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Cardiac Magnetic 
Resonance Imaging 
for the Investigation of 
Cardiovascular Disorders.
Part 1: Current Applications

Cardiac magnetic resonance imaging is a robust noninvasive technique for investigating 
cardiovascular disorders. The evolution of cardiac magnetic resonance and its widening 
span of diagnostic and prognostic applications have generated excitement as well as un-
certainty regarding its potential clinical use and its role vis-à-vis conventional imaging tech-
niques. The purpose of this evidence-based review is to discuss some of these issues by 
highlighting the current (Part 1) and emerging (Part 2) applications of cardiac magnetic 
resonance. Familiarity with the versatility and usefulness of cardiac magnetic resonance 
will facilitate its wider clinical acceptance for improving the management of cardiovascular 
disorders. (Tex Heart Inst J 2014;41(1):7-20)

C ardiac magnetic resonance imaging (CMR) has emerged as a robust noninva-
sive technique for the investigation of cardiovascular disorders. Several tech-
nical advances have facilitated the growth of CMR by enabling high-quality 

diagnostic imaging despite the challenges inherent to cardiac imaging: cardiorespira-
tory motion and flowing blood. Considerable research evidence and years of clinical 
experience have shown the diagnostic and prognostic usefulness of CMR in a wide 
spectrum of cardiovascular disorders. The coming-of-age of CMR and its widening 
span of applications have generated excitement, as well as uncertainty, regarding its po-
tential clinical use and its role vis-à-vis conventional imaging techniques. The purpose 
of this article is to highlight the current (Part 1) and emerging (Part 2) applications 
of CMR, in order to assist the referring physician in the decision-making process.

Current Applications

Analysis of Ventricular Function and Volumes
Cardiac magnetic resonance imaging has evolved into an accurate and well-validated 
tool for the evaluation of cardiac function. The high reproducibility of CMR-derived 
measures of cardiac function makes CMR an ideal technique for the longitudinal 
follow-up of patients.1 This superior reproducibility has also led to increased use of 
CMR as a reference standard for other techniques and as a surrogate outcome mea-
sure in drug studies. In fact, the use of CMR has facilitated reduction in the required 
sample sizes for such studies by as much as 10-fold, in turn decreasing overall study 
costs by up to 80%.2-4

 Cardiac-function evaluation on CMR is based on true volumetric quantification, 
which is performed by dividing the ventricles into several smaller and relatively sim-
pler subvolumes for the calculation of global ventricular volume (the disc-summation 
technique). This technique does not use the geometric assumptions that form the 
basis of planar imaging techniques like echocardiography. The current workhorse of 
functional CMR is the balanced steady-state free precession (SSFP) sequence, which 
provides excellent delineation of the endocardial–blood pool interface. When com-
bined with parallel imaging techniques, the SSFP sequence enables the acquisition 
of electrocardiographic (ECG)-gated images within breath-hold times as short as 6 
seconds per slice while maintaining sufficient spatial resolution. Images are acquired 
in the true short-axis plane from the base of the heart to the apex (Fig. 1). For image 
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analysis, representative end-diastolic (ED) and end-sys-
tolic (ES) frames are chosen from the acquired dataset. 
For the calculation of right ventricular (RV) volumes, 
a transverse plane is often preferred over the short-axis 
view, because the interface between the RV and the 
right atrium on the basal slices is better delineated on 
the transverse plane.
 The cine magnetic resonance (MR) dataset acquired 
via the SSFP sequence is also used to evaluate regional 
segmental contributions and, through visual estimation 
of wall motion on a movie of the beating heart, the syn-
chronization of physiologic mechanical events between 
myocardial segments. Quantitative analysis of absolute 
or percentage regional systolic wall-thickening can also 
be performed. Another MR technique, myocardial tag-
ging, collects information about the shape and dimen-
sions of the ventricle at different time points throughout 
the cardiac cycle by noninvasively creating a grid of lines 
that track the underlying myocardial deformation. This 
technique is used for complex analyses of strain and re-
gional ventricular morphology (wall thickness and radii 
of curvature).
 Magnetic resonance imaging is also emerging as a 
valuable technique complementary to Doppler echocar-
diography for the analysis of diastolic function. Elevated 
left ventricular (LV) f illing pressure and chronic dia-
stolic dysfunction are important causes of left atrial dila-
tion. On CMR, left atrial planimetry is performed on 
an SSFP 4-chamber view. An area of 24 cm2 is consid-
ered the upper limit of normal left atrium.5 Ventricular 
filling curves can be obtained from CMR, and various 
markers of diastolic function (peak filling rate, time to 
peak filling rate, and peak of late filling) can be calcu-
lated from these curves. Phase-contrast MR imaging 
(PC-MR) , a versatile technique that primarily measures 
velocities and flow, can also be used to evaluate diastolic 
function. With PC-MR, transtricuspid or transmitral 

velocities can be mapped and then used for the calcu-
lation of time-velocity curves, a technique analogous 
to the method used in Doppler echocardiography. In 
addition, PC-MR can be used to analyze flow patterns 
in the pulmonary and caval veins, in turn providing 
indirect information about the diastolic function of 
the respective ventricles. Increased LV stiffness due to 
myocardial fibrosis is another important mechanism of 
diastolic dysfunction. Myocardial fibrosis can be non-
invasively characterized with delayed-enhancement MR 
imaging (DE-MR) and quantitative T1 mapping (see 
below and Part 2). Other research tools for the evalua-
tion of diastolic function include PC-MR evaluation of 
myocardial tissue velocities, MR spectroscopy, and MR 
elastography.

