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Abstract
Cardiovascular disease (CVD) is the leading cause of death in the western world and is becoming more important in the developing world. Recently, advances in monitoring, revascularisation and pharmacotherapy have resulted in a reduction in mortality. However, although mortality rates have declined, the burden of disease remains large resulting in high direct and indirect healthcare costs related to CVDs. In Australia, acute coronary syndrome (ACS) accounts for more than 300000 years of life lost due to premature death and a total cost exceeding eight billion dollars annually. It is also the main contributor towards the discrepancy in life expectancy between indigenous and non-indigenous Australians. The high prevalence of CVD along with its associated cost urgently requires a reliable but non-invasive and cost-effective imaging modality. The imaging modality of choice should be able to accelerate the diagnosis of ACS, aid in the risk stratification of de novo coronary artery disease (CAD) and avail incremental information of prognostic value such as viability which cardiovascular magnetic resonance (CMR) allows. Despite its manifold benefits, there are limitations to its wider use in routine clinical assessment and more studies are required into assessing its cost-effectiveness. It is hoped that with greater development in the technology and imaging protocols, CMR could be made less cumbersome, its imaging protocols less lengthy, the technology more inexpensive and easily applied in routine clinical practice.
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Core tip: This review focuses on cardiovascular magnetic resonance in achieving speedy diagnosis, risk stratification and prognostication in acute coronary syndrome. It discusses the modalities already available towards achieving this end and the incremental information availed by cardiac magnetic resonance. The paper also discusses new imaging techniques and their contribution towards the cardiac magnetic resonance imaging assessment of patients with acute coronary syndrome.
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INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death in the western world and is becoming more important in the developing world[1,2]. Recently, advances in monitoring, revascularisation and pharmacotherapy have resulted in a reduction in mortality. However, although mortality rates have declined, the burden of disease remains large resulting in high direct and indirect healthcare costs related to CVDs[3-5]. In Australia, acute coronary syndrome (ACS) accounts for more than 300000 years of life lost due to premature death and a total cost exceeding eight billion dollars annually. It is also the main contributor towards the discrepancy in life expectancy between indigenous and non-indigenous Australians[6]. In the United States and Europe, approximately 15 million patients are treated annually for chest pain and suspicion of myocardial infarction (MI) and upwards of 20% are eventually diagnosed to have ACS[2,7]. 
The high prevalence of CVD along with its associated cost urgently requires a reliable but non-invasive and cost-effective imaging modality. The imaging modality of choice should be able to accelerate the diagnosis of ACS, aid in the risk stratification of de novo coronary artery disease (CAD) and avail incremental information of prognostic value such as viability.

ACUTE CORONARY SYNDROME
It is well established that ACS refers to a spectrum of clinical presentations ranging from unstable angina to non ST-elevation myocardial infarction and ST-elevation myocardial infarction. These presentations refer to clinical symptoms compatible with myocardial ischaemia resulting from acute thrombosis induced by a ruptured or eroded atherosclerotic coronary artery plaque[1-4]. 
The main management strategy for ACS is prompt diagnosis leading to early coronary reperfusion. The usual assessment sequence involves a detailed case history delineating the patient’s risk factor profile, appropriate physical examination, electrocardiography (ECG) and laboratory risk markers such as creatine kinase and troponin levels. 
Early reperfusion limits the final infarct size, halts progression of myocardial necrosis and andoptimises myocardial salvage thereby improving both short and long term outcomes[8,9]. Pertaining to these established aims, several questions need to be answered. What is the regional and global ventricular function, what is the extent of myocardial necrosis, is there any viable myocardium and are the epicardial coronary arteries patent?[10-12].
Over the past two decades, noninvasive imaging has emerged as the investigative modality of choice for ACS. It allows comprehensive cardiac assessment of patients, risk stratification of patients with ACS at an early management time point and provides diverse and complimentary information regarding possible differential diagnoses and prognosis[13-15].

NONINVASIVE ASSESSMENT 
Early coronary reperfusion following diagnosis of ACS results in myocardial salvage and prevents irreversible injury[16,17]. Usual investigative tools such as ECG and Troponin assays are helpful but may be negative early. Echocardiography, although useful in establishing regional wall motion abnormalities and quantifying ventricular ejection fraction, can also be negative early as these abnormalities appear later in the temporal cascade of events following coronary artery occlusion (Figure 1). Furthermore, echocardiographic assessment lacks the tissue characterisation ability needed to rule out differentials such as myocarditis. Over the past two decades, computed tomography (CT) has emerged as a potentially useful imaging modality for ACS.

