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ABSTRACT: Cardiovascular magnetic resonance (CMR) has emerged as a key modality to assess nonischemic cardiomyopathies. Its ability to

detect cardiac morphology and function with fast cine imaging, myocardial edema with T2-based techniques, and fibrosis with late gadolinium

enhancement techniques has enabled noninvasive characterization of cardiac tissue, thus helping clinicians assess cardiovascular risk and

determine the most effective management strategy. Active investigations into parametric imaging techniques will further expand the potential

clinical applications of CMR for cardiac tissue characterization. This review discusses the use of CMR techniques in characterizing the major

morphofunctional phenotypes of nonischemic cardiomyopathies.

INTRODUCTION

Cardiovascular magnetic resonance (CMR) has become a key
modality for diagnosing nonischemic cardiomyopathies. Its
use of imaging and parametric mapping techniques weighted
for magnetic properties and of gadolinium-based contrast
agents allow clinicians to characterize myocardial tissue.

With its fast cine imaging techniques, CMR not only enables
clear visualization of cardiac morphology but also serves as

a clinical reference for cardiac ventricular volumes, ejection
fractions, and myocardial mass. This review provides a brief
overview of CMR capabilities and summarizes significant CMR
findings in nonischemic cardiomyopathies encountered in
clinical practice.

CMR TECHNIQUES

Since the introduction of magnetic resonance imaging (MRI)
in the 1970s, CMR methods have advanced significantly.

In general, CMR allows the acquisition of high-contrast,
high-spatiotemporal resolution cardiac cine images within

a single breath hold and highly reproducible quantification

of ventricular volumes and ejection fractions, with clinical
implications for implantable cardiac defibrillators based on
guideline-established ejection fraction criteria for implantation.!
Phase-contrast imaging techniques provide velocity and flow
volume measures to assess coexisting valvular diseases.

With appropriate adjustment to the MRI sequences, T1- and
T2-weighted images inform clinicians on myocardial tissue
components. These imaging techniques are now more
frequently supplemented with T1, T2, and T2* parametric
image maps for characterizing fibrosis, water content, and iron
content, respectively. Native and post-contrast T1 parametric
maps are also used to derive extracellular volume fractions
(ECV), a surrogate for interstitial fibrosis. Lastly, late gadolinium
enhancement (LGE) helps clinicians detect thrombus,
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microvascular obstruction, and scarring/replacement fibrosis
(scar appearing as LGE).

CARDIOMYOPATHIES

The classification scheme for cardiomyopathies among
professional societies has evolved over the past few decades.
Previously, these diseases were classified based on genetic
versus acquired forms. However, an increasing number of
identifiable underlying genotypes has led to a shift in thinking
toward a genotype-phenotype classification scheme. In 2013,
the World Heart Federation proposed the MOGE(S) scheme
that describes the morphofunctional phenotype, organ/
system involvement, genetic inheritance pattern, etiology, and
stage.? Although discussion of the entire classification scheme
is beyond the scope of this review, we highlight the major
morphofunctional phenotype categories of cardiomyopathy
and the significant CMR findings in clinical practice. In
addition, phenotypic findings on CMR may prompt re-
evaluation of clinically presumed cardiomyopathies and lead
to re-classification of disease entities, alterations in expected
prognosis, and changes in treatment strategies.®

ISCHEMIC CARDIOMYOPATHIES

Although not formally considered a cardiomyopathy or intrinsic
disorder of the myocardium itself by societal consensus, in
clinical parlance “ischemic cardiomyopathy” refers to irreversible
myocardial loss due to an infarction or to myocardial hibernation
or stunning, usually resulting from significant coronary artery
disease (CAD).* CMR allows direct visualization of nonviable
scar tissue changes from myocardial infarction (through the
classic LGE watershed pattern) and detection of myocardial
ischemia through stress imaging protocols.>¢ Moreover, the
absence of any LGE has been described in patients with
angiographically proven significant CAD stenoses,” suggesting
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a nonischemic etiology to such cardiomyopathies in this
population. Lastly, even in the absence of significant CAD
(aka, nonobstructive coronary arteries), CMR has been shown
to detect CAD-type LGE, a phenomenon called myocardial
infarction with nonobstructive coronary arteries.®

HYPERTROPHIC CARDIOMYOPATHIES

Hypertrophic cardiomyopathy (HCM) has been defined in adults
as a left ventricular (LV) wall thickness = 15 mm in the absence
of secondary causes such as hypertension or aortic stenosis,®
although an unexplained = 13 mm thickness can be used

for first-degree family members of patients with established
disease.'® Prior echocardiographic work on asymmetric

septal hypertrophy established the criteria of a septal-lateral

wall thickness ratio of 1.3 in normotensive adults and 1.5 in
hypertensive adults."'?