Analysis of Myocardial Viability
Cardiac magnetic resonance imaging is so reliable as 
a noninvasive method for identifying scarred myocar-
dium in patients with myocardial infarction (MI) that 
it has become the reference standard for this purpose. 
In the setting of myocardial dysfunction, the absence 
of scar suggests viability: the potential to improve or 
recover contractile function after revascularization. 
Therefore, this application of CMR is also called viabil-
ity imaging. The current workhorse for viability evalua-
tion is DE-MR, which is typically performed by means 
of a segmented gradient-recalled echo (GRE) sequence, 
after the administration of the MR contrast agent gado-
linium. This technique also includes the application of 
an inversion-recovery (IR) preparatory pulse to nullify 
the signal from the normal myocardium.
 Viability imaging has its basis in the principle that 
the concentration of gadolinium in infarcted myocardi-
um is higher than that in normal myocardium several 
minutes after the administration of the contrast agent. 
Normal myocardium is composed of tightly packed 
muscle f ibers with trivial extracellular space. Howev-
er, in acutely infarcted myocardium, disruption of cell 
membranes results in rapid distribution of gadolinium 
into both the intracellular and interstitial spaces, which 
contributes to the increased distribution volume and 
retention of gadolinium. Similarly, chronically scarred 
myocardium has a higher interstitial component than 
normal myocardium. The consequent difference in 
concentration of gadolinium results in greater shorten-
ing of the T1 relaxation time. This manifests itself as 
relative hyperintensity, in comparison with surround-
ing normal myocardium on T1-weighted (T1W) im-
ages, and is referred to as late gadolinium enhancement 
(LGE). Irreversibly damaged tissue has a slower wash-
in and wash-out of gadolinium: images are acquired 
10 to 30 minutes after a bolus of gadolinium, in order 
that the difference in gadolinium concentration be-
tween normal and scarred myocardium will be clear. 
This practice, in combination with the IR preparatory 

Fig. 1  Panel of cine steady-state free precession images along 
the short axis of the left ventricle (LV). The asterisk denotes the 
LV cavity blood pool and the white arrows point to the epicardial 
surface. Cardiac function is calculated by manual contouring 
of the endocardial and epicardial surfaces from the base to the 
apex of the LV. Note the high contrast between the endocardial 
blood-pool interfaces.
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pulse that suppresses the normal myocardial signal, re-
sults in high contrast differential between the viable 
and scarred myocardium.
 In segments with infarcted myocardium, LGE is typi-
cally subendocardial or transmural in location and fol-
lows a coronary artery distribution. However, segments 
with stunned or hibernating myocardium that have 
intact cell membranes do not exhibit LGE. Further, it 
should be emphasized that LGE of the infarcted myo-
cardium requires intact microvessels. Large MIs might 
have central areas with disrupted capillaries and end-
arterioles, in such a manner that gadolinium is unable 
to reach the core of the reperfused infarcted area. These 
areas are denoted as microvascular obstruction and are 
seen as nonenhancing myocardium within the enhanc-
ing necrotic myocardial core.6 Delayed-enhancement 
MR is also useful in the detection of thrombi associated 
with MI. Acute thrombi typically appear as nonenhanc-
ing intraventricular mass-like lesions (Fig. 2), whereas 
thrombi in a chronic setting are more typically seen as 
conforming to the contour of the ventricular cavity.
 Delayed-enhancement MR directly reveals both the 
viable and nonviable myocardium with high spatial 
resolution. This enables the gradation of myocardial 
viability as a continuum in accordance with the trans-
mural extent of LGE. There exists an inverse relation-
ship between the extent of LGE and the likelihood of 
functional recovery after revascularization. Segments 
with <25% LGE relative to wall thickness are scored as 
viable, whereas those with >75% LGE are not expected 

to recover contractile function and are therefore scored 
as nonviable. Intermediate likelihood of recovery is ex-
pected in segments with 25% to 75% LGE.7-9 Because 
of its high spatial resolution, DE-MR can also detect 
subendocardial infarcts that are missed by single-pho-
ton-emission computed tomography (SPECT).10 Both 
animal and human studies have validated the robust 
clinical usefulness of DE-MR.8,11

