

Hypertension Age

Diabetes Sex

Dyslipidemia Race/Ethnicity

Tobacco Use Family history of premature CAD

Poor dietary habits ( high fat, high carbohydrate)

Sedentary lifestyle

Obesity ( particularly central distribution)

microalbuminuria

Increased inflammation

Stimulation of RAAS

CAD= Coronary artery disease

RAAS = Renin Angiotensin Aldosterone System

Table 4. Risk Factor Categorization
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Abstract

Overweight and obesity are major risk factors for a number of chronic diseases,
including diabetes, cardiovascular diseases and metabolic diseases. Obesity induces
serious heart diseases such as hypertension, heart failure, and coronary disease by
multiple mechanisms. The endothelial dysfunction and artherosclerosis induced by
obesity lead to the result of coronary artery disease. In addition, obesity is a substantial
public health crisis worldwide, and internationally, with the prevalence increasing
rapidly in numerous industrialized nations. Worldwide, 39% of adults aged 18 years
and over were overweight in 2014, and 13% were obese. The first choice of treatment
is weight loss by life-style modification, such as diet and exercise. Medication and
surgery are for moderate obese patients with comorbidity. How to find the appropri‐
ate method of weight losing is the most important issue.

Keywords: obesity, definition, coronary artery diseases, treatment, weight loss

1. Introduction

Obesity has become one of the most important public health issues due to the increased
prevalence of the comorbidities associated with obesity. Recommendations, guidelines, and
consensus statements for the definition and classification of obese children, adolescents, and
adults have been published by many famous journal in these decades. Generally speaking,
obesity is not only a major risk factors for a number of chronic diseases which mentioned above,
but also a chronic disease that is increasing in prevalence in adults, adolescents, and children,
and is now considered to be a global epidemic.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



The fundamental cause of obesity and overweight is an energy imbalance between calories
consumed and calories expended. People travel on transportation, rather than walking, and
so many people work in offices, where they are sitting still for most of the day. A sedentary
lifestyle lowers calories expenditure. Eating excess calories with less consumption promotes
weight gain. Of all sedentary behaviors, long-time TV watching appears to be the most
predictive of obesity risk. In the Nurses' Health Study, after adjustment for age, smoking,
exercise level, and dietary factors, every 2-hour increment spent watching TV was associated
with a 23% (95% CI 17-30 %) increase in obesity[1].

2. Definition and classification

• Overweight and obesity refer to a weight above the "normal" range.

We use body mass index (BMI)[BMI = body weight (in kg) ÷ height squared, in meters], which
is currently used as the most accurate and reliable way of measuring how overweight an
adult(18 years and older) is. For most people, an ideal BMI is between 18.5 and 24.9kg/m2. The
classification is as follows:

• Underweight—BMI <18.5 kg/m2.

• Normal weight—BMI ≥18.5–24.9 kg/m2.

• Overweight—BMI ≥25.0–29.9 kg/m2.

• Obesity—BMI ≥30 kg/m2.

◦ Obesity class I—BMI of 30.0–34.9 kg/m2.

◦ Obesity class II—BMI of 35.0–39.9 kg/m2.

◦ Obesity class III—BMI ≥40 kg/m2. This type of obesity is also referred to as severe, extreme,
or massive obesity.

Unfortunately, a strung healthy fitness instructor may be mistaken for an obese adult if we
only use BMI to screen overweight and obesity. Because BMI cannot well describe the central
fat accumulation in the abdomen, we use waist circumference as another measurement of
obesity, especially abdominal obesity, and it provides risk information that is not accounted
by BMI.A waist circumference of ≥40inches (102 cm, 90cm for Asian) for men and ≥35inches
(88 cm, 80cm for Asian) for women is considered elevated and indicative of increased cardio‐
vascular and metabolic disease risk [2].

Screening measures by BMI with waist circumference can identify adults at increased risk for
morbidity and mortality, particularly in the BMI range 25–35 kg/m2 [3].

For children, the different normal ranges of BMI are classified by age [4, 5]. A growing
consensus supports the following definitions for children between 2 and 18 years of age

• Underweight—BMI <5th percentile for age and sex
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• Normal weight—BMI between the 5th and the 85th percentile for age and sex

• Overweight—BMI between the 85th and the 95th percentile for age and sex

• Obese—BMI ≥95th percentile for age and sex

• Severe obesity—BMI ≥120% of the 95th percentile values, or a BMI ≥35 kg/m2 (whichever is
lower) [6, 7, 8]. This corresponds to approximately the 99th percentile, or BMI Z-score ≥2.33
(e.g., 2.33 standard deviations above the mean) [8, 9, 10]. Some authors distinguish an
additional subgroup with more severe obesity with BMI ≥140% of the 95th percentile values
or a BMI ≥40 kg/m2, which corresponds to class III obesity in adults [7, 8].

3. Prevalence

• Adults

Based on data collected for the National Health and Nutrition Examination Survey (NHANES)
between 2011 and 2012, the measured prevalence of obesity in adults in the United States is
34.9% [11]. The age-adjusted prevalence of class III obesity (BMI ≥40), sometimes referred to
as severe obesity, was 6.3% in 2009–2010 [12].Worldwide, 36.9% of men and 38% of women
estimated to have a BMI ≥25 kg/m2 [13,14]. In 2013, reported prevalence rates of obesity (BMI
of ≥30 kg/m2) included 20% of men and 21.7% of women in Belgium, 25% of men and women
in the United Kingdom, 21% of men and 33% of women in Mexico, and 13.5% of men and 42%
of women in South Africa [13,15].

• Children

Worldwide, 42 million children under the age of 5 years were overweight or obese in 2013.In
the United States, the percentage of age of children aged 6–11 years in the United States who
were obese increased from 7% in 1980 to nearly 18% in 2012. Similarly, the percentage of age
of adolescents aged 12–19 years who were obese increased from 5% to nearly 21% over the
same period [16, 17].For example, Childhood obesity has more than doubled in children and
quadrupled in adolescents in the past 30 years.

By reported data, the worldwide prevalence of obesity more than doubled between 1980 and
2014.Before, obesity was considered a high-income country problem due to stereotype about
the relationship between money, the increased intake of energy-dense foods, and increase in
physical inactivity. In fact, overweight and obesity are now on the rise in low- and middle-
income countries, particularly in urban settings. In developing countries, the rate of increase
of childhood overweight and obesity has been more than 30% higher than that of developed
countries.

Changes in dietary and physical activity patterns are often the result of environmental and
technical changes associated with economic development and lack of supportive policies
in  sectors  such as  health,  urban planning,  food processing,  distribution,  marketing,  and
education.
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4. Pathogenesis and its related coronary artery disease

Obesity has many causes, each of which has a variable genetic component. At one extreme are
the kinds of obesity caused by single-gene mutations. At the other extreme are the kinds of
obesity caused by various diseases in subjects in whom obesity would otherwise not occur.
The followings focus on obesity caused by single-gene defects, the genetic susceptibility to
obesity, and the pathogenetic mechanisms that operate within this genetic framework to cause
differences in total body fat content and in regional fat distribution.

Genetic disorders of obesity

• Prader–Willi syndrome

The Prader–Willi syndrome is a neurodegenerative disorder that is caused by genetic abnor‐
malities of the long (q) arm of chromosome 15 (15q11-q13).Affected infants have poor muscle
tone and feed poorly at birth. Later their appetite becomes voracious and they become obese,
have behavior problems (irritability, tantrums), delayed development, short stature, and, later,
hypogonadotropic hypogonadism.

• Bardet–Biedl syndrome

The Bardet–Biedl syndrome is an autosomal recessive disorder characterized by obesity and
several other abnormalities, including microorchidism in men, intellectual disability (mental
retardation), retinal dystrophy, polydactyly, renal malformations (particularly calyceal
abnormalities), and polyuria and polydipsia[18]. The primary cilia dysfunction is considered
as a key defect in this syndrome [19].

Genetic models of obesity

• Leptin gene

The Lep gene codes for a protein called leptin [20]. Leptin-deficient mice have hyperphagia,
insulin resistance, hyperinsulinemia, and infertility. In human, leptin is produced in fat cells
and to a lesser degree in the gut [20]. It acts on leptin receptors (LEPRs), which are widely
distributed and account for its pleiotropic effects on energy homeostasis, neuroendocrine
function, and immune function [21].Food intake is reduced by systemic leptin administration
in normal-weight experimental animals, but the response decreases as the animals become
obese. The resistance to the action of leptin has been related to blunting the negative feedback
signal to brain to reduce energy intake.

• Leptin receptor gene

The Leptin receptor (LEPR) deficiency has a relationship with human obesity. In a study, 3%
with severe, early-onset obesity had nonsense or missense LEPR mutations. Normal linear
growth, but reduced adult height as adults and increased serum leptin concentrations were
also observed [22, 23].
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• Agouti gene

The Agouti gene defect causes the Agouti-signaling protein overexpressed in many tissues.
The Agouti protein competes with melanocyte-stimulating hormone (MSH) for a melanocor‐
tin-4 receptor in the hypothalamus that modulates food intake. MSH inhibits food intake. Food
over-intake results from the blockage of MSH pathway by the agouti protein [24].

Other factors associated with the development of obesity, such as body fact distribution, diet,
lifestyle, drugs, and endocrine disorders, have promote the dysregulation of fat and glucose
metabolism. Now scientists understand that fat, especially intra-abdominal fat, has significant
impact on blood pressure and blood lipid levels and interferes with the ability to use insulin
effectively.