CMR enables a full 3-dimensional assessment of myocardial
morphology, allowing visualization of regional LV hypertrophy
(Figure 1 A) and apical hypertrophy (Figure 1 B) that may be
missed on echocardiography.”® In one small study (N=48),
CMR was able to identify LV hypertrophy in 6% of cases
missed by echocardiography. In addition, CMR allows for
accurate quantification of mitral regurgitation in the setting of
coexisting systolic anterior motion of the anterior mitral leaflet,
as described in the accompanying article on valve assessment.

Microvascular ischemia has been implicated as the
pathogenesis of replacement fibrosis, which develops in later
stages of HCM. Stress CMR protocols enable the detection of
such ischemia through evidence of stress-inducible perfusion

Figure 1.

(A) A3-chamber long-axis view at end diastole in one individual with
asymmetric septal hypertrophy (A) with septal thickness >3 cm. (B) A
4-chamber long-axis view at end diastole in another patient with mid and
apical ventricular hypertrophy with apical thinning suggestive of an apical
aneurysm.
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abnormalities.' In the later stages of HCM remodeling, the
detection of LGE on CMR has been firmly associated with

an increased risk for sudden cardiac death and adverse LV
remodeling, especially when the burden is = 15% of the LV
mass,'® which has implications when considering implantation
of a cardiac defibrillator. CMR also enables the detection of
HCM-associated LV apical aneurysms, reported in 4.8% of a
1,940-person HCM cohort and associated with an increased
risk for sudden cardiac death and thromboembolic events.'®
Because of these findings, the European Society of Cardiology
has endorsed repeat CMR every 5 years in clinically stable
HCM patients or every 2 to 3 years in those with progressive
disease.'® The clinical implications of T1 parametric mapping
and ECV quantification in HCM are still being explored and may
allow for earlier detection of fibrotic changes in hypertrophied
myocardium.

RESTRICTIVE CARDIOMYOPATHIES

Restrictive cardiomyopathies refer to cardiomyopathies with
stiffened myocardial walls for reasons other than sarcomere
hypertrophy and include infiltrative disorders, storage diseases,
and endomyocardial fibrosis. Such cardiomyopathies are
characterized by diastolic dysfunction with restrictive filling,
reduced diastolic volume of either or both ventricles, preserved
systolic function in their early stages, and normal or mildly
increased wall thickness."”

Infiltrative cardiac disorders include amyloidosis and
sarcoidosis. For amyloidosis, the classic diffuse subendocardial
LGE pattern seen on CMR has become pathognomonic for

its diagnosis by CMR and has been linked with deposition of
amyloid protein in the myocardial interstitium (Figure 2 A), with
a sensitivity of 80% and specificity of 94%.'8'° Atrial infiltration
by amyloid protein can occur and be similarly detected on

LGE imaging. Studies of CMR using T1 mapping techniques

in this population have established that native T1 times and
ECV in patients with amyloidosis are increased compared

with controls, with native T1 times being usable even when
gadolinium is contraindicated.?>?' Research to differentiate
between light chain (AL) and transthyretin forms (ATTR) of
cardiac amyloidosis using T1 mapping and LGE shows that the
AL type has higher T1 times and ATTR has more transmural
LGE involvement.?*?® Unfortunately, no universal cutoffs for T1
relaxation times have been established to date due to variability
between individual scanners, between MRI sequences and
postprocessing, and among local site reference ranges. Use

of ECV attempts to circumvent physical T1 dependencies

on scanners and sequences by more directly quantifying the
extracellular volume.?#?® Although several small studies have
explored ECV cutoffs for detecting cardiac amyloidosis, no
universal ECV cutoff has yet been validated and established
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Each panel corresponds to a different patient with a different form of restrictive cardiomyopathy. (A) A 4-chamber view showing diffuse late gadolinium

enhancement (arrows) consistent with amyloidosis. (B) A 4-chamber view showing focal thickening and late gadolinium enhancement of the lateral wall

(arrows) in a nonischemic pattern suggestive of sarcoidosis. (C) Midventricular short-axis T2* parametric map showing very low T2* times in the left ventricle

(sampled in ellipsoid region of interest) suggestive of cardiac iron overload. (D) Midventricular short-axis native T1 parametric map in an individual with

confirmed Anderson-Fabry and no cardiac iron overload, with T1 times (sampled in ellipsoid region of interest) found to be significantly reduced compared

with areference healthy group (mean T11167 £ standard deviation 33 msec at 3.0 T). (E) A 4-chamber view showing an apical thrombus with surrounding fibrotic

material by late gadolinium enhancement (arrow), consistent with endomyocardial fibrosis.

among the CMR community for this
purpose. Both T1 mapping and ECV
remain active areas of investigation
for the diagnosis and management of
cardiac amyloidosis.