COMPUTED TOMOGRAPHY BASED IMAGING
Positron emission tomography 
Positron emission tomography (PET) utilises several radionuclides namely 18F-Fluorodeoxyglucose (18FDG) for myocardial metabolism and 13N-Ammonia (13NH3) for myocardial perfusion assessment[18]. Myocardial segments with normal glucose metabolism and preserved myocardial flow indicate viable and adequately perfused myocardium. 18FDG allows differentiation between hibernating but viable, with infarcted and non-viable myocardium in regions with wall motion abnormalities when interpreted together with 13NH3[19,20]. Although clinically useful in identifying metabolism/perfusion mismatch in stable CAD, its utility in the setting of ACS is limited due to restricted availability, high costs, and limited data supporting its application[21].

Coronary angiography 
Computed tomography coronary angiogram (CTCA) is becoming a useful tool for evaluation of patients with ACS. It can be utilised both in the diagnosis and risk stratification of ACS[22,23]. Three recent trials affirmed the utility of employing CTCA for rapid triage via radiographic demonstration of the absence of coronary artery disease in low to intermediate risk patients[24-26]. Whilst all three trials reported more rapid and cost efficient discharge from the Emergency Department with the use of CTCA, the CT-STAT and ROMICAT II trials reported an increase in downstream testing and radiation exposure with no decrease in the overall costs of care[25,26]. Although the appropriate use criteria endorses its use in low to intermediate risk patients, it is primarily an exclusion tool with limited suitability for higher cardiac risk patients or pathological stress testing[27]. 

Calcium score
Coronary artery calcification can be evaluated by electron beam computed tomography (EBCT) and multi-detector computed tomography (MDCT). It describes the extent of coronary arteriosclerosis and is correlated with increased cardiac risk. It has a high negatively predictive value, and can reliably exclude ACS in low to intermediate risk patients presenting with chest pain[28-30]. Unfortunately, its positive predictive value is unsatisfactory and a positive result usually warrants further downstream investigation. Moreover, conclusive evidence on its use in conjunction with other CT modalities such myocardial perfusion imaging (MPI) is still deficient[14,31].

MPI 
Rest MPI becomes abnormal at the onset of impaired myocardial blood flow and therefore precedes other symptoms and signs of ACS. The non-invasive detection of a resting perfusion defect can be achieved with single-photon emission computed tomography (SPECT), PET, cardiovascular magnetic resonance (CMR) and contrast enhanced echocardiography[32-34].
Resting myocardial perfusion is preserved with increasing severity of coronary stenosis through autoregulatory mechanisms in the microcirculation. This is exhausted when critical coronary artery stenosis develops and a resting myocardial perfusion abnormality will appear with complete occlusion of the coronary artery[35]. 
Cardiac CT based MPI has been utilised in animals since the late 1970s but its use in detection of MI only took off in mid-2000[36-38]. Resting MPI in addition to CTCA improves its diagnostic accuracy for detecting significant coronary artery disease. Studies have shown that in patients with chest pain, MPI with CTCA helps clarify the diagnosis of ACS[39-41]. Unfortunately rest MPI is not sensitive enough to identify the majority of ischaemic segments and vasodilator-induced hyperemia is required to detect significant disease[42-44].
Stress MPI detects the presence of a flow-limiting coronary stenosis by detecting regional variations in perfusion reserve. During vasodilator-induced hyperaemia, blood flow will not increase in already dilated arteriolar bed of stenosed coronary arteries. However, perfusion of normal coronaries will increase significantly and the resultant increase over resting blood flow is referred as the perfusion reserve. Consequently, the perfusion reserve of normal coronary territories will be greater than that of critically stenosed coronary territories and this regional discrepancy is detected by stress MPI[32-34].
Stress MPI is especially helpful in patients with coronary calcification and stents, with studies reporting a sensitivity and specificity of at least 95%[45,46]. Most studies however, report a sensitivity of between 50%-90% and specificity of 50%-98% when compared with either SPECT, CMR or invasive fractional-flow reserve (FFR) studies[32,45-50]. 
The major limitation to CT based rest and stress MPI, as with other CT based modalities, especially in research with comprehensive protocols remains exposure to ionizing radiation. Lack of long-term follow-up data of patients presenting to Emergency Department with chest pain and subsequently diagnosed with ACS is also compelling. Furthermore, although more recent studies have shown greater ability of different CT-based modalities in diagnosing and risk stratifying ACS, their utility remains only with those in the low to intermediate risk group. Cost effectiveness also becomes questionable with greater need for downstream investigation and greater overall cost of care especially in those with moderate to high risk of ACS.