Obesity and coronary artery disease

In the past two decades, the growing development in vascular biology has been elucidating
the nature of atherosclerotic lesions: they correspond to a series of cellular and molecular
inflammatory responses [25, 26].

The coronary endothelial dysfunction is considered an early stage of the coronary arterioscle‐
rosis. Arteriosclerosis develops through the influence of stress conditions to the endothelium,
such as obesity, aging, systemic arterial high blood pressure,hypercholesterolemia, diabetes,
and tobacco addiction. These factors damage the endothelium and induce an inflammatory
reaction on the vascular wall. Such reaction increases the secretion of primary proinflamma‐
tory cytokines, such as interleukin (IL)-1 and tumor necrosis factor-alpha (TNF-α) [27, 28].

In fact, adipose tissue is considered not only a deposition of triacylglycerol and free fatty acids
but also an important endocrine and paracrine organ, which produces several proinflamma‐
tory substances [29]. An excess of adipose tissue indicates that obesity is being regarded as a
source of proinflammatory mediators that contribute to vascular injury, insulin resistance, and
atherogenesis. The adipokines, which play an important role of endothelium dysfunction and
arteriosclerosis, include C-reactive protein (CRP), TNF-α, angiotensinogen, resistin, leptin,
IL-6, and plasminogen activator inhibitor-1 (PAI-1).

Main inflammatory markers in obesity

• C-reactive protein (CRP): The CRP is an acute phase protein (APP) synthesized in the liver
and regulated by the circulating levels of IL-6. Recently, high levels of CRP in plasma were
considered as independent predictors of coronary artery disease [30]. Circulating plasma
levels of CRP are high in obese and are directly related to the amount of body fat, estimated
by means of body mass index, visceral obesity, abdominal circumference, insulin resistance,
metabolic syndrome, and diabetes mellitus [31].

• The CRP participates directly in the process of atherogenesis and modulates the endothelial
function. It also induces the expression of several molecules (intercellular adhesion mole‐
cule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), monocyte chemoattractant
protein-1 (MCP-1), and selectins). It acts as regulator of the production of nitric oxide in the
endothelium and coordinates the production and secretion of several cytokines, increasing
the proinflammatory activity of several adipokines [32].
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• TNF-α: High amounts of secretion of inflammatory cytokine produced by obese individuals
and by insulin-resistant patients not only give rise, but spread the formation of atheroscler‐
otic lesion. The TNF-α participates in the acceleration of atherogenesis by inducing the
expression of VCAM-1, ICAM-1, MCP-1, and E-selectin. It also reduces the bioavailability
of nitric oxide in endothelial cells and impairs endothelium-dependant vasodilation,
promoting the endothelial dysfunction. Besides this, it causes apoptosis in endothelial cells,
contributing for endothelial injury [33].

• Resistin: It is a hormone specific of the adipose tissue recently discovered, which directly
induces the insulin resistance in muscles and liver. The resistin induces the expression of
messenger RNA producer of endothelin-1 in endothelial cells, thus contributing to endo‐
thelial dysfunction. It also significantly increases the expression of the cellular adhesion
molecule VCAM-1 and the MCP-1, hey factors in formation of early atherosclerotic lesion
[34]. It was recently demonstrated the proinflammatory action of resistin in smooth muscle
cells: it induces the proliferation of such cells, suggesting the action of these hormones is
restenosis of coronary lesions in patients with diabetes [35].

• Angiotensinogen: It is a precursor of angiotensin II, expressed and produced in adipocytes.
The angiotensin II directly stimulates the expression of ICAM-1, VCAM-1, MCP-1, and M-
CSF in vascular cells. The increased production of angiotensinogen by the adipose tissue is
associated with high blood pressure and angiogenesis, both related to endothelial dysfunc‐
tion. Similarly, the angiotensin II acts in the formation of oxygen-derived free radicals,
decreasing the availability of nitric oxide and causing damages to the vascular tissue [36].

• Adiponectin: Opposed to what happens to other adipokines already referred to, the levels
of adiponectin are lower in obese patients, functioning as an inhibitor agent of the inflam‐
matory process [37]. Clinical and experimental studies suggest that low levels of adiponectin
contribute for the development of diseases related to obesity, including cardiovascular
diseases [38]. Levels of adiponectin in plasma generally range from 3 to30 μg/ml in healthy
individuals. In obese individuals, these levels are significantly reduced, with negative
correlation between BMI and adiponectin levels in plasma [39]. The reason for the reduction
of the levels of adiponectin in obese individuals seem to be related with proinflammatory
cytokines, such as the IL-6, which, due to the fact they increase in obese individuals, may
cause a reduction in the expression of the messenger RNA producer of adiponectin and its
release by adipocytes [40]. In vascular levels, actions of the adiponectin comprise reduction
in expression of ICAM-1, VCAM-1, and E-selectin.

5. Obesity and its related heart disease

Obesity increases total blood volume and cardiac output, and cardiac workload is greater in
obesity. Typically, obese patients have a higher cardiac output but a lower level of total
peripheral resistance at any given level of arterial pressure. With increased filling pressure and
volume, overweight and obese individuals often develop left ventricular (LV) chamber
dilation and the risk of left ventricular hypertrophy also increases [41]. In addition to LV
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decreasing the availability of nitric oxide and causing damages to the vascular tissue [36].

• Adiponectin: Opposed to what happens to other adipokines already referred to, the levels
of adiponectin are lower in obese patients, functioning as an inhibitor agent of the inflam‐
matory process [37]. Clinical and experimental studies suggest that low levels of adiponectin
contribute for the development of diseases related to obesity, including cardiovascular
diseases [38]. Levels of adiponectin in plasma generally range from 3 to30 μg/ml in healthy
individuals. In obese individuals, these levels are significantly reduced, with negative
correlation between BMI and adiponectin levels in plasma [39]. The reason for the reduction
of the levels of adiponectin in obese individuals seem to be related with proinflammatory
cytokines, such as the IL-6, which, due to the fact they increase in obese individuals, may
cause a reduction in the expression of the messenger RNA producer of adiponectin and its
release by adipocytes [40]. In vascular levels, actions of the adiponectin comprise reduction
in expression of ICAM-1, VCAM-1, and E-selectin.

5. Obesity and its related heart disease

Obesity increases total blood volume and cardiac output, and cardiac workload is greater in
obesity. Typically, obese patients have a higher cardiac output but a lower level of total
peripheral resistance at any given level of arterial pressure. With increased filling pressure and
volume, overweight and obese individuals often develop left ventricular (LV) chamber
dilation and the risk of left ventricular hypertrophy also increases [41]. In addition to LV
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structural abnormalities, obesity also leads to left atrial enlargement, both from increased
circulating blood volume as well as abnormal LV diastolic filling [42]. These abnormalities not
only increase the risk of heart failure, but may increase the risk of atrial fibrillation.

• Obesity and hypertension

A study [43] showed that activation of the sympathetic nervous system has been considered
to have an important function in the pathogenesis of obesity-related hypertension. Plasma
renin activity, angiotensinogen, angiotensin II, and aldosterone values display significant
increase during obesity. Insulin resistance and inflammation may promote an altered profile
of vascular function and consequently hypertension. Leptin and other neuropeptides are
possible links between obesity and the development of hypertension.

The arterial pressure control mechanism of diuresis and natriuresis, according to the principle
of infinite feedback gain, seems to be shifted toward higher blood pressure levels in obese
individuals.

• Obesity and Heart failure

A study of 5,881 Framingham Heart Study participants [44] showed that during a 14-year
follow-up, heart failure developed in 496 participants (258 women and 238 men). The crude
cumulative incidence and the age-adjusted incidence rates of heart failure increased across
categories of body mass index for both men and women. For every 1 kg/m2 increment in BMI,
the risk of heart failure increased 5% in men and 7% in women. In fact, a graded increase in
the risk of HF was observed across all categories of BMI.

The strength of the association, the stepwise increase in the risk of heart failure across increas‐
ing categories of body mass index, the demonstration of a temporal sequence (with increased
body mass index preceding the development of heart failure), and the consistency of results
in multiple analyses suggest a causal relation between increased body mass index and heart
failure.

Obesity and arrhythmias

• Atrial fibrillation (Af)

The mechanisms linking atrial fibrillation and obesity include: structural and electrophysio‐
logical atrial remodeling, metabolic factors, sympathovagal imbalance, clinical links (obstruc‐
tive sleep apnea, cardiovascular comorbidities) and inflammation.

Based on a population-based cohort studies [45], obese individuals have an associated 49%
increased risk of developing Af compared to non-obese individuals (relative risk 1.49, 95%
confidence interval 1.36–1.64). The risk of atrial fibrillation increased in parallel with greater
BMI in this cohort. Thus, Af evolves as yet another pathogenic factor by which obesity may
increase cardiovascular and cerebrovascular events. In contrast, in the postcardiac surgery
studies, obese individuals do not have an associated increased risk of developing Af compared
to non-obese individuals (relative risk 1.02, 95% confidence interval 0.99–1.06) [45].
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• Ventricular arrhythmias

The another commonly reported arrhythmias resulting from obesity is ventricular tachycardia.
The main mechanisms leading to ventricular arrhythmia and sudden cardiac death in obese
individuals include cardiomyopathy, metabolic factors, sympathetic hyperinnervation,
obesity-induced electrophysiological remodeling, coronary heart disease as common comor‐
bidity and radical weight reduction strategies. Electrocardiographic monitoring, including P
wave and QT interval duration, are extremely important in obese patients [46].

