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Abstract
Background—Cardiac magnetic resonance (CMR) imaging has emerged as an important cardiac
imaging technique for the evaluation of multiple cardiac pathologies.

Objective/Method—The goal of this review is to describe recent advances in techniques which
have extended the potential applications of CMR. The focus will be on the clinical applications of
CMR for the evaluation of coronary artery disease and heart failure/cardiomyopathies which are
major causes of morbidity and mortality worldwide.

Conclusion—CMR provides unique tissue characterization which is not available from other
imaging modalities and has demonstrated important diagnostic and prognostic information in many
forms of heart disease.
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1. Introduction
Cardiovascular magnetic resonance (CMR) has become a clinically important tool for the
evaluation of known or suspected heart disease. Advances in both scanner hardware and novel
pulse sequences continue to improve the diagnostic utility of CMR. The advantages of CMR
include the lack of non-ionizing radiation, the large variety of tissue contrast mechanisms, and
the ability to image the heart in any arbitrary direction. A comprehensive CMR study is a
combination of techniques that enables physicians to evaluate cardiac structure, function, tissue
characteristics, perfusion, and scarring or fibrosis. The components of the examination are
tailored to the particular diagnostic question at hand. This article will review advances in the
diagnostic abilities of CMR for evaluating heart disease. We will specifically review advances
for the clinical evaluation of coronary artery disease (CAD) and congestive heart failure/
cardiomyopathies, the most common causes of morbidity and mortality in the U.S.

2. Overview of CMR techniques and Recent Advances
The versatility of CMR is due to the fact that the imaging characteristics can be changed by
choosing a specific pulse sequence and parameters which alter the precise timing of
radiofrequency (rf) pulses and magnetic field gradients within the scanner. One of the
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challenges of CMR is that the heart position changes due to intrinsic cardiac motion and bulk
motion from respiration. These effects are typically minimized by timing image acquisition to
the cardiac cycle by ECG gating and minimizing respiratory motion with breath holding. There
are multiple ECG-gated acquisition modes: Single-shot techniques create a single image each
heartbeat, segmented techniques acquire data for a single image over multiple heart-beats, and
cine techniques create movies of cardiac motion with data acquired at multiple cardiac phases
over multiple heart-beats.

2.1 Anatomic Imaging
A typical imaging protocol will begin with single-shot “scout” images acquired to provide
initial localization of cardiac structures. Anatomic images of the chest covering the heart and
great vessels are then obtained by a series of single-shot sequences using so called “dark-blood”
or “bright-blood” techniques. Dark-blood imaging is usually performed with a single-shot
turbo spin echo (TSE) based pulse sequence,1, 2 while bright blood imaging is performed with
single-shot Steady State Free Precession (SSFP) pulse sequence. These sequences have largely
replaced older segmented TSE techniques.

2.2 Functional Imaging
Functional images of the heart contraction throughout the cardiac cycle are then obtained in
multiple orientations using cine-SSFP pulse sequences. SSFP has become the reference
standard because of its superior contrast between myocardium and the blood pool.3
Conventional cine-gradient echo (GRE) pulse sequences have poorer contrast between the
blood pool and myocardium, but remain useful for evaluating valvular disease due to their
inherent dephasing of the regurgitant blood signal. Quantitative evaluation of cine-images
provides accurate and reproducible measures of ejection fraction (EF), and cardiac chamber
dimensions.4, 5 The application of parallel imaging techniques which reduce the amount of
data that needs to be collected, has improved the temporal and spatial resolution of single-
breath hold cine-SSFP imaging.6 Techniques for real-time cine imaging, which enable imaging
of myocardial function without ECG-gating or breath-holds, have extended the utility of CMR
to patients with cardiac arrhythmias or who are unable to hold their breath.7 Currently 3-D
parallel techniques are being developed which can perform cine images of the whole heart in
a single breathhold.8 Quantification of regional myocardial function can be performed using
techniques such as myocardial tagging9, DENSE10, 11, and HARP12 which can provide
information about regional displacement and strain.

2.3 Tissue Characterization
Additional sequences in which image contrast is weighted by intrinsic magnetic relaxation
times such as T1, T2, or T2* relaxation times may be obtained depending on the specific
application. T1 weighted images are generally obtained using “dark-blood” breath-held
segmented TSE pulse sequences. In most studies T2-weighted imaging has been performed
using a “dark-blood” T2-weighted TSE pulse sequences.13 These types of pulse sequences
suffer from multiple artifacts which can be mistaken for pathology. This has somewhat limited
their clinical robustness. Over the last few years there has been improvement in the pulse
sequences for T2-weighted imaging of the heart. Kellman et al. demonstrated high quality
bright-blood T2-weighted SSFP images using a T2-weighted preparation.14 This pulse
sequence eliminates many of the artifacts mentioned above, but has reduced signal-to-noise
ratio (SNR) compared to TSE pulse sequences. A further improvement is the ACUT2E pulse
sequence described by Aletras et al. which combines the advantages of both TSE and SSFP
pulse sequences and creates T2 weighted images with excellent image quality and SNR similar
to traditional TSE pulse sequences.15
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Iron overload of the myocardium can be assessed by mapping the T2 or T2* relaxation times
which are reduced in the presence of iron. Images sensitive to T2* may be obtained with a
segmented GRE pulse sequence where images of the heart are collected with multiple echo
times (TE) over a single-breath hold.16 From these images, the T2* of the myocardium can be
determined. T2* weighted techniques can suffer from motion artifacts, and T2* is affected by
other parameters besides myocardial iron. For these reasons, a new TSE-based pulse sequence
has been developed to create maps of the myocardial T2 which may be more robust to motion
than the older T2* pulse sequences.17