 It should be noted that DE-MR has limited use in the 
setting of diffuse myocardial fibrosis, which is beyond 
the spatial resolution of the current technique. This 
limitation accounts for the discrepancies that are some-
times observed between DE-MR and histologic f ind-
ings.12 Also, in patients with severe renal insufficiency 
(glomerular filtration rate, <30 mL/min/1.73 m2), the 
use of gadolinium is contraindicated because of the risk 
of nephrogenic systemic fibrosis.13

Evaluation of Myocardial  
Perfusion and Ischemia
Myocardial perfusion imaging (MPI) using dynamic 
contrast-enhanced MR imaging (DCE-MR) has come 
to play an important role in the diagnosis of ischemic 
heart disease. Dynamic contrast-enhanced MR is a 
technically challenging application, given the compet-
ing demands of adequate anatomic coverage and high 
spatial and temporal resolution. Dynamic contrast-en-
hanced MR involves the acquisition of a series of T1W 
images during the f irst pass of intravenously admin-
istered gadolinium. The sequences available for DCE-

Fig. 2  Long-axis phase-sensitive inversion-recovery images (A, 3-chamber view, and B, 4-chamber view) in a patient with coronary 
artery disease reveal an ischemic pattern of late gadolinium enhancement (brighter myocardium) that extends variably from the sub-
endocardium toward the epicardium in the distal anterior and apical segments (left anterior descending coronary artery distribution) 
(white arrows). Note the nonenhancing (dark) intraventricular mass-like thrombus (black arrows). The subendocardial location and 
involvement of segments in a coronary artery distribution suggest an ischemic cause.
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MR include SSFP, hybrid echo planar imaging, and fast 
GRE. A saturation prepulse is used to accentuate T1 
weighting and the regional myocardial signal-intensity 
changes caused by gadolinium. Cardiac and respiratory 
motion artifacts are minimized through the use of an 
ECG-triggered, breath-hold acquisition. Usually, 40 to 
60 heartbeats are acquired to cover the entire first pass 
of gadolinium. Stress images are obtained under vaso-
dilation achieved by infusing adenosine (or a similar 
agent) before and during the gadolinium administra-
tion. Resting perfusion images are obtained 15 minutes 
later, to allow the gadolinium to clear from the blood 
pool.
 Although quantitative and semiquantitative estima-
tion of myocardial blood f low is possible with DCE-
MR, visual evaluation is more common in clinical 
practice. In a normal scan, the first pass of gadolinium 
into the myocardium results in a rapid, uniform change 
in myocardial signal intensity from dark to bright gray 
throughout the myocardium on both the stress and 
rest images. Areas that have physiologically significant 
compromise in myocardial blood flow show a relative 
reduction of signal intensity during the gadolinium first 
pass, which is called a “perfusion defect.”
 Visual analysis of DCE-MR is sensitive, but image 
artifacts can contribute to reduced specificity for coro-
nary artery disease. To improve the specificity and ac-
curacy of rapid visual evaluation for the detection of 
coronary artery disease, DCE-MR has been combined 
with DE-MR in a multicomponent interpretation al-
gorithm (Figs. 3 and 4).14,15 This algorithm offers the 
advantage of evaluating in a single study 2 independent, 
albeit related, downstream effects of coronary artery 
disease: MI (with DE-MR) and ischemia (with DCE-
MR). The robustness of DE-MR can help to overcome 

some of the imaging artifacts that confound the inter-
pretation of DCE-MR. The presence of an LGE isch-
emic pattern on DE-MR or a reversible perfusion defect 
on DCE-MR (perfusion defect on stress imaging but 
absent on rest imaging) is consistent with coronary ar-
tery disease. In the absence of an LGE ischemic pattern 
on DE-MR, a reversible defect on DCE-MR suggests 
coronary artery disease without infarction. When both 
DE-MR and DCE-MR are negative, or when DE-MR 
is negative and there is a matched defect on DCE-MR 
(indicating an artifact), the diagnosis of coronary artery 
disease is excluded.
 Delayed contrast-enhancement MR is a promis-
ing and evolving tool that is increasingly used in daily 
practice to detect and evaluate the severity and signifi-
cance of coronary artery disease. When DCE-MR is 
used with MPI, the results compare favorably to those 
of invasive angiography, positron emission tomography 
(PET), and SPECT.16,17 Delayed contrast-enhancement 
MR has also been used to identify microvascular disease 
in patients with cardiac syndrome X.18 Signal-intensity 
changes on DCE-MR correlate with fractional flow re-
serve on invasive coronary angiography.19 When com-
pared with radionuclide imaging, MPI with DCE-MR 
has higher spatial resolution and the ability to identify 
regional flow differences over the full range of coronary 
vasodilation without the need for ionizing radiation. 
When combined with cine MR to detect wall-motion 
abnormalities and with DE-MR to detect myocardial 
scar tissue, DCE-MR offers an eff icient, comprehen-
sive technique to assist in clinical decision-making and 
in predicting patient outcomes. However, it should be 
noted that the use of MPI with CMR is more challeng-
ing and less well validated in patients with extensively 
remodeled LVs and thinned-out myocardium.20