Magnetic resonance imaging
In an Emergency setting, accurate early diagnosis of ACS along with efficacious institution of treatment is the main objective. As aforementioned, ECG and biomarkers are all helpful but may not be able to pick out early or equivocal ACS. Furthermore, these tests are presently unable to distinguish with certainty, ACS from other potential differentials, establish the extent of myocardial involvement, determine whether the damage is reversible, or even define the culprit artery with any reliability.
CMR offers high spatial resolution, accuracy and high reproducibility thereby allowing detailed volume and functional assessment, excellent tissue characterization in any tomographic plane and exceptional prognostic ability with late gadolinium enhancement (LGE) imaging (Figure 2). Radiation free examination also affords the CMR with the ability to incorporate extensive imaging protocols and repeated imaging necessary for both clinical and research imperatives.
Studies have already shown that CMR techniques such as myocardial function, perfusion imaging and LGE is able to provide a more accurate diagnosis of ACS compared with standard clinical assessment that includes ECG and biomarkers[51]. The use of new imaging techniques such as T2-weighted sequences for oedema detection also increases its diagnostic performance[52]. Moreover, unlike CT-based imaging, CMR utility can be extended to patients with intermediate to high risk for ACS but without ECG or biomarker evidence of MI[53].
In essence, CMR represents a “one-stop-shop” for early and comprehensive assessment towards accurate and reliable diagnosis, risk stratification and prognostication of patients with ACS.

Standard MRI imaging techniques
Rest cine MRI utilises steady-state free precession sequences to acquire a series of consecutive, breath-hold, long and short-axis slices (Figure 3). The excellent spatial resolution, coupled with the high contrast between blood and myocardium allows the endocardial border to be detected easily. This allows easy assessment of ventricular wall motion, ventricular volumes, ejection fraction, myocardial mass and anatomy of the extracardiac structures. These CMR assessments are accurate, reproducible and well validated[54,55]. 
In the Emergency Department, these initial CMR imaging sequences can also be utilized to detect diseases of the aorta that may mimic ACS such as dissection or penetrating ulcer[56]. Findings typical of myocarditis and Takotsubo cardiomyopathy can also be seen and confirmed by LGE[57-60]. Initial review of the right ventricle and ventricular outflow tract, interventricular septum and pulmonary vasculature may also yield signs characteristic of acute pulmonary embolism which can then be subsequently confirmed with MR angiography[61].

T2-weighted imaging
T2-weighted (T2W) imaging with short tau inversion recovery (STIR) sequences is used to detect myocardial oedema which has increased signal intensity. The presence of oedematous myocardial segments on T2W imaging is a sign of ischaemic myocardium and a negative prognostic indicator for cardiovascular events[62]. Oedematous segments also allow acute-on-chronic differentiation of myocardial segments in established CAD patients[63]. Acutely, T2W imaging also identifies the area-at-risk (AAR) which is defined as an area of potentially reversible myocardial injury but at risk of infarction. The extent of the AAR has been validated against histopathological and angiographic measurements and is predictive of the risk of further cardiovascular event or death[62,64-66]. 

Perfusion imaging
Perfusion imaging is performed both at rest and stress (with Adenosine infusion) and assesses myocardial blood flow by capturing the transit of contrast medium through the myocardium. It is a well established tool for assessing acute impairment in myocardial blood flow, patency of microvasculature, myocardial perfusion reserve and viability[51,67]. In patients with chest pain with intermediate to high probability of ACS and a paucity of ischaemic signs, stress perfusion has a high negative predictive value with high diagnostic and prognostic value[53,68]. 
CMR perfusion imaging is a potential alternative to CT-based perfusion imaging due to improved subendocardial resolution, lack of ionizing radiation and cost effectiveness with reduced downstream investigation. Comparison with SPECT, PET and/or coronary angiography have shown good sensitivity and specificity of CMR in detecting perfusion defects of 87%-90% and 85%, respectively[69,70]. Rest and stress perfusion imaging is well complemented by LGE and adds to a comprehensive assessment of patients with ACS. Its utility, reliability and accuracy in patients with intermediate to high risk of ACS also puts it ahead of CT-based perfusion studies.