2.4 Perfusion
Images of myocardial perfusion can be obtained with high spatial and temporal resolution
during first pass of gadolinium contrast agents. These contrast agents shorten the T1 relaxation
time of blood. On heavily T1 weighted pulse sequences regions of the heart which are well
perfused appear bright, whereas regions of reduced perfusion appear dark. Current perfusion
protocols use non-selective saturation recovery-prepared pulse sequences followed by rapid
single-shot imaging.18–21 There are various data-acquisition strategies which have differences
in their temporal resolution and robustness to various artifacts. To further improve temporal
resolution parallel imaging techniques are generally used.22 Multiple studies have compared
various pulse sequences, but there has been no clear consensus on the optimal technique.23,
24

While the majority of published studies have been at 1.5T, multiple investigators have
performed perfusion studies at 3T and have demonstrated improved SNR and contrast-to-noise
ratio (CNR).25 Recently 3D encoding methods have been combined with parallel imaging to
improve spatial coverage using either 3D SSFP or 3D GRE.26

2.5 Delayed Enhancement
Images of myocardial scarring and fibrosis are obtained approximately 10–20 minutes after
gadolinium administration. Images of delayed gadolinium enhancement have primarily been
obtained with a breath-held segmented inversion recovery (IR) pulse sequence which has
excellent contrast between normal myocardium and regions of infarction or fibrosis.27 On
these images, the normal myocardium is dark and regions of infarction or scarring appear
bright. More recently single-shot IR-SSFP pulse sequences have been used to obtain delayed
enhancement (DE) imaging without the requirement of a breath-hold.28 However, this
technique has been shown to be less accurate and has reduced contrast as compared to the IR-
GRE, and thus should probably be reserved for patients who are unable to hold their breath.
29 One disadvantage of conventional IR-GRE DE imaging it that the inversion time (TI) to
null normal myocardium must be chosen carefully to prevent inaccuracies in measurement of
infarct size. This issue has been overcome with the development of segmented phase sensitive
inversion recovery (PSIR). Phase sensitive detection enables removal of the background phase
while preserving the desired sign of the magnetization during image reconstruction.30 Other
recent developments include the application of free-breathing navigator 3D gradient echo pulse
sequences to DE imaging31, and the application of DE imaging at 3T.32

3. Diagnostic Evaluation of Coronary Artery Disease
CMR has become an important tool for the clinical evaluation of patients with known or
suspected coronary artery disease (CAD). It can assess regional and global contractile function
and contractile reserve, differentiate between acute and chronic myocardial infarction (MI),
evaluate myocardial ischemia and viability, and assess for the presence of microvascular
obstruction (MVO), or detect left ventricular thrombus. While imaging of the coronary arteries
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with CMR continues to advance, current techniques are inadequate for the routine clinical
assessment of the severity of coronary artherosclerosis.

3.1 Contractile Function
Cine images of function are typically obtained in the short axis orientation covering the whole
ventricle and in standard two-chamber, three-chamber, and four-chamber orientations.
Regional wall motion abnormalities, cardiac chamber dimensions, myocardial mass, valvular
regurgitation, and LVEF are assessed. In patients who cannot hold their breath, or have cardiac
arrhythmias, real-time techniques are used to assess myocardial function.

3.2 Myocardial Edema
T2-weighted imaging, which is sensitive to myocardial edema, can help differentiate between
acute and chronic MI (figure 1). In acute infarction, increases in myocardial water content due
to edema lengthen T2 relaxation times resulting in increased signal intensity on T2-weighted
images. In a study by Abdel-Aty et al. of 58 patients with acute or chronic MI who underwent
CMR and coronary angiography, acute MI was identified by T2 weighted imaging with 91%
sensitivity and 97% specificity.33 By 30 days after the infarction the signal intensity in the
region of the infarct normalized consistent with the resolution of myocardial edema in the
chronic infarct.33 Cury et al. used CMR, including T2 weighted imaging, to study 62 patients
presenting to the emergency department with acute chest pain, negative biomarkers, and no
ECG changes of acute ischemia. The addition of T2 weighted imaging to a protocol including
function, perfusion, and DE improved the specificity, positive predictive value, and overall
accuracy from 84% to 96%, 55% to 85%, and 84% to 93%, respectively, compared with the
conventional CMR protocol.34