Fig. 3  Inducible defect. A) Stress perfusion image obtained during intravenous infusion of adenosine. B) Resting-state perfusion image. 
The darkened myocardium in the stress perfusion image in the anterolateral and inferolateral segments (arrows in A) is not present on 
the resting-state perfusion image (arrows in B), thereby indicating an inducible perfusion defect. C) Phase-sensitive inversion recovery 
image shows absence of late gadolinium enhancement in the involved segments, indicating severe myocardial ischemia without infarc-
tion in the distribution of the left circumflex coronary artery. Invasive coronary angiography confirmed high-grade stenoses in obtuse 
marginal branches of the left circumflex coronary artery.
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Evaluation of Nonischemic Cardiomyopathy
Cardiac magnetic resonance imaging has become the 
preferred technique for characterizing the cause of non-
ischemic cardiomyopathy, for following disease pro-
gression, and for evaluating concomitant pathologic 
conditions, treatment response, and functional impact 
on myocardial and valvular function. For the most ef-
fective use of these techniques, CMR protocols should 
be tailored toward the specif ic clinical question. The 
application of CMR in a spectrum of phenotypes of 
nonischemic cardiomyopathies is described below.
 Sarcoidosis. Cardiac sarcoidosis has multiple mani-
festations on CMR. Acute myocardial sarcoidosis can 
display focal hyperintensity on T2-weighted (T2W) 
images as a result of myocardial edema and early gado-
linium enhancement inf lammation. These f indings 
are typically observed in a noncoronary distribution 
and might be seen even in asymptomatic patients with 
cardiac sarcoidosis. Focal thickening due to myocardial 
edema can mimic hypertrophic cardiomyopathy or a 
cardiac mass.21 In nodular sarcoidosis, CMR can display 
central low signal intensity on both T1W and T2W 
images (representing hyaline fibrotic tissue) and a pe-
ripheral area with high signal intensity on T2W images 
(representing edema).21

 Cardiac magnetic resonance imaging also enables si-
multaneous evaluation of regional and global ventricular 
function and imaging of extracardiac manifestations of 
sarcoidosis such as intrathoracic adenopathy. Recently, 
DE-MR has shown promising results for early noninva-
sive diagnosis of cardiac sarcoidosis. Epicardial or mid-
myocardial LGE in the anteroseptal and inferolateral 
segments is considered characteristic of sarcoidosis.22 
However, any territory can be involved (Fig. 5), and the 
pattern of LGE described for sarcoidosis can be similar to 
that seen in myocarditis. Rarely, an ischemic pattern of 
LGE can also be observed in patients with sarcoidosis.23 

Notwithstanding these pitfalls, CMR findings can be 
used to guide clinicians to a site for endomyocardial bi-
opsy in patients with suspected sarcoidosis. Late gado-
linium enhancement on DE-MR is also an independent 
predictor of adverse clinical events, including cardiac 
death in patients with cardiac sarcoidosis.23

 Cardiac magnetic resonance has also been used for 
follow-up in patients on steroid therapy.22,24 Late gado-
linium enhancement tends to regress early after steroid 
therapy (<6 mo), whereas regression of edema on T2W 
images is delayed (>6 mo). These abnormalities tend 
to persist or increase in severity and extent in nonre-
sponders.24 However, use of CMR to evaluate the re-
sponse to treatment will not always be feasible, because 
some patients with cardiac sarcoidosis end up receiving 
a defibrillator, which is a contraindication for MR im-
aging.
 Hypertrophic Cardiomyopathy. Cardiac magnetic reso-
nance imaging is being increasingly used to define the 
phenotypic variability, ventricular function, and hemo-
dynamic states of hypertrophic cardiomyopathy. Cine 
MR is superior to echocardiography for the identifica-
tion and quantification of the degree, extent, and dis-
tribution of myocardial hypertrophy, particularly in 
patients with the apical variant of hypertrophic cardio-
myopathy.25,26 Steady-state free precession cine images 
enable direct visualization of the systolic anterior mo-
tion of mitral valve leaflets, mitral regurgitation, and 
abnormalities of the subvalvular apparatus and papil-
lary muscles. Cine MR imaging can also differentiate 
obstructive forms of septal hypertrophic cardiomyopa-
thy from nonobstructive forms27; obstruction due to hy-
pertrophied myocardium is identif ied by consequent 
f low acceleration, turbulence, and signal void on cine 
MR sequences. Phase-contrast MR is also helpful in 
showing flow acceleration across the LV outflow tract 
and in estimating pressure gradient at rest.