A positive association between corrected QT (QTc) interval and BMI has been noted, and
prolonged QTc has predicted increased mortality even in apparently healthy populations.
Although a relationship between QTc and increased obesity has been noted in many studies,
this is most evident in the severely obese [47]. The presence of late potentials may be related
to some of the pathological changes noted with cardiomyopathy of obesity, including myocyte
hypertrophy, fibrosis, and fat. Finally, obesity is associated with abnormalities in sympatho-
vagal balance, leading to higher heart rate and reduced heart rate variability, known factors
related with increased risk of sudden cardiac death (SCD).

Overwhelming evidence supports the importance of obesity in the pathogenesis and progres‐
sion of heart diseases, with increased indexes of morbidity and mortality. If the obesity
epidemic continues, human may soon witness an unfortunate end in life.

6. Evaluation

Determine etiology

Many factors contribute to obesity. However, most cases of obesity are related to factors such
as a sedentary lifestyle and increased caloric intake [48].

To determine etiology, the medical history should include age at onset and duration of weight
gain, any habit change and events associated with weight gain, previous weight loss attempts,
change in dietary patterns, exercise, current and past medications, and history of smoking.
Medications are a common cause of weight gain and obesity, in particular insulin, sulfony‐
lureas, thiazolidinediones, and antipsychotics agent.

Physical examination should focus on the possible secondary cause of obesity, including
thyroid goiter (hypothyroidism), proximal muscle weakness, purple striae, osteoporosis
(Cushing’s syndrome), and acne/hirsutism. The related vital sign change (e.g., Blood pressure
and heart rate) and testing (e.g., laboratory tests) to assess other metabolic diseases associated
with obesity are also important to evaluate overweight and obese individuals.

Assessment of risk

To assess an individual’s risk for subsequent mortality, the degree of overweight (BMI) and
the presence of abdominal obesity (waist circumference), cardiovascular risk factors, comor‐
bidities, and other factors should be measured.
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• Cardiovascular risk factors

Risk factors for CVD include high blood pressure (hypertension) and smoking, dysregulation
of blood cholesterol (reduced levels of high-density lipoprotein [HDL] or elevated levels of
low-density lipoprotein [LDL]), diabetes, sleep apnea, lack of exercise, family history of heart
disease, and ethnic background. These risk factors should be managed independent of weight
loss efforts.

• Comorbidities and other factor

◦ Symptomatic osteoarthritis: The disease is associated with obesity that do not increase
cardiovascular risk. The precise mechanism by which obesity leads to osteoarthritis
remains unknown but is likely to be due to a combination of mechanical, humoral, and
genetic factors. Weight loss has clear medical benefits for the obese patient and seems to
be a logical way of relieving joint pain associated with degenerative arthritis [49].

◦ Pregnancy: Women have more fat as a percent of body weight than men from puberty
onward and tend to gain more fat during adult life than men. Being overweight increases
the risk of complications for pregnant women and their babies. The higher a woman's
BMI, the higher the risks. The increasing risks are in relation to: gestational diabetes and
miscarriage, high blood pressure and preeclampsia, blood clots, and having a baby
weighing more than 4 kg.

◦ Age of onset: Children with a low birth weight and those whose weight rises more rapidly
in the first 10 years are at high risk for diabetes as adults [50].

7. Treatment

The goal of treatment for obesity is to lose weight in order to improve your health, both
physically and psychologically. For example, losing weight may help you to improve your
self-esteem or help you to decrease the risk of coronary artery disease.

Types of treatment—Based on patient’s measurements and medical history, doctor or nurse
can determine what combination of weight loss treatments would work best. Treatments may
include changes in lifestyle, exercise, dieting and, in some cases, weight loss medicines or
weight loss surgery.

• Importance of weight loss

The importance of weight loss in obese subjects is that obesity is associated with many health
risks, including hypertension, heart failure, coronary artery disease, dyslipidemia, and
diabetes.The higher the BMI and waist circumference, the greater the risk.

One study indicated that overweight/obese women with obesity-related illness, who lost
weight intentionally within 1 year, had significantly reduced mortality rates of 19–25%. In
contrast, studies of overweight/obese diabetics irrespective of gender showed significant
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benefit of intentional weight loss on mortality in a meta-analysis, hazard ratios = 0.75 (0.67–
0.83) [51].

• Treatment options

It is important to set goals when discussing a weight loss program with an individual patient.
Many nervous patients have a weight loss goal of 40% or more below current weight, which
is unrealistic. A realistic weight loss goal will make a better initial point. An initial weight loss
goal of 5–7% of body weight is realistic for most individuals [52].A weight loss of more than
5% can reduce risk factors for cardiovascular disease, such as dyslipidemia, hypertension, and
diabetes mellitus [53]. In trials comparing pharmacologic therapy with placebo, weight loss of
10–15% using both drug and behavioral intervention is considered a very good response, and
weight loss exceeding 15% is considered an excellent response. Thus, the clinician and the
patient need to come to a mutual understanding of the realities of weight loss.

Individuals with a BMI of 25–29.9 kg/m2, who do not have risk factors for cardiovascular
disease or other obesity related comorbidities, may be described as having low risk. They
should receive counseling on prevention of weight gain. Individuals with a BMI between 25
and 29.9 kg/m2 and with one or more risk factors for CVD (diabetes, hypertension, and
dyslipidemia), or with a BMI of 30–34.9 kg/m2, are at moderate risk. They should be counseled
about weight loss interventions.

• Types of treatment

◦ Changes in lifestyle: lifestyle modification is the most essential and gentle method of body
weight loss. It is also physician’s first choice. A comprehensive lifestyle intervention
(combined diet, exercise, and behavioral treatment) is the most important strategy for
weight management. The behavioral component facilitates adherence to diet and exercise
regimens. It includes regular self-monitoring of food intake, physical activity, and body
weight. Some behavioral components were used to help achieve these weight loss goals,
including behavioral self-management training, individual case managers, group and/or
individual sessions, individualized adherence strategies, and a network of training,
feedback, and clinical support [54].

◦ Exercise and dietary therapy: Exercise and dietary therapy remain essential to the
treatment of obesity, even for patients who choose medications or surgery. In most
studies, exercise modestly improves weight loss and show an association between higher
levels of physical activity and lower rates of many chronic diseases, such as obesity [55].
The multicomponent exercise program should be designed to prevent the possibility of
exercise injury and to fit individuals, who can receive a pre-exercise evaluation by
physicians. A well-designed exercise program should include balanced training and
flexibility, and aerobic exercise and high-intensity resistance training may be effective.
The duration and the energy expenditure goal should also fit individuals.

The goal of dietary therapy is to reduce the calories consumed. Balanced low-calorie diets/
portion-controlled diets with low-fat diets and low-carbohydrate diets are the components of
the commonly used dietary therapy to reach the goal of calories restriction. However, the over-
or rapid decrease of calories may lead to side effects such as mentioned below.
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Weight loss medicines or weight loss surgery

Drug therapy is not the first choice, but it is recommended for patients with a BMI greater than
30 kg/m2, or a BMI of 27–29.9 kg/m2 if they have comorbid conditions, such as hypertension,
heart failure, coronary artery disease, diabetes, etc.

• Orlistat, as the drug to alter fat digestion, has cardiovascular safety and beneficial effects on
serum total cholesterol and low-density lipoprotein concentrations. The recommended dose
for patients who are candidates for pharmacologic therapy is 120 mg three times per day.
Orlistat does not alter the pharmacokinetics of many drugs. However, absorption of fat-
soluble vitamins may be decreased by orlistat. Patients with orlistat therapy should be
advised to take a multivitamin. For patients taking warfarin, a decrease in vitamin K may
be related to a higher bleeding tendency.Reduction in the dose of warfarin with INR regular
monitor are recommended.

• Lorcaserin, as the drug of serotonin agonist, is approved as an addition to a reduced-calorie
diet and exercise for patients who are obese (BMI ≥30 kg/m2) or overweight (BMI ≥27
kg/m2) with at least one medical comorbidity, such as type 2 diabetes, hypertension, heart
failure, dyslipidemia, or sleep apnea [56, 57]. Lorcaserin appears to have similar efficacy as
and fewer adverse effects than orlistat, although long-term safety data are limited.

• Diabetes drugs, such as metformin, exenatide, and liraglutide, are suitable for diabetic
patients with obesity. In one trial of patients with obesity and the metabolic syndrome,
patients receiving metformin lost significantly more weight (1–2 kg) than the placebo group
[58]. The weight loss efficacy of the other two drugs, as GLP-1 receptor agonists, has been
reported in trials. In the United State, liraglutide is available for diabetic patients with body
mass index (BMI) ≥30 kg/m2 or ≥27 kg/m2with at least one obesity related comorbidity.

• Combination drugs: Phentermine–topiramate combination was compared with placebo in
2487 adults with BMI of 27–45 kg/m2 and two or more comorbidities [59]. After 1 year, mean
weight loss was greater in those assigned to treatment (8–10% versus 1.4 kg with placebo
[8–10% versus 1.2% of baseline bodyweight]). Unfortunately, the combination was less
effective in further weight loss in the second year.

• Bariatric surgery is only considered for patients with BMI ≥40 kg/m2 who have “failed” to
lose weight with diet, exercise, and drug therapy.

• Risks of treatment—treatments for obesity can be divided according to the risk of side
effects.

• The side effects of orlistat include intestinal borborygmi and cramps, flatus, fecal inconti‐
nence, oily spotting, and flatus with discharge.

• In clinical trials [44, 45], the most common side effect of lorcaserin was headache, experi‐
enced by about 18% of drug arm participants compared to 11% of placebo participants. The
other side effects are as follows: upper respiratory tract infection (14.8% vs. 11.9%), sinusitis
(7.2% vs. 8.2%), and nausea (7.5% vs. 5.4%).