The region of increased T2 signal intensity has also been shown to correlate to the ischemic
area at risk (the region of hypoperfusion at the time of an ischemic episode) in a canine study
of transient coronary occlusion. Aletras et al. demonstrated that the region of hyperintensity
on T2-weighted images corresponded in size and location to the area at risk by fluorescent
microspheres in a transient coronary occlusion/reperfusion model.35 This was larger than the
region of infarction by DE imaging. The region of increased T2 at day 2 had partial recovery
of function at two months consistent with viable but dysfunctional myocardium following
transient ischemia.35

3.3 Assessment of Ischemia
Two methods are available for myocardial stress testing: assessment of stress-induced wall
motion abnormalities using cine imaging and assessment of stress-induced perfusion
abnormalities using first-pass myocardial perfusion imaging. Wall-motion analysis is primarily
assessed using dobutamine infusion, but has also been performed with exercise stress.36

During a dobutamine stress CMR study, images of the LV are typically obtained in three long
axis (2-CH, 3-CH, and 4-CH) and three short axis (base, mid, apex) orientations at baseline
and at each increasing stage of dobutamine infusion ranging from 5–40 ug/kg-min. The stress
study is terminated if there is a significant drop in blood pressure, development of significant
arrhythmias, new wall motion abnormalities, or achievement of 85% of the age-predicted
maximum heart-rate.

In a study by Nagel et al., 208 patients with suspected CAD underwent both dobutamine stress
echo and dobutamine stress CMR prior to cardiac catheterization.37 With CMR, sensitivity
and specificity for detecting a 50% coronary stenosis was increased from 74.3% to 86.2% and
from 69.8% to 85.7% respectively compared with echocardiography. In a study of 163 patients
with poor acoustic windows preventing adequate imaging by dobutamine stress echo Hundley
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et al successfully performed dobutamine stress MRI in 153 of the patients.38 The sensitivity
and specificity for detecting a 50% coronary stenosis was 83% and 83% respectively in the 41
patients undergoing coronary angiography within 6 months of their stress test. In the 103
patients with negative stress tests, the event free survival at a median follow-up of 228 days
was 97%. A recent meta-analysis of dobutamine stress CMR including 14 studies (754 patients)
demonstrated a sensitivity of 83% (95% confidence interval [CI] 79% to 88%) and specificity
of 86% (95% CI 81% to 91%).39 The overall prevalence of CAD in this meta-analysis was
70.5%. Thus, dobutamine stress CMR is a sensitive and specific tool for diagnosis of stress-
induced ischemia.

Stress perfusion images are typically obtained during infusion of 140 ug/kg/min of adenosine
for 2–4 minutes while the patients HR and blood pressure are being monitored. Typically 3–
4 short axis perfusion images are acquired across the left ventricle with a temporal resolution
of one heart beat during the injection of 0.05–0.1 mmol/kg gadolinium contrast at a rate of 3–
4 ml/s via a power injector. Forty to sixty image frames are usually obtained. After about a 10-
minute period to allow for contrast washout, a second set of perfusion images using the same
protocol is obtained without adenosine infusion. Images are usually evaluated visually but may
also be evaluated by semi-quantitative analysis of the myocardial time-intensity curves.
Absolute quantification of myocardial perfusion is also possible, but additional data must be
obtained to determine the arterial input function.40

Adenosine stress cardiac MRI has been shown to be both sensitive and specific for detection
of CAD. Figure 2 demonstrates subendocardial ischemia in a patient found to have multivessel
coronary disease. A recent meta-analysis including 1516 patients with intermediate likelihood
of disease (prevalence 57.4%) undergoing adenosine stress perfusion MRI demonstrated a
sensitivity of 91% (95% CI 88% to 94%) and specificity of 81% (95% CI 77% to 85%).39 A
recent multi-center trial of 234 patients who were studied with both single photon emission
computed tomography (SPECT) and CMR perfusion imaging demonstrated superior
diagnostic utility for CMR perfusion at the ideal contrast dose as compared to SPECT.41
Furthermore, multiple studies have demonstrated a good prognosis for patients with chest pain
and suspected CAD who have negative CMR perfusion studies. In a study of 135 patients
presenting to the emergency department with chest pain and negative troponin-I, there were
no events in 107 patients without CMR perfusion abnormalities at one year, and the presence
of an abnormal stress CMR was significantly predictive of major adverse cardiac events
(MACE).42 In a study of 420 patients with known or suspected CAD, the presence of abnormal
perfusion was associated with a 17% event rate while a normal perfusion study was associated
with a 5% event rate.43 Thus CMR perfusion studies provide both diagnostic and prognostic
information in patients with known or suspected coronary disease.