Fig. 4  Fixed defect. A) Stress perfusion image obtained during intravenous infusion of adenosine. B) Resting-state perfusion image. 
The subtle dark line in the stress perfusion image in the inferolateral and inferior segments (arrows in A) is also present on the resting-
state perfusion image (arrows in B), thereby indicating a fixed perfusion defect. C) Phase-sensitive inversion recovery image shows late 
gadolinium enhancement in an ischemic pattern in these same segments. These findings indicate myocardial infarction without peri-
infarct ischemia in the involved segments.
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 Delayed-enhancement MR imaging is used in pa-
tients with hypertrophic cardiomyopathy to reveal areas 
of fibrosis.28 Late gadolinium enhancement in patients 
with hypertrophic cardiomyopathy is typically patchy 
and mid-myocardial; specifically, late gadolinium en-
hancement tends to affect the hypertrophied segments, 
the RV free-wall insertion points into the interventricu-
lar septum, and the apical segments (in patients with 
apical variant).29,30 However, LGE might also be seen 
in nonhypertrophied segments (Figs. 6 and 7).31 Late 
gadolinium enhancement tends to be more prevalent 
and pronounced in patients with advanced structural 
disease. The presumed underlying pathophysiologic 
mechanisms for LGE in patients with hypertrophic 

cardiomyopathy include increased collagen deposition 
and micro-ischemia due to abnormal intramural arter-
ies.28,32 The prognostic significance of LGE in patients 
with hypertrophic cardiomyopathy is still evolving; 
however, the extent of LGE is inversely correlated with 
LV ejection fraction, positively correlated with regional 
hypertrophy, and linked to the risk of sudden death 
and development of LV dilation and heart failure.33,34 
Late gadolinium enhancement has also been associated 
with ventricular arrhythmia on Holter monitoring.35 
Nonetheless, LGE has not yet been established as a 
criterion for the placement of an implantable defibril-
lator in patients with hypertrophic cardiomyopathy.20 
Cardiac magnetic resonance imaging with DE-MR is 

Fig. 5  A–D) Long-axis and short-axis phase-sensitive inversion recovery images in a patient with biopsy-proven sarcoidosis show  
myocardial late gadolinium enhancement (LGE) (brighter myocardium) involving the basal and mid left ventricle in a noncoronary  
distribution. Also note (C and D) the LGE in the right ventricular wall (arrows). Epicardial or mid-myocardial LGE in the anteroseptal  
and inferolateral segments is considered characteristic of sarcoidosis.
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an ideal technique for screening the immediate relatives 
of probands because of its phenotypic accuracy and its 
ability to identify abnormal myocardial substrate linked 
to adverse events.4

 Idiopathic Dilated Cardiomyopathy. Cine CMR accu-
rately quantifies global ventricular function and reveals 
patterns of contractile dysfunction in cases of idiopathic 
dilated cardiomyopathy. Patients with idiopathic dilated 
cardiomyopathy manifest global ventricular enlarge-
ment and hypokinesis. Although regional variations 
can be present, segmental wall-motion abnormalities 

do not necessarily follow coronary artery distributions. 
On DE-MR, patients with idiopathic dilated cardiomy-
opathy usually do not exhibit LGE; this lack of LGE 
can be used as confirmatory evidence for the diagnosis 
of idiopathic dilated cardiomyopathy in patients with 
LV dysfunction and might therefore obviate the need 
for coronary angiography.4,36 However, in 10% to 28% 
of patients, a characteristic pattern of mid-myocardial 
LGE involving the basal or mid-interventricular septum 
can be seen.36,37 The pathophysiologic basis of LGE (a 
nonischemic pattern) in idiopathic dilated cardiomyop-

Fig. 6  A) Short-axis cine steady-state free precession image 
shows moderate hypertrophy of the mid septum in a patient 
with hypertrophic cardiomyopathy (arrow). B) Phase-sensitive 
inversion recovery image shows absence of late gadolinium  
enhancement in the hypertrophied septum (arrow).

Fig. 7  A) Vertical long-axis and B) left ventricular outflow tract 
phase-sensitive inversion recovery images in a patient with 
hypertrophic cardiomyopathy show marked late gadolinium 
enhancement in the hypertrophied septum (arrows) and in the 
lateral and inferior walls (arrowheads).
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athy is not clear. Late gadolinium enhancement might 
represent either focal segmental fibrosis or a recurrence 
of previous subclinical myocarditis.12 Moreover, an isch-
emic pattern of LGE can occasionally be seen in pa-
tients who have been diagnosed with idiopathic dilated 
cardiomyopathy on the basis of coronary angiographic 
findings.36 The ischemic LGE pattern in these patients 
is presumed to represent coronary artery embolism from 
minimally stenotic but unstable plaques, vasospasm, or 
recanalization after an occlusive coronary event.38 Alter-
natively, patients with discrepant findings (for example, 
limited-ischemic-pattern LGE but significant LV dys-
function and dilation) might have both dilated cardio-
myopathy and “bystander” coronary artery disease. In 
such cases, DE-MR can be used to identify underlying 
coronary artery disease in patients with presumed idio-
pathic dilated cardiomyopathy.
 The extent of LGE has significant prognostic value 
for patients with idiopathic dilated cardiomyopathy. 
Late gadolinium enhancement correlates with the sever-
ity of LV dysfunction39 and confers a low likelihood of 
functional recovery after optimal medical therapy.40 Late 
gadolinium enhancement also identifies a subgroup of 
patients with a higher risk of inducible ventricular ar-
rhythmias on electrophysiologic studies41 and is an in-
dependent predictor of the risk of future cardiovascular 
events.42 Cardiac magnetic resonance has also been used 
for serial evaluation of cardiac function in response to 
pharmacologic interventions in patients with idiopathic 
dilated cardiomyopathy.43