• The most common adverse events verse placebo in these trials of phentermine–topiramate
combination were dry mouth (13–21%vs. 2%), constipation (15–17% versus 6%), and
paresthesia (14–21%vs. 2%) [59].
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• The most common adverse effects of bariatric surgery were iron deficiency anemia and the
need for reoperations.

8. Conclusion

The general consensus is that excess intake of calories from any source and physical inactivity,
associated with a sedentary lifestyle, causes weight gain and obesity. The strong evidences
from trials, studies, and guidelines have been reported that obesity and its related comorbidity
increase the risk of mortality. The benefits of weight loss are also seen. However, it is not good
enough to just decrease body weight.

A well-designed weight loss program for individuals includes the weight loss goal, preexercise
evaluation, exercise program, diet therapy, and the adequate medication—“Right drug, Right
does, Right population” for these obese patients with comorbidities.

Even though obesity increases prevalence year by year, we must look forward to the challenge
of reversing this epidemic and have confidence in our future.

Appendices and nomenclatures

Waist circumference measurement sites:

1. Locate upper hip bone and top of right iliac crest.

2. Place measuring tape in horizontal plane around abdomen at iliac crest.

3. Ensure tape in sung but does not compress the skin.

4. Tape should be parallel to floor.

5. Record measurement at the end of a normal expiration.
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Abstract

Our understanding of the potential role of diet in the prevention and risk reduction of
coronary artery disease (CAD) has evolved in the past 100 years. Data on trends in
food consumption and ecological studies are the early evidences that showed associa‐
tions between prevalence and fat intake across and within countries. The last 50 years
of epidemiology and clinical trials have focused on the efficiency of nutritional inter‐
ventions in the prevention of CAD.

The original diet-heart hypothesis was very simple: Cholesterol is a constituent of
atherosclerotic plaque. This hypothesis was based on the differences in average popu‐
lation serum cholesterol levels and population rates of CAD mortality. The Seven
Country study was the first to show that the intake of saturated fat varied considera‐
bly by region and populations, with the greatest intake of saturated fat were found to
have the highest serum cholesterol levels. Follow-up studies confirmed that these
study groups also had the highest incidence of CAD. Thus, it was thought that there
was a direct relation between cholesterol in diet, cholesterol in blood, and cholesterol
in the plaque and its clinical complications such as myocardial infarction (MI). These
findings stimulated further inquiry to determine whether altering the diet could de‐
crease serum cholesterol levels and, thereby, decrease the incidence of CAD. Nearly
all clinical trials in the 1960s, 1970s, and 1980s compared usual diets with those char‐
acterized by low total fat, low saturated fat, low dietary cholesterol, and increased
polyunsaturated fats. Actually, these diets did reduce cholesterol levels. However,
they did not reduce the incidence of MI and CAD mortality. With accumulating evi‐
dence, we have now moved away from a focus on total fat and cholesterol to the im‐
portance of considering the content of fat and total calories in the diet. In other words,
the type of fat, rather than the total or the ratio or balance between the saturated and
certain unsaturated fats may be the determinant. Recent meta-analyses of intervention
studies confirm the beneficial effects of replacing saturated with polyunsaturated fat‐
ty acid on CAD risk. Additionally, recent studies indicate that dietary patterns consis‐
tent with the traditional Mediterranean-style diets (MedD) with a strong focus on
veggies, fruits, fish, whole grain, and olive oil are effective in preventing CAD to a de‐
gree greater than low-fat diets and equal to or greater than the benefit observed in sta‐
tin trials. Recent secondary prevention studies have convincingly demonstrated the
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benefit of diets that closely followed the MedD in reducing re-infarction and clinical
manifestations of CAD.

In conclusion, CAD is still a significant problem and a growing health concern world‐
wide. Although mortality rates from CAD have decreased due to advances in phar‐
macological treatments, the prevalence of cardiovascular risk factors continue to
increase. The importance of diet as a key modifiable risk factor in CAD is undisputa‐
ble. Nutritional interventions have proven that a complicated set of many nutrients
interact to influence CAD risk. Therefore, recent guidelines consider diet as a whole
and combine nutrient and energy recommendations into a healthy pattern that is nu‐
trient dense and energy balanced.

Keywords: CAD prevention, reducing cholesterol, low-fat diets, Mediterranean diet

1. Introduction

Unfortunately, coronary artery disease (CAD) is the leading cause of morbidity and mortality
worldwide despite costly aggressive drug and surgical interventions as a first line strategy [1].
However, these therapies fail to address the origin of the problem, that is, the most proximal
risk factors for progression of atherosclerotic CAD, including poor-quality diet patterns,
physical inactivity, obesity, and cigarette smoking [1, 2]. Consistent evidence from landmark
epidemiological studies supports the concept that these risk factors contribute nearly 80% of
population-attributable risk of cardiovascular diseases (CVD) [3-4]. Accordingly, a healthy
lifestyle modification may afford close to 80% protection from CAD [5]. Therefore, lifestyle
managements to reduce cardiovascular risk are of superior importance as stated in population-
based strategies for cardiovascular prevention such as 2012 European guidelines [6] and the
2013 American College of Cardiology (ACC)/American Heart Association (AHA) guidelines
[7].

Research on the origin of CAD has been ongoing for approximately a century [8]. From the
beginning, diet played a paramount role in research on the cause of CAD. At the same time,
one of the great interests was explaining differences in the incidence of CAD among popula‐
tions. In the early 1900s, evidence from cross-cultural studies indicated some associations
between diet and cholesterol. However, systemic associations between diet, cholesterol, and
CAD were made almost after half a century. In the 1950s, cross-cultural studies indicated that
endemic diets had important impact on the variation of CAD across populations [9]. Thus, it
was thought that there was a direct relation between cholesterol in diet, cholesterol in blood,
and cholesterol in the plaque, and its clinical complications such as myocardial infarction (MI).
The findings of cross-cultural studies stimulated further inquiry to determine whether altering
the diet could decrease serum cholesterol levels and, thereby, decrease the incidence of CAD.
Nearly all clinical trials in the 1960s, 1970s, and 1980s compared usual diets with those
characterized by low total fat, low saturated fat, low dietary cholesterol, and increased
polyunsaturated fats. Actually, these diets did reduce cholesterol levels. However, they did
not reduce the incidence of MI and CAD mortality. Secondary prevention trials in the 1990s,
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together with primary prevention approaches in the 2000s, indicate that dietary patterns
consistent with the traditional Mediterranean-style diets (MedD) with a strong focus on
veggies, fruits, fish, whole grain, and olive oil are effective in preventing CAD to a degree
greater than low-fat diets and equal to or greater than the benefit observed in statin trials. With
accumulating evidence, we have now moved away from a focus on total fat and cholesterol to
the importance of considering the content of fat and total calories in the diet. In other words,
the type of fat, rather than the total or the ratio or balance between the saturated and certain
unsaturated fats may be the determinant. Recent meta-analyses of intervention studies confirm
the beneficial effects of replacing saturated with polyunsaturated fatty acid on CAD risk.
Nutritional interventions have proven that a complicated set of many nutrients interact to
influence CAD risk. Therefore, recent guidelines consider diet as a whole and combine nutrient
and energy recommendations into a healthy pattern that is nutrient dense and energy
balanced.

This chapter begins with early studies and interventions for prevention of CAD through diet,
and it continues with recent clinical trials. In the next section, we will focus on the newer "whole
diet" approach, consistent with the traditional MedD, which has proven to be successful in
preventing CAD. Finally, we will summarize the current state of knowledge on dietary fats
and prevention of CAD by foods.

2. Diets to prevent CAD: From early studies to recent trials

2.1. Early clues that diet may prevent CAD

In 1908, A.I. Ignatowski was first to observe that cholesterol-rich food promoted atherosclerosis
in rabbits [10]. Then, as reported by Finking and Hanke, Nikolai N. Anichkov showed in 1913
that cholesterol-enriched diet led to atheromatous changes such as fatty streaks and advanced
atheromatous plaques in the vascular wall of rabbits that are similar to the lesions in humans
with coronary atherosclerosis [11]. During the ensuing decades, atherosclerosis moved from
a laboratory curiosity to a major public health concern.

Starting in the 1950s, research on atherosclerosis gained more credibility and support, as a
multidisciplinary community of clinical investigators accomplished new research programs
dedicated to unraveling the puzzle about pathophysiological origins and treatment of CAD.
In 1952, Kinsell reported that intake of vegetable oil instead of animal fats resulted in a striking
decrease in serum cholesterol and phospholipid levels [12]. Groen et al. found out that intake
of vegetarian diets decreased serum cholesterol levels [13].