3.4 Assessment of Infarction and Viability
CMR using IR-DE imaging has become an important technique in the assessment and diagnosis
of MI. Very close correlation between DE CMR and histopathology by TTC staining has been
demonstrated by Kim et. al. in a canine model of MI.44 DE CMR has the ability to detect small
subendocardial MIs which can be missed by other techniques. Wagner et al. demonstrated that
CMR detects an additional 13% of subendocardial infarcts missed by SPECT.45 The
prognostic importance of detecting small MIs was demonstrated by Kwong et. al. in a study
of 195 patients with a clinical suspicion of coronary disease without prior clinical history of
MI. After a median follow up of 16 months the presence of DE by CMR was associated with
an 8 fold increase in adverse events. Even infarcts less than 2% of the ventricular volume were
associated with a > 7 fold risk of MACE. In a study of 122 patients with revascularized STEMI,
an infarct size by DE greater than 18.5% of the ventricle was shown to be a strong independent
predictor of MACE.46 In another recent study of 231 patients with MI, Roes et al. demonstrated
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that infarct size by DE CMR was a stronger predictor of all cause mortality at an average of
1.7 years of follow up than LVEF or LV volumes.47 The presence and transmurality of DE has
been shown to be predictive of functional recovery following coronary revascularization. Kim
et al. demonstrated in 41 patients with chronic ischemic heart disease that dysfunctional
myocardial segments with less than 25% DE were likely (>70% chance) to demonstrate
functional recovery, where as segments with greater than 50% DE were unlikely (<8% chance)
to improve contractile function following revascularization.48 Choi et al. demonstrated in a
study of 27 patients with acute MI, that less than 25% transmurality of DE was the best predictor
of functional recovery.49 Low-dose dobutamine may also be used to evaluate for myocardial
viability and may be more specific at predicting functional recovery in patients with
intermediate transmurality of infarction by DE.50, 51

3.5 Evaluation of Microvascular Obstruction
CMR has the ability to demonstrate the presence of MVO in acute MI following coronary
reperfusion (figure 1). MVO within a region of acute MI appears as a hypointense region within
a bright infarct on heavily-T1 weighted images after contrast administration. Judd et al.
demonstrated that early hypo-intense regions correlated with thioflavin-S negative regions of
the infarcts on histology representing areas of no-reflow.52 In a study of 45 patients with acute
MI, Wu et al. demonstrated that MVO, defined as hypoenhancement 1–2 minutes after contrast
injection, was associated with a 45% rate of MACE at 16 months as compared to a 9% event
rate of those without MVO.53 Hombach et al. demonstrated in a study of 110 patients who
underwent CMR after acute infarction that 46% of patients had MVO on DE images (late
MVO), and MVO was an independent predictor of MACE at a mean of 225 days of follow up.
54 Nijveldt et al. showed in 60 patients with revascularized acute MI that late MVO was a
stronger predictor of global and regional functional recovery at 4 months than any other
angiographic, electrocardiographic, or CMR variables including transmural extent of infarction
and early MVO.55

3.6 Evaluation of Left Ventricular Thrombus
Left ventricular thrombus can be detected with high sensitivity and specificity with CMR by
performing a combination of post-contrast cine and DE imaging.56–58 In a study of 361 patients
with ischemic heart disease who had either surgical or pathological confirmation of left
ventricular thrombus, Srichai et al. demonstrated that a combination of DE imaging and post-
contrast cine imaging had a sensitivity and specificity of 88% and 99% respectively and had
superior sensitivity as compared to either transthoracic or transesophageal echocardiography.
58 Recently Weinsaft et al. assessed the prevalence of ventricular thrombus in 784 patients with
systolic dysfunction and found that DE imaging detected thrombus in roughly 7% of patients
and was superior to pre-contrast cine imaging for detecting thrombus.59

4. Diagnostic Evaluation of Heart Failure / Cardiomyopathies
4.1 Diagnostic Approach

While multiple imaging techniques can evaluate ventricular function in heart failure, CMR is
unique in its abilities to characterize myocardial properties such as myocardial edema, iron-
overload, and scarring or fibrosis. The evaluation of heart failure utilizes a similar approach to
that described above. Images of myocardial morphology can provide information about the
presence and distribution of abnormal cardiac hypertrophy such as in hypertrophic
cardiomyopathy, or regions of wall thinning in dilated cardiomyopathy or ischemic
cardiomyopathy, or abnormalities of wall morphology in cardiac non-compaction.60 Cine-
imaging of function enables recognition of the pattern of wall motion abnormalities
differentiating global from regional abnormalities, can be useful in diagnosis of the apical
ballooning syndrome (ABS) 61, and enables analysis of RV dysfunction which may be a clue
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to the diagnosis of arrythmogenic right ventricular cardiomyopathy. T2-weighted imaging to
evaluate for myocardial edema has become a useful tool in evaluation of myocarditis, in stress-
related cardiomyopathy, and in iron-overload cardiomyopathy. T2*-weighted imaging
provides information about iron-content in iron-overload cardiomyopathy related to
hemochromatosis or transfusion-dependent anemias. The presence and patterns of delayed
gadolinium enhancement have provided new diagnostic insight into differentiating ischemic
cardiomyopathy from various types of non-ischemic cardiomyopathies.62, 63 In a study by
McCrohon et al., 100% of patients with depressed EF and CAD had DE in a subendocardial
or transmural distribution, whereas 72% of subjects with non-ischemic cardiomyopathy had
either no DE or a mid-wall distribution of DE.62 Soriano et. al. demonstrated a subendocardial
or transmural distribution of DE in 81% of patients with CAD by coronary angiography but in
only 9% of patients with normal coronary angiograms.63 The presence and distribution of
myocardial delayed enhancement has been shown to be a sensitive and specific tool for
predicting response to chronic resynchronization therapy.64 The absence of delayed
enhancement may enable the diagnosis of the ABS in patients presenting with acute coronary
syndromes and normal coronary arteries at cardiac catheterization.65 In the following section
we will review the unique diagnostic and prognostic information provided by CMR in some
specific types of cardiomyopathy.