 Amyloidosis. Cardiac magnetic resonance imaging 
plays a significant role in the evaluation of patients with 
amyloidosis, who commonly present with a suspected 
restrictive cardiomyopathy. In patients with amyloido-
sis, CMR findings include variable degrees of function-
al impairment, concentric thickening of the ventricular 
walls, and associated thickening of the interatrial sep-
tum and atrial walls. Patients with amyloid restrictive 
cardiomyopathy can have a characteristic diffuse LGE 
pattern (Fig. 8), which is usually more prominent in 
the subendocardium and in the basal segments.44,45 The 
pathophysiologic basis of this pattern is presumed to be 
myocardial interstitium expanded by amyloid deposi-
tion and variable degrees of myocardial fibrosis.38 Late 
gadolinium enhancement is also a strong independent 
predictor of 1-year death in patients with cardiac amy-
loidosis.46

 Arrhythmogenic Right Ventricular Cardiomyopathy. 
Cardiac magnetic resonance imaging is the f irst-line 
technique for following changes in RV volumes, struc-
ture, and function over time and for evaluating suspect-
ed RV cardiomyopathy, such as arrhythmogenic RV 
cardiomyopathy (ARVC). Right ventricular dilation 
(indexed ED volume, ≥110 mL/m2 in men or ≥100 mL/
m2 in women), regional wall-motion abnormality, and 
reduced RV ejection fraction (≤0.40) constitute one of 

the major criteria for the diagnosis of ARVC as set forth 
by the revised Task Force Criteria for the diagnosis of 
ARVC.47 Other morphologic RV abnormalities that can 
be seen in patients with ARVC include thickening (>6 
mm) or thinning (<2 mm) of the myocardial wall, focal 
aneurysms, trabecular disarray, moderator-band hyper-
trophy, and increased myocardial signal on black-blood 
images (which suggests fatty infiltration). However, de-
tecting fat in the thin RV free wall and differentiating 
this fat from adjacent epicardial fat can be challenging 
and very much dependent upon optimal image qual-
ity.48-50 In patients with proven ARVC, DE-MR per-

Fig. 8  A) Long-axis and B) short-axis phase-sensitive inversion 
recovery images in a patient with biopsy-proven amyloidosis 
show diffuse late gadolinium enhancement with mild concentric 
thickening of the left ventricular walls (arrows).
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formed in concert with fat suppression shows LGE in 
the RV free wall and in the interventricular septum, 
which correlates with fibrosis on histopathologic exami-
nation. The presence of  LGE can predict inducibility of 
ventricular tachycardia upon electrophysiologic testing. 
On the basis of these f indings, a role for LGE in risk 
stratification has been proposed.51 However, LGE is not 
currently included in the revised Task Force Criteria for 
the diagnosis of ARVC.
 Left Ventricular Noncompaction. Left ventricular non-
compaction is morphologically characterized by exces-
sive LV trabeculation; patients with this condition 
often present with progressive ventricular dysfunction, 
arrhythmias, or cardioembolism. Recent studies have 
suggested that CMR is more effective than conven-
tional echocardiography in identifying the extent of 
noncompaction and providing supplemental morpho-
logic information.52 Two CMR-based criteria for the 
diagnosis of LV noncompaction have been proposed: 
a threshold ratio >2.3 for noncompacted-to-compacted 
myocardium on diastolic SSFP sequence, long-axis views 
in patients with a distinct 2-layered appearance of the 
myocardium53; and LV trabecular mass >20% of global 
LV mass.54 However, these morphologic diagnostic cri-
teria have not been validated in larger studies.
 Delayed-enhancement MR can reveal the charac-
teristic myocardial f ibrosis in the deep intertrabecular 
recesses of the noncompacted myocardium and the re-
lated papillary muscles.53 In patients with LV noncom-
paction, delayed-enhancement MR is also optimally 
suited to the display of intertrabecular thrombus, the 
likely source of cardioembolic phenomena.