LGE
Gadolinium based contrast is an extracellular contrast agent that accumulates in the interstitial space following myocardial death and replacement with fibrosis. Increased signal intensity denotes myocardial injury and scarring[71]. Positive gadolinium enhancement coupled with CMRs high spatial resolution allows accurate and reliable quantification of the volume of injury and the transmural extent of the scarring[72,73]. This is crucial in estimating the extent of the scar as a percentage of wall thickness with ramifications towards viability and therefore, reversibility of the underlying myocardial dysfunction[74].
LGE essentially differentiates between irreversibly damaged (and thus non-viable) myocardium, from stunned myocardium which is ischaemic but viable. Acutely ischaemic but viable myocardium will have high signal intensity on T2W imaging but will be LGE negative. Generally, in a patient with MI, a transmural extent of scarring greater than 50% will signal a poor likelihood of functional recovery following revascularization[75]. This has an important clinical ramification, as the prevalence of non-viable myocardial segments subtending the occluded epicardial artery will negate the need for immediate revascularization in an emergency setting.
LGE also has a role earlier in the diagnostic milieu of ACS by differentiating between ischaemic and non-ischaemic causes of chest pain with biomarker rise. Differentials such as myocarditis and cardiomyopathy will have a different pattern of hyperenhancement. Ischaemia typically causes a more coalescent and subendocardial distribution of gadolinium enhancement confined to a particular vascular territory. Myocarditis has a typically epicardial or mid-myocardial distribution and cardiomyopathy has a patchy, mid-wall distribution (Figure 4).
LGE is also used in identifying microvascular obstruction (MVO) which is known angiographically as the ‘no reflow’ phenomenon. Pathologically it is caused by failure of reperfusion at a microvascular level despite patent coronary arteries following revascularization. It is seen as a hypoenhanced core surrounded by hyperenhanced, scarred myocardium. MVO is well established as a negative prognostic marker and have been shown to be predictors of adverse remodeling following myocardial infarction[76-78]. 
On another note, LGE is also of use for the detection of left ventricular (LV) thrombus which is a serious complication post-MI. It has a higher sensitivity and specificity than echocardiography for the detection of LV thrombus especially laminar, mural and apical thrombi[79,80]. 

Prospect for clinical studies
CMR is already the gold-standard imaging modality for assessing left ventricular volumes, ventricular function and tissue characterization in cardiomyopathies. These factors along with infarct size and MVO are common surrogate end-points in many clinical trials and strong predictors of clinical outcome. Other imaging sequences coming to the fore include T1 relaxation times with modified look-locker imaging, myocardial tagging and phase contrast imaging for flow assessment. These sequences are especially pertinent in assessing diastolic function which is becoming more routinely assessed and thus gaining greater importance in post-MI imaging. 

Limitations of CMR
The main obstruction to incorporating CMR as a routine assessment for ACS in Emergency Department is the high capital outlay required both in terms of hardware and human resource. This limits the CMRs ability to accommodate emergency studies in an Emergency Department setting despite the manifold benefits that it offers. Likewise, newer imaging protocols introduced as part of clinical studies may lengthen the scan time beyond what is acceptable for revascularization targets and thus rule out its relevance in the Emergency setting. Having a strong magnetic field also negates its use in patients with metallic implants, aside from those who are claustrophobic. It is also not as mobile and easy to use as an echocardiogram and thus may not be usable in an ICU setting for those who may gain the most from its use. More research is required into establishing the cost-effectiveness of CMR in routine clinical practice. 

CONCLUSION
CMR allows comprehensive assessment of patients presenting to the Emergency department with chest pain. Its ability to accurately and reliably diagnose, risk stratify and prognosticate ACS puts it ahead of other imaging modalities currently available. Despite its manifold benefits, there are limitations to its wider use in routine clinical assessment and more studies are required into assessing its cost-effectiveness. It is hoped that with greater development in the technology and imaging protocols, CMR could be made less cumbersome, its imaging protocols less lengthy, the technology more inexpensive and easily applied in routine clinical practice.
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Figure 1 Cascade of events following coronary artery occlusion. (Adapted from Gani F et al[14]). ECG: Electrocardiography.
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Figure 2 Cardiovascular magnetic resonance imaging sequence employed for the diagnosis of acute coronary syndrome. T2W: T2-weighted.
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Figure 3 Standard imaging technique showing cine magnetic resonance imaging long axis views (A-C) and followed by short axis (D-F) and RVOT (G). Half-Fourier acquisition single-shot turbo spin-echo image shows the main, left and right pulmonary arteries (H).
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Figure 4 Late gadolinium enhancement showing two distinct hyperenhancement patterns. Subendo cardial for myocardial infarction (A and B) and epicardial for myocarditis (C and D).


image3.png




image4.png




image1.png
(]l 9 Lo, ‘The Role of CMR in Assessment of Patients with A icrosoft Wor

Home

Inset  Pagelajout  References  Mai

ilings  Review  View  Adddns

FED
& savens
25 Open

Close

Info
Recent

New

Save & Send

Help
3 options
8 e

Print
Copies: 1 2
Printer
) Adobe PDF
Ready
Settings

=4 Print AllPages
Print the entie document

Pages:

Print One Sided
Only print on one side of the page

Collated

B85 s s

™

Portrait Orientation

Letter
85" x11"

11 Normal Margins
Left: 1° Right: 1°

1 Page Per Sheet

~  Figures

Printer Properties

Page Setup

Pefusion abnormality

Diastolic dysfunction

Systolic dysfunction

ronary Disease

roles

nt post MI
MR

rmal Coros.
STEMI

in suspected NSTE}

M

7 AM





image2.png
T2W imaging for Stress and rest Early gadolinium imaging for Late gadolinium imaging
oedema - area at risk perfusion imaging microvascular obstruction for scar and viability

Volume imaging for
functional assessment