4.2 CMR in specific Cardiomyopathies
4.2.1 Dilated Cardiomyopathy—Dilated cardiomyopathy (DCM) is the third leading cause
of heart failure and the leading cause of heart transplantation.66 DCM is characterized by the
presence of ventricular chamber enlargement and systolic dysfunction with normal wall
thickness.66 CMR anatomical and functional imaging demonstrates reduced EF typically with
global dysfunction, increased ventricular volumes, increased left-ventricular dimensions, and
relative myocardial wall thinning.

CMR can be used to assess myocardial fibrosis in DCM, which has been shown to have
important prognostic implications. Delayed enhancement imaging has demonstrated a distinct
pattern of mid-wall ventricular scarring which occurs in roughly 30% of patients with DCM.
62 In a study of 101 consecutive DCM patients who were followed prospectively for an average
of 1.8 years Assomull et. al. demonstrated that the presence of midwall fibrosis was associated
with a higher rate of all-cause death and hospitalization for a cardiovascular event (HR 3.4),
and was also associated with secondary outcome measures of sudden cardiac death (SCD) or
ventricular tachycardia (VT) (HR 5.2).67 Midwall-fibrosis remained predictive for SCD/VT
even after adjustment for EF. Recently, a new pulse sequence for mapping T1 relaxation after
contrast administration time has demonstrated the ability to assess diffuse myocardial fibrosis,
by a reduction in the T1 relaxation time. Iles et al. performed T1 mapping in 20 controls and
in 25 patients with heart failure, 9 of which had endomyocardial biopsies. The post contrast
T1 time was inversely correlated with histologic fibrosis (R=0.7) and was shorter than that in
controls even within areas without obvious scarring by DE.68

4.2.2 Hypertrophic Cardiomyopathy—Hypertrophic cardiomyopathy (HCM) is an
autosomal-dominant disorder characterized by mutations in one of multiple genes encoding
proteins of the cardiac sarcomere.69 It is the most common genetic cause of heart disease with
an estimated incidence of 1:500 in the general population, and is the most frequent cause of
SCD in young people.66 Histologically, there is disordered myocyte architecture with regions
of myocardial scarring and increased collagen matrix.69

HCM is characterized by an abnormally increased wall thickness in a non-dilated ventricle in
the absence of other conditions capable of producing cardiac hypertrophy such as hypertension
or aortic valve stenosis.66 The diagnosis is typically made by echocardiography, but a study
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of 48 patients with known or suspected HCM who underwent both CMR and echo
demonstrated that echo failed to demonstrate LV hypertrophy in 6% of patients, underestimated
hypertrophy in the anterolateral free wall, and underestimated the number of patients with
hypertrophy greater than 3 cm in 10% of the patients.70 Furthermore, the diagnosis of apical-
variant HCM can be missed by echocardiography, but correctly identified by CMR.71 In a
study of 1299 patients with HCM, 28 demonstrated apical aneurysms by CMR, but only 16
(57%) of these were detected by echocardiography.72 Cine-imaging with CMR has also been
validated for measurement of LV mass which has been shown to be a sensitive predictor for
adverse outcomes.73 Furthermore, SSFP cine imaging can be used to evaluate for outflow
obstruction and systolic anterior motion of the mitral valve. Myocardial tagging has also
provided insight into the regional variations in myocardial function (figure 3). Despite a
globally preserved EF, in many patients with HCM, regional impairment in intramyocardial
deformation and increased myocardial torsion has been demonstrated.74, 75

As myocardial scarring is known to occur in patients with HCM, DE CMR has been applied
to the detection of myocardial scarring (figure 3). Choudhury et al. studied 21 patients with
known HCM who were predominantly asymptomatic with DE imaging and demonstrated
myocardial scar in 81% of the patients. The scarring was predominantly patchy, multi-focal,
and mid-wall within areas of hypertrophy including scarring at the junction of the
interventricular septum and RV free wall.76 Atabag et al. have investigated whether myocardial
fibrosis may represent the arrythmogenic substrate in HCM. They studied 177 patients with
HCM who underwent CMR with DE imaging as well as 24-hour Holter monitoring and
demonstrated that patients with scarring by DE had a greater likelihood and increased
frequency of PVC’s, and non-sustained VT then those without scarring by DE.77 Thus,
detection of myocardial fibrosis by CMR may provide incremental information in addition to
traditional risk factors for identifying patients at risk of SCD.