Valvular Heart Disease
Cardiac magnetic resonance imaging provides a com-
prehensive evaluation of valvular stenosis and regurgi-
tation and enables accurate evaluation of the effect of 
valvular pathologic conditions on cardiac function and 
anatomy. The role of CMR is often complementary 
to that of echocardiography and is particularly help-
ful when f indings on echocardiography, clinical ex-
amination, and cardiac catheterization are discordant. 
Anatomic information obtained through CMR about 
leaf let morphology, thickness, and vegetations might 
be inferior to information obtained through echocar-
diography because of CMR’s lesser temporal resolution. 
Cardiac magnetic resonance imaging can also be used 
to identify abscesses, extracardiac spread of infection, 
and rupture of the sinus of Valsalva secondary to en-
docarditis.55,56

 Jets of flow across regurgitant or stenosed valves lead 
to signal loss on cine CMR sequences due to intravoxel 
dephasing of protons as a consequence of the turbu-
lence. Length and area of signal loss are validated as 
semiquantitative indicators of the severity of valvular 
pathologic conditions.

 For CMR quantif ication of the severity of valvular 
pathologic conditions, the technique that is most fre-
quently used in practice is PC-MR. Phase-contrast MR 
is an accurate, validated, and reproducible technique 
for measuring flow. Through-plane PC-MR (the veloc-
ity jet is perpendicular to the imaging plane) is neces-
sary for flow quantification. Quantification of the RV 
and LV outputs can also be compared with the use of 
through-plane f low measurements from the proximal 
ascending aorta and the pulmonary trunk. In patients 
with a single regurgitant atrioventricular valve, regur-
gitant volume quantif ication can be calculated as the 
difference between RV and LV stroke volumes.
 Valvular Regurgitation. Cardiac magnetic resonance 
imaging offers accurate definition of the valvular regur-
gitant jet and quantification of regurgitant volume (both 
the absolute value and the regurgitant fraction). When 
combined with information about the functional impact 
of regurgitation on cardiac volumes and function, data 
from CMR can guide the timing of valve replacement.
 Direct quantification of the regurgitant volume and 
the regurgitant fraction is performed by measuring the 
forward systolic and reverse diastolic flow in the ascend-
ing aorta by means of PC-MR (Fig. 9). This approach 
is more accurate than echocardiography, has high repro-
ducibility, and has been used to identify patients with 
aortic regurgitation who will be responsive to therapy 
with an angiotensin-converting enzyme inhibitor and 
hydralazine.4,57,58 In patients with mitral regurgitation, 
the jet direction and origin can be optimally portrayed 
on cine CMR, which can help to discern the mecha-
nism of regurgitation. Cardiac magnetic resonance can 
also reveal associated structural alterations, including 
myxomatous, infective, or congenital (cleft, for exam-
ple) degeneration; annular dilation; papillary muscle 
rupture; and functional alterations such as prolapsed 
or f lail valve. For regurgitant volume quantif ication, 
the forward stroke volume in the ascending aorta as 
measured by PC-MR is subtracted from the LV stroke 
volume (obtained from the cine SSFP short-axis LV 
stack). Direct quantification of mitral regurgitation by 
performing PC-MR at the level of the mitral inflow is 
complicated by the through-plane motion of the annu-
lus and the eccentricity of the mitral regurgitation jet,59 
so this technique is less often used.
 Valvular Stenosis. Valvular stenosis is identified by sig-
nal loss caused by a jet of turbulence distal to an abnor-
mal valve on cine CMR during the appropriate phase of 
the cardiac cycle. Phase-contrast MR imaging enables 
quantification of the stenosis severity. Initially, the jet 
is def ined by means of in-plane cine CMR. Quanti-
f ication is then performed with either through-plane 
or in-plane imaging at the site of maximum velocity. 
The Bernoulli equation is used to estimate the pressure 
gradient. For estimation of the valve area in patients 
with aortic stenosis, PC-MR is used to calculate the 
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velocity profiles in the LV outflow tract and in the as-
cending aorta. The continuity equation is then applied 
to calculate the valve area. The mitral valve area can also 
be estimated from the PC-MR–derived mitral pressure 
half-time. Reversal of the pulmonary vein flow detected 
by PC-MR is a sign of severe mitral stenosis. Finally, 
CMR also enables concomitant evaluation of the con-
sequences of mitral stenosis, such as left atrial enlarge-
ment, atrial thrombi in patients with atrial fibrillation, 
and pulmonary hypertension and its secondary effects, 
such as RV dysfunction and pulmonary regurgitation.

 Cardiac magnetic resonance-derived values correlate 
with results from catheterization and Doppler echo-
cardiography in patients with mitral and aortic valve 
stenosis.60,61 Cardiac magnetic resonance has an advan-
tage over echocardiography, because the velocity jet can 
be aligned easily in any direction in CMR, without 
the limitation of acoustic windows. Cardiac magnetic 
resonance can also be used to evaluate pulmonary and 
tricuspid valve pathologic conditions and their effects 
on cardiac volumes and function, and it is particularly 
valuable in patients who have multivalve disease.
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Fig. 9  Through-plane quantitative flow images through the ascending aorta. A) Magnitude image details the anatomy, contour, and 
shape of the vessel, whereas B) the phase-velocity map displays the direction of flow. C) Region of interest is contoured over the 
ascending aorta to measure the flow throughout the cardiac cycle. D) The software generates the settings information and detailed 
analysis results for each frame.
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Pericardial Disease
Cardiac magnetic resonance imaging has become the 
gold-standard noninvasive technique for the evaluation 
of pericardial disease. This technique is able to evaluate 
pericardial morphology and its functional impact on 
diastolic cardiac function and heart filling. Free-breath-
ing, real-time cine CMR is a key sequence for the evalu-
ation of pericardial pathologic conditions, because this 
technique directly shows the effect of the pericardium 
on dynamic, physiologic events, thereby identifying the 
respirophasic variation of the interventricular septum 
during free breathing.62