The first study on the variation in the occurrence of CAD across populations was published
in 1916 by the Dutch physician De Langen, who observed that cholesterol levels of Dutch
immigrants in the former Dutch Indies were approximately twice as high as those of native
Javanese [14]. He hypothesized for the first time that differences in diet patterns could be
associated difference in average population cholesterol levels. However, the first systemic
association between diet, cholesterol, and CAD waited until the 1950s.
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2.2. The first systemic association between diet, cholesterol, and CAD: The diet-heart
hypothesis

In 1957, Angel Keys cited extensive epidemiological evidence that indicate a sequence of
etiologic relations existed between the saturated fat content of the diet, serum cholesterol
concentrations, and the development of CAD [9]. These observations, based on the differences
in average population serum cholesterol levels and population rates of CAD mortality, played
a pivotal role for the development of diet-heart hypothesis: Dietary saturated fat, and in some
versions, dietary cholesterol, raise blood cholesterol, which in turn leads to coronary athero‐
sclerosis [9]. In 1957, Keys et al. began the Seven Countries Study by surveying 12,763 men
aged 40 to 59 years formed 16 cohorts in seven countries (Italy, Greece, the former Yugoslavia,
the Netherlands, Finland, Japan, and the United States). Study communities were chosen for
the relative uniformity of their rural laboring populations and their contrasting dietary
patterns. Information on biological risk factors (e.g., serum cholesterol, blood pressure, and
antrophotometric measurements) were collected and ECG was taken in addition to a physical
examination. Information on diet was collected by use of 7-day food records in small samples
of each cohort. The risk factor surveys were repeated after five and ten years. Through central
chemical analysis of the foods consumed by randomly selected families as well as diet-recall
measures, Keys and his colleagues were able to determine that both the blood cholesterol levels
and the heart-attack death rates were highest in societies where fat was a major component of
every meal (i.e., the US and Finland). Conversely, blood cholesterol was low and heart attacks
were rare in cultures where diets were based on fresh fruit and vegetables, bread, pasta, and
plenty of olive oil (i.e., the Mediterranean region). The findings of the seven countries study
published in 1970 had a significant impact on CAD prevention, as it described one of the first
studies to clearly show that dietary saturated fat leads to CAD, and that the relationship is
mediated by serum cholesterol [15].

2.3. Dietary recommendations and clinical trials

2.3.1. Low fat/low saturated fat/increased polyunsaturated diets

Even though the three major preventable risk factors for CAD (elevated serum cholesterol
levels, high blood pressure, and smoking) had been identified as early as 1956, the link between
cholesterol and CAD required the results of large epidemiology studies before gaining
widespread acceptance [16-18].

AHA was one of the first organizations to recommend dietary changes to decrease athero‐
sclerosis [19]. Together with the Society for the Study of Atherosclerosis, the AHA Nutrition
committee published their recommendations in 1957 [20]. In brief, it was concluded that diet
might play a crucial role in the pathogenesis of atherosclerosis, and the most essential factors
in the diet were the fat content and the total calories. It was also thought that the type of the
fat, rather than the total or the ratio or balance between the saturated and certain unsaturated
fats, might be the determinant. The same year, the AHA Nutrition Committee suggested for
the first time that CAD might be prevented by treating obesity with low-fat diet [20]. The
recommendations of the committee requested obese individuals to confine caloric consump‐
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tion by reducing dietary fat consumption. The following year, in 1958, Brown and Page
published a paper entitled "Lowering blood lipid levels by changing food patterns" and they
offered two dietary ways to treat serum cholesterol, namely, a diet containing minimum
animal fat together with an increase in vegetable oil and a strict low fat diet [21]. Afterwards,
by 1961, AHA’s Ad Hoc Committee on Dietary Fat and Atherosclerosis recommended the
reduction or control of fat consumption under medical supervision. Additionally, substitution
of polyunsaturated for saturated fats to prevent atherosclerosis and decrease the risks of heart
attacks and strokes were also recommended [22]. Thereafter, the importance of substitution of
polyunsaturated vegetable oil for saturated fat, instead of a low-fat diet, gained widespread
acceptance.

2.3.2. Dietary cholesterol reduction

In 1972, the American Medical Association (AMA) Council on Foods and Nutrition in
cooperation with the Food and Nutrition Board of National Academy of Sciences-National
Research Council published a joint statement that the blood cholesterol level was linked to the
risk of CAD [23]. Similar with AHA guidelines, these two representative councils stressed that
reasonable means should be followed to modify the nutritional conditions that contribute to
elevated plasma cholesterol and triglyceride levels. The primary goals suggested were
reduction in foods rich in cholesterol and partial replacement of saturated with polyunsatu‐
rated fats.

2.3.3. Clinical trials for secondary prevention of CHD

The US National Diet-Heart Study was a large, double-blind, two-year study on the effects of
diet on blood cholesterol levels in both free-living and closed populations [24]. The results of
the study indicated that the average change in blood cholesterol with low saturated fat, low
dietary cholesterol diets was 25 and 28 mg/dl or -11 and -12% in a free-living population, while
it was 36 mg/dl or -17% in the closed-institutional centers.

2.3.4. Lifestyle intervention studies for reversal of CAD

To date, a number of lifestyle intervention studies have been performed. Obtaining substantial
differences in lifestyle and diet between the experimental and control groups is complicated.
Moreover, it is almost impossible to avoid an aftereffect of a healthy lifestyle and diet advice
from the experimental group to the control group. Therefore, comprehensive controlled trials
investigating the combined effects of diet and a healthy lifestyle on disease end points in
individuals are difficult to perform and expensive.

In 1948, the Framingham Heart Study—under the direction of the National Heart Institute
(now known as the National Heart, Lung, and Blood Institute or NHLBI)—embarked on an
ambitious project in health research [25]. The objective of the Framingham Heart Study was
to identify the common factors or characteristics that contribute to CAD by following its
development over a long period of time in men and women free of these conditions at the
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outset. The first person was examined in September 1948 and four years later 5,209 persons
had received their first examination. The group has now been followed in the study for 24
subsequent biennial examinations. As changes in early detection and treatment of CVD
advance, prospective epidemiology is needed to document the value and impact of these
changes in an organized fashion. The availability of prospective data on two generations adds
to the uniqueness of the Framingham Study among ongoing studies of CAD epidemiology [26].

As a result of corroborative evidence from prospective population studies such as the Fra‐
mingham study, the scientific community focused on systemic intervention studies to test
whether reducing risk factors would reduce disease incidence. Nearly all clinical trials in the
1960s, 1970s, and 1980s compared usual diets with those characterized by low total fat, low
saturated fat, low dietary cholesterol, and increased polyunsaturated fats. Unsurprisingly, the
reduction in cardiovascular mortality and total mortality was greater in the secondary
prevention trials and appeared to be dependent on the baseline cholesterol levels; that is, the
higher the baseline risk the greater the obtained benefit.

In 1970, the Oslo Study dealed with 412 men, aged 30 to 64 years, randomized one to two years
after a first MI [27]. A diet low in saturated fats and cholesterol,and high in polyunsaturated
fats was recommended for the experimental group. After 11 years, a significantly reduced MI
mortality in the original diet group was found (32 versus 57, P = 0.004). The total number of
coronary deaths (fatal MI and sudden death) was 79 in the diet group and 94 in the control
group (P = 0.097). The CAD mortality was correlated with age, serum cholesterol level, blood
pressure, body weight, smoking habits, and a combination of these risk factors.

An early example of a primary prevention trial that used an intervention with regard to more
than 1 factor is the first Oslo trial [28]. In this trial, intervention was focused on both diet and
smoking. A total of 16,202 men, aged 40 to 49 years, were screened for coronary risk factors.
Of these, 1,232 healthy, normotensive men at high risk of CAD were selected for a five-year
randomized trial to show whether the lowering of serum lipids and cessation of smoking could
reduce the incidence of CAD. These men had high serum cholesterol levels (7.5 to 9.8
mmol/L), were mostly smokers (80%), had systolic blood pressures below 150 mm Hg, and
were at very high risk for CAD. They were randomized into two groups; the patients in the
intervention group were recommended to lower their blood lipids by change of diet and to
stop smoking, and the control group did not receive any advice. The advised diet was low in
saturated fat and high in fiber. Saturated fat intake decreased from 18% to 8% of the total energy
intake, and saturated fat was partly replaced by n-6 polyunsaturated fatty acids. During the
trial, mean serum cholesterol concentrations were approximately 13% lower in the interven‐
tion group than in the control group. This difference was in agreement with the difference in
fatty acid composition of the diet between the two groups. Besides the difference in diet, 25%
of smokers in the experimental group stopped smoking compared with 17% in the control
group. At the end of the observation period, the incidence of MI (fatal and non-fatal) and
sudden death was 47% lower in the intervention group than in the controls. When the incidence
of strokes was added, the difference between the groups was still significant. The reduction in
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incidence in the intervention group was correlated with the reduction in total cholesterol, and
to a lesser extent, with smoking reduction. It was concluded that, in healthy middle-aged men
at high risk of CAD, advice to change eating habits and to stop smoking significantly reduced
the incidence of the first event of MI and sudden death.

A large prospective cohort study is the Chicago Heart Association Detection Project in Industry
(CHA), which screened blood pressure, cholesterol level, and smoking [28]. Risk factor data
were available for 6,766 middle-aged men and women, aged 36 to 64 years. The age-adjusted
relative risks of coronary heart disease mortality for low-risk persons compared with those
who smoked and had elevated cholesterol and blood pressure levels varied between 0.08 in
CHA men aged 18 to 39 years and 0.23 in CHA men aged 40 to 59 years. The life expectancy
of persons at low risk was 9.5 years longer in CHA men aged 18 to 39 years and 5.8 years longer
in CHA women aged 40 to 59 years compared with persons at elevated risk. These results
illustrate the great impact of low risk factor levels on coronary heart disease risk and health in
general.