4.2.3 Arrythmogenic Right Ventricular Dysplasia/Cardiomyopathy—
Arrythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is a relatively
uncommon inheritable heart disease affecting predominantly the right ventricle and is
characterized by progressive fibrofatty infiltration and myocyte loss resulting in right
ventricular chamber enlargement, dysfunction and cardiac arrythmias that may cause SCD.
66 Demonstration of abnormalities in the RV structure and function constitutes one of the major
criteria of the ARVD/C task force criteria for the diagnosis of ARVD/C.78 CMR morphologic
and cine-functional imaging can provide comprehensive assessment of right ventricular
dimensions, volumes, and regional and global function. One of the other major Task Force
criteria is the detection of fibrofatty infiltration of the right ventricle by endomyocardial biopsy.
Demonstration of fatty infiltration on CMR is a non-specific finding.79 In a multi-center study
of 42 patients meeting Task-force criteria, 10 patients with idiopathic VT, and 25 controls
demonstrated fatty infiltration in 60% of patients with ARVD/C, whereas RV function was
abnormal in 80%, and an RV EF <50% had a sensitivity of 73% and a specificity of 95% for
diagnosing AVRD/C.80

DE imaging has been applied to the evaluation of fibrosis in a study of 30 patients evaluated
for possible ARVD/C. Of the 12 patients who met Task force criteria, 67% demonstrated DE
in the right ventricle. The presence of DE was also correlated with histopathology and predicted
inducible VT during electrophysiology studies.81

4.2.4 Myocarditis—Myocarditis is an acquired acute or a chronic inflammatory process of
diverse etiologies which results in myocardial inflammation, edema, necrosis, and fibrosis.66

Cine-SSFP images generally provide accurate quantification of myocardial dimensions and
function (figure 4). CMR has been used to evaluate for myocardial edema. In a study of 25
patients with suspected myocarditis and 23 healthy controls, Abdel-Aty et al. demonstrated
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that increased T2 signal in the myocardium had a sensitivity, specificity, and accuracy of 84%,
74%, and 79% for the diagnosis of myocarditis.82 To evaluate for the presence of myocardial
inflammation Freidrich et al. studied 44 subjects with suspected myocarditis and demonstrated
an increase in the relative myocardial enhancement compared with skeletal muscle on T1
weighted TSE images obtained before and after gadolinium contrast agent administration.83

This increased enhancement persisted for the first month after initial diagnosis, but resolved
by 3 months. Abdy-Aty et al. also used the global relative enhancement in the above study and
demonstrated a sensitivity, specificity, and accuracy for detecting myocarditis of 80%, 68%,
and 74.5% respectively.82

DE imaging has been applied to evaluate fibrotic changes in myocarditis (Figure 4). In a study
of 32 patients who were diagnosed with myocarditis by clinical criteria, Mahrholdt et al. used
DE CMR to direct the location of myocardial biopsies. In their study DE was seen in one or
multiple foci predominantly in the lateral wall in 88% of the subjects. In the 21 patients whose
biopsies were taken in the region of contrast enhancement 19 patients had histopathological
evidence of active myocarditis. In a study of 128 patients with suspected myocarditis, DE was
present in 83 of the 87 patients with active myocarditis, and was an independent predictor of
impaired ventricular function and ventricular dilation at follow up.84 In the study by Abdel-
Aty et al. the presence of DE had a sensitivity, specificity, and accuracy of 44%, 100%, and
71%, respectively.82

A recently published consensus document which provides recommendations for the
indications, protocols and diagnostic criteria for the evaluation of myocarditis suggests that a
combination of these techniques (global relative enhancement, T2, and DE) may improve the
diagnostic utility of CMR.85 The presence of abnormalities on two of the above three
techniques yielded a sensitivity of 76%, a specificity of 96% and an accuracy of 85% in the
study by Abdel-Aty.82

4.2.5 Sarcoid Cardiomyopathy—Sarcoidosis is a multi-system inflammatory disease of
unknown etiology which is characterized pathologically by the presence of noncaseating
granulomas. Symptomatic cardiac involvement occurs in up to 7% of patients, but autopsy
studies estimate that greater than 25% of patients in the United States with sarcoidosis have
cardiac involvement.86 Cardiac sarcoidosis may result in arrythmias, conduction
abnormalities, ventricular aneurysms, congestive heart failure and SCD.87