 Congenital Pericardial Pathologic Conditions. Pericardi-
al cysts are well-circumscribed, simple-appearing cysts, 
typically in the cardiophrenic angles that are attached to 
the pericardium either directly or through a peduncle. 
In contrast, a pericardial diverticulum appears as a focal 
outpouching that maintains a direct communication 
with the pericardial sac. The diagnosis of congenital 
pericardial defect on CMR has its basis in indirect find-
ings associated with the absence of an intact pericar-
dium. These include abnormal cardiac position (such 
as excessive levorotation), abnormal indentation of a 
cardiac chamber at the location of the defect, and her-
niation of the lung tissue through the defect.
 Acquired Pericardial Pathologic Conditions. The pres-
ence of pericardial LGE on DE-MR with or without 
small effusion supports a clinical diagnosis of acute 
pericarditis.63 The high spatial resolution of DE-MR 
enables the evaluation of adjacent epicardial fat and 
myocardial involvement in the inflammatory process. 
Cardiac magnetic resonance imaging is also comple-
mentary to, and can be more advantageous than, echo-
cardiography for the evaluation of pericardial effusion. 
In particular, CMR is more effective than echocardiog-
raphy in detecting and characterizing small, loculated, 
or nonserous effusions (Fig. 10). Moreover, CMR can 
provide clues to the presence of unsuspected pericardial 
tamponade. Findings that suggest tamponade include 
diastolic wall-f lattening or inversion of the right-sided 
chambers, early diastolic paradoxical bouncing of the 
interventricular septum (“septal bounce”), and f lat-
tening or inversion of the septum on deep-breathing 
real-time cine imaging. These findings indicate reduced 
ventricular compliance; augmentation of RV f illing 
during normal breathing and on deep inspiration oc-
curs at the expense of diminished LV filling.
 The most important indication, however, is constric-
tive pericarditis, or the suspicion of it. Morphologic 
f indings for constrictive pericarditis include focal or 
generalized pericardial thickening with irregular mar-
gins and a tubular configuration of the ventricles due 
to the effect of a noncompliant pericardium. Ancillary 
findings include atrial dilation, pleural effusion, venous 
distention, and (in the included upper abdominal im-
ages) hepatomegaly and ascites. Although signif icant 

pericardial thickening (>5–6 mm) is traditionally con-
sidered an important diagnostic criterion for constric-
tive pericarditis, recent studies have challenged this 
notion64—there appears to be only a weak correlation 
between the extent of pericardial thickening and the 
severity of constrictive pericarditis.65 In fact, end-stage 
irreversible constrictive pericarditis can be associated 
with a thin pericardium.66,67

 Pericardial LGE in patients with constrictive pericar-
ditis suggests residual pericardial inflammation (Fig. 
11) and correlates with organizing pericarditis on his-
topathologic examination.66 When seen in conjunction 
with inf lammatory biomarkers, pericardial LGE is a 
potential predictor of the reversibility of constrictive 

Fig. 10  A) and B) Long-axis cine steady-state free precession 
images show a circumferential simple pericardial effusion, which 
appears as bright, fluid-signal intensity in the pericardial sac 
(arrows).
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pericarditis with medical management alone. The diag-
nosis of constrictive pericarditis is particularly challeng-
ing, because it involves close study of both functional 
and hemodynamic alterations to identify “constrictive 
physiology.” Findings of constrictive physiology include 
diastolic septal bounce on cine MR and early inspiratory 
septal f lattening or inversion on real-time cine CMR. 
Diastolic septal bounce has a high sensitivity and speci-
ficity for the diagnosis of constrictive pericarditis.68 Evi-
dence of interventricular septal respirophasic variation 
on CMR is also considered a hallmark of constrictive 
pericarditis; this finding is not seen in restrictive cardio-
myopathy.69 Phase-contrast MR can be used to discern 
a restrictive filling pattern across the tricuspid valve and 
in the inferior vena cava in patients with constrictive 
pericarditis.70 Fibrotic adhesion between the pericardial 
layers and the extension of the fibrotic process into the 
adjacent myocardium can be recognized on MR tag-
ging by the persistence of grid lines throughout the car-
diac cycle.71

 Please see the next issue for Part 2 of this article, which 
will focus on emerging applications of CMR imaging for 
the investigation of cardiovascular disorders.
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