However, the Multiple Risk Factor Intervention Trial (MRFIT), a US multicenter clinical trial,
was an unsuccessful large prospective cohort study [29]. The risk factor data were available
for more than 360,000 men aged 35 to 57 years. The participants were screened for blood
pressure, cholesterol levels, and smoking for 16 years. In the special intervention group,
hypertension was treated with standard medications, and smoking cessation was promoted.
The dietary goals, reducing saturated fat to less than 8% caloric intake and cholesterol to less
than 250 mg/d, with increased polyunsaturated fat (>10%), were nearly accomplished.
However, despite the significant reduction in dietary fat, the changes in total cholesterol and
low-density lipoprotein cholesterol after seven years of intervention were modest. Total
cholesterol decreased by 2.9% in those receiving community care and 5% in those receiving
special care. The end points of reduction in total mortality and coronary death were not
achieved. This lack of efficacy was striking given that hypertension was better controlled and
cigarette cessation was more successful in the special intervention group.

In 1990, Ornish et al. reported a prospective, randomized, controlled trial of 48 patients with
angiographically documented CAD [30]. Twenty-eight patients were assigned to an experi‐
mental group (low-fat vegetarian diet, stopping smoking, stress management training, and
moderate exercise). Follow-up quantitative coronary angiography was performed after
intervention and compared with angiograms in 20 usual-care control patients with document‐
ed CAD. Overall, 82% of experimental-group patients had an average change towards
regression. Additionally, there was angiographic evidence of progression in 53% in the control
group. Coronary arteriography was repeated five years later. Additional regression was noted
in 20 patients who maintained their lifestyle changes, with further progression in the 15 control
patients. These patients followed a very low-fat (10%) vegetarian diet. It was noted that
comprehensive lifestyle changes might be able to bring about regression of even severe
coronary atherosclerosis after only one year, without use of lipid-lowering drugs.
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2.4. Dietary trials for secondary prevention of CAD

2.4.1. Early trials

In 1989, Burr et al. reported the results of the Diet Reinfarction Trial, a randomized controlled
trial that investigated the effect of diet on the secondary prevention of MI, involving 2,033 men
[31]. The trial had a factorial design, subjects being randomized independently to receive
advice or no advice regarding three dietary factors: (1) total fat intake and the ratio of poly‐
unsaturated to saturated fat; (2) fatty fish consumption; and (3) cereal fiber intake. The results
suggested that compliance with the advice was reasonably good. There was a slight (3.6%)
reduction in cholesterol in those advised to decrease fat. There was no decrease in cholesterol
in patients advised to increase fatty fish or cereal fiber intake. None of these three factors
influenced the two-year incidence of reinfarction or cardiac death. However, patients coun‐
seled to eat fatty fish had a 29% reduction in the two-year all-cause mortality. It was suggested
that the difference attributable to advice on fat was somewhat less than anticipated, partly
because of failure to comply with the advice and partly because of spontaneous changes in the
diets of control subjects.

The Indian Experiment of Infarct Survival Study (1989-1992), a randomized, single-blind,
controlled trial, aimed to test whether a fat-reduced diet rich in soluble dietary fiber, antioxi‐
dant vitamins, and minerals reduces complications and mortality after acute MI [32]. For this
aim, 406 patients with suspected acute MI were randomized to one of two low-fat diets. The
experimental group was counseled on a “whole diet approach” that included increased intake
of fruits, vegetables, nuts, and fish. Main outcome measures were mortality from cardiac
disease and other causes, and serum lipid concentrations and compliance with diet. Total fat
was reduced to 24% of daily calories in the experimental group and 28% in control group.
Saturated fat was significantly reduced in the experimental group. Dietary cholesterol was 147
mg/d in the experimental group compared with 287 mg/d in the control diet. The experimental
group lowered total cholesterol by 13% compared with 5% in the control diet. There was a
significant reduction in the combination of nonfatal MI, fatal MI, and sudden death from 82
patients assigned to the control diet to 50 patients on the experimental diet. It was concluded
that comprehensive dietary changes in conjunction with weight loss immediately after acute
MI might modulate blood lipoproteins and significantly reduced complications and mortality
after one year.

In the Lyon Diet Heart Study (1988-1997), a randomized, controlled trial with free-living
subjects, 605 survivors of a first MI were randomized to an Mediterranean-type diet (consistent
with the new AHA Dietary Guidelines) or a “prudent” low-fat diet on composite measures of
the coronary recurrence rate [33]. The Mediterranean-type diet is a whole diet approach that
is low in animal products and saturated fat, with an emphasis on the use of olive oil. It is rich
in legumes, fruit, vegetables, and fish. Butter and cream were replaced with a canola-based
margarine. The saturated fatty acid and oleic acid contents in the margarine were comparable
to those in olive oil, with the exception that the margarine was higher in linoleic acid and α-
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linolenic acid. Subjects in the experimental group participated in a one-hour counseling
session. In contrast, control subjects received no specific dietary advice apart from that
generally provided by attending physicians and hospital dietitians. The end points of the Lyon
Diet Heart Study were cardiovascular death or nonfatal MI. At the end of the trial, the
percentage of daily calories from fat was 30.4% in the Mediterranean diet group and 33.6% in
the low-fat/low cholesterol control group. The calories derived from saturated fat were
significantly lower in the Mediterranean diet group (8% vs. 11.7%), as was the daily cholesterol
intake (203 vs. 312 mg/day). In addition, omega-3 consumption (from vegetables, fish, and
margarine) was considerably higher and omega-6 consumption was lower for those on the
Mediterranean diet. At the end of the trial, there was no significant difference between the total
serum cholesterol or low-density lipoprotein cholesterol levels in those on the two diets. The
trial was stopped after 27 months when an intermediate analysis showed that those on the
Mediterranean diet had a 73% reduction in CVD deaths and nonfatal MI. After 46 months,
despite a similar coronary risk factor profile (plasma lipids and lipoproteins, systolic and
diastolic blood pressure, body mass index, and smoking status), subjects following the
Mediterranean-style diet had a 50% to 70% lower risk of recurrent heart disease, as measured
by three different combinations of outcome measures including (1) cardiac death and nonfatal
heart attacks; (2) the preceding plus unstable angina, stroke, heart failure, and pulmonary or
peripheral embolism; and (3) all of these measures plus events that required hospitalization.

2.4.2. Contemporary approach for primary prevention of CAD: Mediterranean diet

The Mediterranean diet is considered as one of the most favorable diet for cardiovascular
health. It is an evidence-based diet to prevent not only CVD but also some other chronic
diseases such as breast cancer, depression, colorectal cancer, diabetes, obesity, asthma, erectile
dysfunction, and cognitive decline [34].

The most important feature of the Mediterranean diet seems to be a synergy between the
various cardioprotective nutrients and foods [35]. In general, the Mediterranean diet is
characterized by a high intake of monounsaturated fats from olive oil, fruits, vegetables, whole
grains, legumes, nuts; a moderate intake of fish and poultry; a low intake of dairy products,
red meat, processed meats, and sweets [34, 36, 37].

The high concentration of unsaturated fats, such as olive oil, is the most prominent aspect of
the Mediterranean diet. Research on the impact of olive oil consumption for CVD prevention
has showed that the cardioprotective effects of olive oil are thought to be attributed to the
presence of its phenolic compounds, which are potent antioxidants, free radical scavengers,
and enzyme modulators [38].

Numerous observational data show a reduction in CVD by increased consumption of fruits
and vegetables. The potential benefit of fruits and vegetables could lie in reduced total caloric
burden, or in large amount of micronutrients that they provide. The exact evidence establishes
the antioxidant properties of fruit and vegetables [39] and the health benefits of increased
flavonol intake [40]. The effects of nitric oxide (NO) species, or concomitant weight loss
associated with diets high in fruits and vegetables could be alternative mechanisms [34].
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An extensive amount of data suggests a beneficial effect of increased whole grains on CVD
morbidity and mortality. AHA guidelines indicate that diets high in fiber such as whole grains,
oats and barley reduce cardiovascular disease morbidity and mortality through lipid lowering,
and recommend a total dietary fiber intake of 25-30 g per day from whole foods [41].

The data about the beneficial effect of moderate nut consumption are positive. Evaluation of
observational studies showed that substituting walnuts, peanuts, almonds, or other nuts for a
serving of carbohydrates or saturated fats reduced blood lipids, as well as the risk for cardio‐
vascular disease by 30% and 45%, respectively [42].

Estruch et al. designed a randomized trial, the PREvención con DIeta MEDiterránean (PRE‐
DIMED) Study, to test the efficacy of two Mediterranean diets (one supplemented with extra-
virgin olive oil and another with mixed nuts), as compared with a control diet (advice on a
low-fat diet), on primary cardiovascular prevention [37]. A total of 7,447 men and women (age
ranged from 55 to 80 years) in Spain who were at high cardiovascular risk at enrollment, but
without evidence of cardiovascular disease, were randomized to one of three diets stated
above. Participants received quarterly individual and group educational sessions and,
depending on group assignment, free provision of extra-virgin olive oil, mixed nuts, or small
nonfood gifts. Total fat intake was not restricted in patients on the Mediterranean diet, but the
source of fat was predominantly from fatty fish and plants. The low fat diet group was
counseled to reduce all types of fat, including olive oil and nuts. The primary end point was
the rate of major cardiovascular events (MI, stroke, or death from cardiovascular causes). The
trial was stopped after a median follow-up of 4.8 years on the basis of the results of an interim
analysis. Total dietary fat was higher in the Mediterranean diet groups. Both groups were
similar with regard to saturated fat and dietary cholesterol intake. The primary end point,
namely MI, stroke, or death from cardiovascular causes, was reduced by 30% in the Mediter‐
ranean diet supplemented with extra virgin olive oil and 28% lower in the Mediterranean diet
group supplemented with mixed nuts compared with controls.