CMR has become a useful tool in the diagnostic evaluation of cardiac involvement in
sarcoidosis (figure 5). Cine-functional imaging may demonstrate segmental or regional wall
motion abnormalities, areas of focal wall thinning or thickening, and the presence of
myocardial aneurysms. T2 weighted imaging in patients with myocardial involvement has
demonstrated focal areas of increased intramyocardial signal likely as a result of granulomatous
inflammation.88, 89 CMR has been used to demonstrate myocardial scarring using DE imaging.
In a study of 58 patients with biopsy-proven pulmonary sarcoidosis, CMR demonstrated a
sensitivity and specificity of 100% and 78% respectively using Japanese Ministry clinical
criteria as a gold standard.90 CMR demonstrated DE in all patients who met Japanese Ministry
criteria, and demonstrated DE in 6 other patients. 90

4.2.6 Amyloid Cardiomyopathy—Amyloid is a systemic clinical disorder characterized
by extracellular deposition of insoluble fibrillar proteins in multiple organ systems. Systemic
AL amyloidosis, which is the most common form, affects the heart in up to 90% of patients,
and in 50% of the cases the presenting symptom is heart failure.91 Senile systemic amyloidosis
has an incidence of 25–36% in those over 80 years of age and also has a high incidence of
cardiac involvement.91 On functional and anatomical imaging ventricular wall thickening is
commonly seen, however systolic function is generally preserved until later stages of the
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disease. Patients may also have small pericardial effusions, atrial wall thickening, and valvular
thickening. These features are non-specific for amyloid and can also be identified by
echocardiography. Tissue characterization with CMR can provide more specific information
towards the diagnosis of cardiac amyloidosis. Early studies showed a decrease in signal
intensity ratio on both T1 and T2 weighted images which enabled differentiation of amyloid
heart disease from hypertrophic cardiomyopathy.92 Recent studies have focused on the
presence of DE. In a study of 20 patients with biopsy proven systemic amyloid and
echocardiographic criteria for cardiac involvement, 69% of the patients demonstrated a pattern
of diffuse subendocardial hyperenhancement, and demonstrated significantly lower T1 values
after gadolinium contrast than control patients.93 Vogelsberg et. al. performed both CMR and
endomyocardial biopsy in 33 consecutive patients with suspected cardiac amyloidosis. In the
15 patients with biopsy proven cardiac amyloidoisis, 12 patients demonstrated a diffuse pattern
of DE by CMR which resulted in a sensitivity and specificity of 80% and 94% respectively.
94 Recently White et al. demonstrated the prognostic significance of the diffuse pattern of DE
among 46 patients with histological confirmation of systemic amyloidosis and suspected
cardiac involvement. In their cohort, 65% of patients demonstrated diffuse hyperenhancement
on DE imaging, and this finding was associated with a median survival of 144 days (versus
600 days) and a 6 fold increase in the rate of death of heart transplantation.95 Maceria et. al.
have demonstrated that altered gadolinium kinetics in the heart which result in an abnormal
intramyocardial T1 gradient predict poor prognosis in cardiac amyloidosis.96

4.2.7 Iron Overload Cardiomyopathy—Iron overload cardiomyopathy may be caused by
hereditary conditions such as hemochromatosis or as a result of transfusion-dependent anemias.
Heart failure is the leading cause of death, and is the cause of death in greater than 50% of
Thalassemia major patients.97 Cine imaging with SSFP pulse sequences can evaluate
functional parameters such as LVEF, but reduced systolic function is a late finding in the
disease. In patients with severe iron overload, the myocardium and or liver may have a darker
appearance on SSFP images due to the reduced T2 and T2* which is suggestive of the diagnosis.
Anderson et al studied 109 patients with Thalassemia Major with chronic transfusion therapy
and 15 normal volunteers and demonstrated that the mean T2* for normal subjects was 52+/
−16 ms, and below a T2* of 20ms (2 standard deviations below normal), LVEF and T2* were
correlated with lower LVEF associated with lower T2* values.98 T2* has proven to be a
reproducible marker of iron overload, and has been shown to normalize in patients on chronic
chelation therapy.99

5. Expert Opinion
CMR has evolved into a clinically important technique capable of performing a comprehensive
evaluation of cardiac structure and function including unique information about tissue
characterization. CMR has become the gold standard for quantitative evaluation of myocardial
morphology and function due to its high resolution and intrinsic three-dimensional nature.
While echocardiography is commonly used for evaluation of myocardial function as it is widely
available and inexpensive, suboptimal images are obtained in a significant number of patients
due to body habitus or lung disease. Furthermore, quantification of function by
echocardiography relies on geometric assumptions and has more variability than quantification
by CMR. DE CMR imaging is the most accurate cardiac imaging technique for detection and
sizing of myocardial infarction and provides important prognostic information in multiple
cardiovascular diseases. It has enabled detection of small subendocardial myocardial infarcts
which were previously difficult to detect using conventional techniques such as SPECT, and
has provided unique insight into scar patterns in various cardiomyopathies, improving the
ability to differentiate etiologies of cardiomyopathies and lead to potential changes in therapy.
CMR is the only cardiac imaging modality which can detect myocardial edema, or assess for
myocardial iron overload. CMR is capable of performing high resolution quantitative
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assessment of myocardial perfusion and perfusion reserve which is important for detecting
multivessel CAD. Adding DE imaging improves its overall accuracy. CMR has significantly
improved spatial resolution as compared to SPECT and is not susceptible to variable
attenuation artifacts from the breasts or scattering artifacts resulting from signal in the
abdominal viscera which may reduce the diagnostic accuracy of SPECT. The flexibility of
CMR allows tailored imaging protocols to be used to answer specific clinical questions. As
CMR does not expose patients to ionizing radiation it is ideal for longitudinal studies as well
as studies assessing long term outcomes in a variety of cardiac pathologies. Given the growing
concerns about increasing radiation exposure in medical imaging, this is a significant advantage
over SPECT, positron emission tomography, and computed tomography.

Newer techniques involving real-time imaging and 3-D data acquisitions with parallel imaging
hold promise for increased efficiency in data acquisition. These techniques are also extending
the utility of CMR to patients with cardiac arrythmias and patients who are unable to hold their
breath. Furthermore, the increased availability of 3 Tesla MRI scanners will provide enhanced
signal which will enable new techniques to be developed, and will improve many current
applications. Developments in molecular imaging agents will further extend the potential
applications of CMR. Traditional contraindications to MRI such certain implantable medical
devices are being overcome by advances in the design of MR-compatible medical devices.

One of the challenges for CMR, and for advanced diagnostic imaging techniques in general,
is demonstrating that these techniques provide added value compared to conventional imaging
modalities. This is especially important in the current healthcare environment where techniques
will no longer be evaluated solely on their diagnostic utility, but will also be evaluated for cost-
effectiveness. This will require large multi-center trials of different imaging techniques
evaluated in head to head comparisons. As CMR techniques are still evolving, these types of
studies will require standardization of CMR techniques between multiple research sites.

In summary, CMR has evolved into an extremely useful diagnostic modality in cardiovascular
disease. It offers new insights into cardiac pathophysiology and aids in the diagnosis of
coronary disease and the identification of the etiology of heart failure and cardiomyopathies.
With expanding expertise and recognition of its diagnostic power, it will grow in importance
in the armamentarium of the cardiac imager for years to come.
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Figure 1.
CMR images from a 46 yo M with diabetes and chest pain. Cine SSFP images at (a) end diastole
and (b) end systole demonstrate a focal wall motion abnormality in the anteroseptum. (c) T2-
weighted TSE images demonstrate acute edema in the septum and anterior wall. (d) first pass
perfusion image shows a region of hypoperfusion in the anteroseptum. (e) delayed
enhancement image demonstrates a myocardial infarction with a large area of MVO. These
findings were consistent with an acute myocardial infarction in a diagonal branch which was
originally missed on (f) cardiac catheterization.
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Figure 2.
CMR images from a 54yo M with diabetes and chest pain. Cine SSFP images at (a) end diastole
and (b) end systole demonstrate normal wall motion. Perfusion images at stress (d) demonstrate
subendocardial hypoperfusion in multiple territories which are not seen at (e) rest consistent
with inducible ischemia. (c) PSIR image does not demonstrate evidence of myocardial
infarction. Coronary angiography demonstrated significant stenoses in the (f) RCA and LCx
and diffuse disease in the LAD territory.

Salerno and Kramer Page 19

Expert Opin Med Diagn. Author manuscript; available in PMC 2010 November 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
CMR images from a 37 year old male with known HCM. Myocardial Tagging Images at (a)
end diastole and (b) end systole demonstrate severe septal hypertrophy with minimal tag
deformation in the anteroseptum. SSFP cine image (c) shows the asymmetric septal
hypertrophy with a 3.6 cm wall thickness. Delayed enhanced image (d) shows a region of
intramyocardial scarring in the anteroseptum near the RV insertion site, a pattern typically seen
with HCM.
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Figure 4.
CMR images from a 20 yo M admitted to an outside hospital with myocarditis who returns
with recurrent chest pain. Cine SSFP images at (a) end diastole and (b) end systole demonstrate
preserved systolic function. Edema imaging with (c) T2-weighted TSE does not show acute
edema. Delayed enhancement images (d) demonstrate focal mid-wall scar in the lateral wall
and apical-septal walls consistent with the clinical history of recent myocarditis.
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Figure 5.
CMR images from a 40 yo M with a history of biopsy proven pulmonary sarcoid with suspected
cardiac involvement. Cine SSFP images at (a) end diastole and (b) end systole demonstrate
reduced systolic function. Delayed enhancement images demonstrate focal mid-wall to
epicardial scar in the lateral wall on (c) 4chamber and (d) short axis orientations.
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