Conclusively, Estruch et al. suggested that dietary patterns consistent with the traditional
Mediterranean-style diet were particularly cardioprotective [37]. Mediterranean-style diets are
widely accepted to be effective in preventing CHD even though they do not decrease total
serum cholesterol or low-density lipoprotein cholesterol [43].

3. Dietary fats and cardiovascular/coronary heart disease

3.1. Total fat

Since the beginning of the concern about diet and CVD risk assessment, dietary fat, especially
the total fat, is the main point of interest. Till the beginning of the 1990s, the recommendations
for the public health was focused on limiting the total fat intake, especially to reduce CVD. As
part of the Dietary Approaches to Stop Hypertension (DASH) diet, low-fat dairy intake has
been shown to lower blood pressure [44]. However, lowering total cholesterol by replacing
dietary total fat with carbohydrate may contrarily increase serum triglyceride concentration
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[45]. Moreover, in a meta-analysis of prospective cohort studies, intake of total fat was not
found significantly associated with CHD mortality or CHD events [46]. One of the key studies
about total fat intake was the Women’s Health Initiative Dietary Modification Trial. In this
study, dietary intervention that reduced total fat intake did not significantly reduce the risk of
CHD or CVD in postmenopausal women and only modest effects on CVD risk factors were
achieved [47]. According to the 2006 AHA Diet and Lifestyle recommendations, for decreasing
the CVD risk, the recommendations are much about limitations of intake of each type of fat,
instead of reducing the total fat intake. Specifically, the AHA recommends to supply 7% of
energy from saturated fat and 1% of energy from trans fat [48]. And also, according to the
Dietary Guidelines for Americans 2010, lowering the percentage of calories from dietary
saturated fatty acids to 7% of calories and replacing them with monounsaturated and/or
polyunsaturated fatty acids can further reduce the risk of CVD [49].

3.2. Saturated Fatty Acids (SFA)

The primary SFA sources are animal fat such as meat, milk, and dairy products, some plant
oils such as palm and coconut oils, and the industrially-prepared food (cookies, cakes, and
pies). Several meta-analyses showed that SFA intake was not significantly associated with risk
of CAD or CVD [50-52]. Recent data from meta-analyses of cohort studies and randomized
control trials suggest that SFA consumption on CVD risk depends on the replacement nutrient.
The latest epidemiologic studies and clinical trials suggest that differing effects depending on
the replacement nutrient scenario such as replacing saturated fat with polyunsaturated fat in
the diet is more beneficial for CAD risk than with carbohydrates [53]. In a pooled analysis of
11 prospective cohort studies, Jakobsen et al. revealed that consumption of polyunsaturated
fatty acid (PUFA) in place of SFA was associated with reduced CAD risk [54]. In another study,
Mozaffarian et al. indicated as the result of 8 randomised clinical trials that changing the energy
intake from SFA to PUFA by 5% reduced the CAD risk by 10% [55]. Additionally, in the
Cochrane Collaboration meta-analysis of 48 RCTs, Hooper et al. revealed that reducing
saturated fat by reducing and/or modifying dietary fat reduced the risk of cardiovascular
events by 14% [13]. And this study also suggested that the beneficial effects occurred in the
case of fat modification rather than reduction of fat intake and in a two-year period. Also, males
and population who have moderate or high risk of CVD are more prone to have benefits from
dietary fat modification. However, dietary fat modification was not found to be beneficial on
CVD mortality [56]. Based on recent evidence, both the AHA and the European Society of
Cardiology advise to limit saturated fat intake to <10% and <7% of total daily calories,
respectively [6, 57]. According to the 2013 AHA/ACC Guideline on Lifestyle Management to
Reduce Cardiovascular Risk, for adults to benefit from LDL cholesterol lowering, only 5%-6%
of calories should come from saturated fat (through replacement of PUFA > monounsaturated
fat (MUFA) > whole grains > refined carbohydrates). [58]

3.3. Monounsaturated Fatty Acids (MUFA)

The main dietary MUFA is oleic acid, which is abundant in nuts, sunflower oil, olive oil, canola
oil, high oleic safflower oil, and avocado. Because olive oil is the essential part of the Mediter‐
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ranean diet, the role of MUFA in the prevention of CAD has a close interest, especially after
Mattson and Grundy showed that high SFA diets increase the LDL cholesterol/HDL choles‐
terol ratio and changing SFA with MUFA reduces LDL cholesterol levels but not HDL
cholesterol [59]. Replacing MUFA with carbohydrates in the diet causes several alterations in
the lipid profile, such as TG and VLDL cholesterol decrease and HDL cholesterol and apoA1
increase [60, 61]. However, the epidemiologic data about oleic acid and CAD prevention is
controversial. While the Nurses' Health Study (NHS) found remarkable protection, in the
Zutphen and Puerto Rico Heart Health Program studies there were no beneficial effects
reported between controls and CAD cases [62-64]. In a recent study, Schwingshackl and
Hoffmann recapped the most available data about MUFA and CVD risk in which they found
no accepted rationale for MUFA recommendation, although there are no significant side effects
of diets with rich MUFA up to date [65]. Also, according to the Cochrane meta-analysis by
Hooper et al., reduction of SFA intake and replacement with unsaturated fat is advised for the
population under risk of CVD [66].

3.4. Trans Fatty Acids (TFA)

Trans fatty acids (TFA) are a type of unsaturated fat that became commonly produced
industrially from vegetable fats for use in margarine, snack food, packaged baked goods, and
frying fast food. TFA has at least one carbon-carbon double bond in the trans, rather than the
typical cis configuration. Early in the 20th century, TFA was invented for increasing the shelf
life of oils and consumption of these fats, as margarine increased all over the world. Recently,
it has been recognized that it causes elevated cholesterol levels and has a major role in the risk
of CAD [67]. Beyond their energy value, TFA does not have any known health benefits and
there is an apparent association between TFA consumption and the risk of heart disease. In a
meta-analysis of 28 cohort studies, there has been found a highly significant positive associa‐
tion between TFA intake and CAD morbidity and mortality [68]. Energy replacement of TFA
with SFA, MUFA, or PUFA 1% resulted in the decrease of the TC: HDL ratio in controlled trials
and each 2% replacement would lower CAD risk in prospective cohort studies [69]. Because
of this CVD risk increase, the Food and Drug Administration (FDA) and the other Health
Regulatory Agencies required food manufacturers to list TFA on the Nutrition Facts and some
Supplement Facts sections on the package of food, although TFA levels of less than 0.5 g per
serving can be listed as 0 g [70].

3.5. N-3 fatty acids

Because of the low rates of ischemic heart disease in Greenland Eskimos, there was close
attention to their diet. This protection was thought to be caused by long-chained PUFA’s anti-
thrombotic effects, which is an important part of their diet [71]. Prospective cohorts revealed
the protective effects of intake of n-3 fatty acids on CAD, and since then evidence suggests that
n-3 fatty acid intake may be effective for secondary prevention. The possible effects were
thought to be prevention of arrhythmias, as well as lowering of heart rate and blood pressure,
decreasing platelet aggregation, and lowering triglyceride concentration [72]. The n-3 fatty
acids also decrease hepatic TG secretion and increase clearance from plasma. In diabetic
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industrially from vegetable fats for use in margarine, snack food, packaged baked goods, and
frying fast food. TFA has at least one carbon-carbon double bond in the trans, rather than the
typical cis configuration. Early in the 20th century, TFA was invented for increasing the shelf
life of oils and consumption of these fats, as margarine increased all over the world. Recently,
it has been recognized that it causes elevated cholesterol levels and has a major role in the risk
of CAD [67]. Beyond their energy value, TFA does not have any known health benefits and
there is an apparent association between TFA consumption and the risk of heart disease. In a
meta-analysis of 28 cohort studies, there has been found a highly significant positive associa‐
tion between TFA intake and CAD morbidity and mortality [68]. Energy replacement of TFA
with SFA, MUFA, or PUFA 1% resulted in the decrease of the TC: HDL ratio in controlled trials
and each 2% replacement would lower CAD risk in prospective cohort studies [69]. Because
of this CVD risk increase, the Food and Drug Administration (FDA) and the other Health
Regulatory Agencies required food manufacturers to list TFA on the Nutrition Facts and some
Supplement Facts sections on the package of food, although TFA levels of less than 0.5 g per
serving can be listed as 0 g [70].

3.5. N-3 fatty acids

Because of the low rates of ischemic heart disease in Greenland Eskimos, there was close
attention to their diet. This protection was thought to be caused by long-chained PUFA’s anti-
thrombotic effects, which is an important part of their diet [71]. Prospective cohorts revealed
the protective effects of intake of n-3 fatty acids on CAD, and since then evidence suggests that
n-3 fatty acid intake may be effective for secondary prevention. The possible effects were
thought to be prevention of arrhythmias, as well as lowering of heart rate and blood pressure,
decreasing platelet aggregation, and lowering triglyceride concentration [72]. The n-3 fatty
acids also decrease hepatic TG secretion and increase clearance from plasma. In diabetic
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patients, n-3 PUFA are found to reduce TG levels by 25% and VLDL levels by 36%; however,
LDL concentrations increased slightly by 5.7% [73]. Since then, several meta-analysis and RCTs
have been published about the role of seafood n-3 fatty acids on CVD and CVD mortality.
Some of them suggested that n-3 fatty acid intake lowers the CVD risk, but some of them found
no significant effect on CVD risk and/or mortality. In the last US guidelines on patients with
CAD, fish and/or fish oil supplement is indicated only in the control of a patient’s lipid profile
(class IIB, level of evidence B) [74]. But in the latest European Society of Cardiology (ESC)
guidelines, the protective effects of fish on CVD is associated with n-3 PUFA. Moreover, it is
suggested that eating fish at least once a week reduces the CAD risk by 15% [6]. There are
controversies between epidemiologic studies and clinical trials, probably due to the different
study groups. Epidemiologic observational studies usually evaluate the disease-free popula‐
tion, but clinical trials are often conducted in a population at risk of CVD.

3.6. Plant-based fatty acids

α-linolenic acid (ALA) is a short chain n-3 PUFA found in plant sources such as soybeans,
walnuts, rapeseed oil, and flaxseed. It could be an alternative to fish n-3 PUFA because it can
be converted to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are n-3
PUFAs that are found in fish. But this conversion is limited and the evidence for ALA in CVD
protection is limited. In a systematic review of 14 human studies, at least four weeks of
supplementation of ALA has no significant effect on the lipid profile [75]. However, since no
current specific recommendations for ALA for CAD risk reduction is present, epidemiologic
studies suggest a protective role, the diet including ALA (2 to 3 g per day) has been recom‐
mended for both primary and secondary prevention of CAD [76]. Further studies need to
strengthen the evidence for the effects of ALA on CVD.

3.7. B Vitamins

The main role of B vitamins is principally for energy production, cell metabolism, and nerve
function. Beside these, vitamins B12, B6, and folic acid are known to have homocysteine
lowering effect. Several studies suggested that high homocysteine levels are associated with
increased risk of MI and/or stroke. Because folic acid, B12, and B6 decreased the blood
homocysteine level in 20%-40%, from baseline, it has been assumed that these supplements
can subsequently reduce CVD risk [77]. The studies about the effects of folic acid and B vitamin
supplementation failed to prove that reducing homocysteine level by folic acid and vitamin B
supplements decreases CVD incidence. Most of the epidemiologic studies suggested protec‐
tive effects of B vitamins on CAD but the randomized clinical trials did not show the same
beneficial effects. A meta-analysis of 12 randomized trials that has 16,958 participants with
pre-existing vascular disease revealed that folic acid supplementation had no effect on CAD
risk [78]. After 1996, the US FDA made a regulation for the fortification of grain products (flour,
breads, rice, pasta, cornmeal, etc.) with folic acid. Since then, the prevalence of low plasma
folate concentrations has decreased [79]. The role of B vitamins and folate are plausible in the
prevention of CVD and more studies are needed.
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4. Foods and cardiovascular/coronary heart disease

4.1. Fruit and vegetables

Epidemiological studies have suggested that fruits and vegetables reduce CAD risk. A meta-
analysis of nine cohort studies (including 129,701 women, 91,379 men, and 5,007 CAD events)
showed that each additional fruit serving a day lowered the CHD risk by 7% (RR 0.93, 95% CI:
0.89-0.96; P < 0.001) [80]. Increasing fruit and vegetable consumption to 600 g/day, could reduce
the incidence of ischaemic heart disease and ischemic stroke by 31% and 19%, respectively [81].
In the CARDIO2000 study, daily consumption of more fruit was associated with 72% lower
risk of CAD (95% CI: 0.11-0.54, P < 0.001) and of more vegetables was associated with 70%
lower risk for CAD (95% CI: 0.22-0.40, P < 0.001) [82]. However, the results of the WHI Dietary
Modification Trial suggest that an additional portion of vegetables and fruit daily does not
influence the risk of CAD [4]. Fruit and vegetable intake are part of the nutritional recommen‐
dations in the interventional studies where fruit and vegetable consumption was associated
with lower blood pressure only [83] but the association with other CAD risk factors is not
apparent. As the intervention studies did not exist, AHA recommends intake of at least eight
vegetables and fruits a day [47]. With all these data, vegetables and fruits that are deeply
colored (e.g., carrots, peaches, spinach, and berries) are recommended for consumption and
preparation techniques that preserve nutrient and fiber content is important. The mechanism
of action of their healthy effects is not known, but it can be attributed to their high dietary fiber
and antioxidants content.

4.2. Fish

A meta-analysis of 11 cohort studies of 222,364 individuals showed that individuals who
consumed fish 2-4 times/week had 23% lower risk of CAD mortality. Moreover, the individuals
with higher frequency of fish consumption, i.e., ≥5 times/week, had greater reduction of risk.
It is estimated that a daily fish intake of 20 g was associated with 7% lower risk of CAD
mortality [84]. The benefit of fish intake for reducing the risk for CAD is due to n-3 PUFA
according to the studies showing that fatty fish is associated with protection but lean fish is
not. Fatty fish is the primary source of n-3 fatty acids. A prospective cohort study (including
1,373 men) suggested that fatty fish consumption reduces the risk of sudden coronary death
risk compared to lean fish consumption [85]. Besides the type and amount of fish consumed,
the cooking method of fish is also important. According to the Cardiovascular Health Study,
only modest consumption of tuna or other broiled or baked fish was associated with a lower
risk of heart failure, but fried fish was not [86]. The most recent Diet and Lifestyle recommen‐
dations of AHA for CVD risk reduction include consuming fatty fish at least twice a week [48].
The AHA also recommends eating fish within the recommendations established by the FDA
and Environmental Protection Agency to prevent the possible adverse effects due to environ‐
mental pollutants such as mercury [87].
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4.3. Whole grains

There are many definitions for whole grain present but according to The American Association
of Cereal Chemists, a whole-grain ingredient is "...the intact, ground, cracked, or flaked
caryopsis, whose principal anatomical components, the starchy endosperm, germ, and bran,
are present in substantially the same relative proportions as they exist in the intact caryopsis"
[88]. The alternative definition is used by studies that explicitly describe or define whole grain,
but do not meet the classical definition of whole grains, by including bran and germ, and
studies that do not explicitly use the term “whole grains” but were in fact conducted with
individual whole grains such as oats or barley [89]. Whole-grain foods contain fiber, vitamins,
minerals, phenolic compounds, phytoestrogens, and other unmeasured constituents. Whole-
grain foods may have favorable effects on health by lowering blood pressure and serum lipids,
and by also improving glucose and insulin metabolism and endothelial function [90]. They
have also beneficial effects by reducing oxidative stress and inflammation.

Recently, many epidemiologic studies have searched the relation between whole grain intake
and CVD risk. A meta-analysis of seven large-prospective cohort studies showed that whole
grain intake was related with 21% lower risk of CVD for both genders [91]. In the NHS study,
among women with type 2 diabetes with 26 years of follow-up, whole grain intake was found
to be associated with lower risk of CVD-specific mortality and also bran intake was signifi‐
cantly associated with 35% lower risk of mortality [92]. As recent evidence about the protective
role of whole grains in prevention of CVD was strong, FDA declared in Health Claim Notifi‐
cation for Whole Grain Foods that "Diets high in plant foods—i.e., fruits, vegetables, legumes,
and whole-grain cereals—are associated with a lower occurrence of coronary heart disease
and cancers of the lung, colon, esophagus, and stomach" [93].

Recently, a meta-analysis of 14 studies indicated that the highest whole grain intake amount
compared with the lowest amount was significantly associated with reduced risk for CAD.
The association was significant in cohort studies but not in case-control studies [94].

4.4. Alcohol

The data on the association between alcohol and CVD come either from short-term interven‐
tional studies or from the effects of alcohol on risk factors, as well as long-term observational
mortality studies. Many studies suggested that moderate alcohol consumption, compared to
no or heavy alcohol consumption, decreased CVD risk in many populations. The evidence
suggests a J- or U-shaped relationship between alcohol consumption and risk of CAD [95].
Moderate intake of alcoholic beverages (1 to 2 drinks per day) is associated with a reduced risk
of CAD in healthy populations in both men and women [96] and there is no difference between
the types of beverages [97]. Different mechanisms have been suggested about the benefit of
light-to-moderate alcohol intake on CVD such as an increase in HDL-C, reduction in plasma
increase in fibrinolysis, decrease in platelet aggregation, improvement in endothelial function,
reduction in inflammation, and promotion of antioxidant effects [98, 99]. However, these are
still not enough to prove causality. Despite the evidence from cohort studies about moderate
alcohol drinking and CVD, current guidelines do not recommend to begin consuming alcohol
for preventing CVD. The recommendations of AHA on alcoholic drinks are that they should
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limited to no more than two drinks per day for men and one drink per day for women, ideally
with meals [48].

5. Conclusions

CHD remains one of the leading causes of morbidity and mortality worldwide, in spite of the
advances in pharmacological treatments and better control of risk factors. Diet is a centrally
important modifiable risk factor in the prevention and risk reduction of CAD. Progress in
understanding the importance of diet on CAD has evolved in the past 100 years. Data on trends
in food consumption and ecological studies are the early evidences that showed associations
between prevalence and fat intake across and within countries. The last 50 years of clinical
trials and nutritional interventions have established a clear link among diet, atherosclerosis,
and CAD. Numerous meta-analyses of intervention studies confirm the beneficial effects of
replacing saturated with polyunsaturated fatty acid on CAD risk. Moreover, the type of fat,
rather than the total or the ratio or balance between the saturated and certain unsaturated fats
is determinant. Recent guidelines consider diet as a whole and combine nutrient and energy
recommendations into a healthy pattern that is nutrient dense and energy balanced. A “whole
diet” approach with equal attention to what is consumed and what is excluded is proven to
be more effective in preventing CAD than low-fat, low-cholesterol diets. Dietary patterns
consistent with the traditional Mediterranean-style diets with a strong focus on veggies, fruits,
fish, wholegrain, olive oil are effective in preventing CAD even though they do not decrease
total serum cholesterol.
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