For cardiac sarcoidosis, the detection
of LGE on CMR in a noninfarct pattern
(Figure 2 B) has been ascribed to this
disease entity and portends increased
risk for cardiac death, although the
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entity could equally masquerade as

an infarct pattern. In 81 patients with
any sarcoidosis, 21 (26%) were found
to have cardiac LGE, with basal and/
or mid-ventricular septal involvement

in 16 of these cases.?® Because of the
variation in regional involvement of this
disease, CMR may be useful in guiding
endomyocardial biopsy for tissue
diagnosis. Several sets of diagnostic
criteria for cardiac sarcoidosis have been

proposed. In its updated 2016 Guideline
on Diagnosis and Treatment of Cardiac
Sarcoidosis, the Japanese Circulation
Society considers CMR-detected LGE
one of five major criteria for pathological/
histopathological information since it is a
key index of tissue damage and fibrosis in
cardiac sarcoidos.?” In contrast, the Heart
Rhythm Society relies heavily on either
cardiac or extracardiac tissue diagnosis
plus at least one of seven criteria that
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includes LGE plus exclusion of other etiologies.?® In either
diagnostic scheme, CMR is considered useful for screening.
With the introduction of parametric mapping, detection of
increased T2 decay times may allow for detection of active
sarcoidosis and response to immunosuppressive therapies.?®

Storage diseases affecting the heart include cardiac iron
overload and Anderson-Fabry disease. In cardiac iron overload,
the increased iron content in myocardial tissue can be expected
to shorten all the T1, T2, and T2* magnetic tissue properties. It
should be noted that magnetic tissue properties within the same
patient, and thus clinical criteria based on these properties, will
differ with magnetic field strength. CMR-assessed T2* decay
times of < 20 msec on 1.5 Tesla scanners have been previously
validated for the detection of cardiac iron overload (Figure

2 C). Work originally done in thalassemia patients receiving
multiple blood transfusions has proven its utility in the initiation
of chelation therapy to improve survival.®® In the correct clinical
context where cardiac iron overload may be strongly suspected,
the detection of shortened T1 relaxation times on T1 parametric
maps has also been proposed to supplement T2* measures in
cardiac iron overload detection, especially in a third of cardiac
iron overload cases where T2* may be > 20 msec on 1.5 Tesla
scanners.®' The 2017 recommendations from the Society of
Cardiovascular Magnetic Resonance have established the
reporting of a 3-tier risk model of cardiac iron overload for
myocardial T2* times on a 1.5 Tesla scanner: low risk, > 20 ms;
intermediate risk, 10-20 ms; and high risk, < 10 ms.2 In
Anderson-Fabry disease involving the heart, a mutation in the
a-galactosidase leads to sphingolipid deposition in myocardial
tissues. This process can lead to LGE typically detected in the
inferolateral wall of affected individuals.®® However, with the
advent of T1 parametric mapping, earlier detection of cardiac
involvement for this disease entity is possible, as the myocardial
lipid deposition has also been shown to lower T1 relaxation
times in affected individuals (Figure 2 D) and may have a role

in initiating early enzyme replacement therapy to delay this
disease.®* Given the rarity of this disease entity, previously
mentioned causes of shortened myocardial T1 times such as
cardiac iron overload and chronic fibrofatty changes from a prior
myocardial infarction should be excluded.

Lastly, endomyocardial fibrosis is a cardiomyopathy with a
predilection to tropical and subtropical regions.%® Although
classified as a “cardiomyopathy,” the myocardium itself is
unaffected in this hypereosinophilic syndrome. Biventricular
involvement should be suspected and excluded on cardiac
imaging, as one population study of 211 confirmed cases
reported both chambers to be involved in roughly 56% of
cases. CMR can help confirm the classic pattern of LGE
central thrombus with a surrounding hyperenhanced layer
(Figure 2 E), although care should be taken with early and late
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gadolinium enhancement imaging to exclude gradual contrast
permeation of a microvascular obstruction associated with an
acute myocardial infarction. Despite being nonspecific, active
inflammation of the mass can be detected on CMR in the form
of edema using T2-based techniques

ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY

As of 2010, the Task Force for Arrhythmogenic Right Ventricular
Cardiomyopathy has established criteria for the diagnosis

of this type of cardiomyopathy.®®* Much of these criteria are
based on clinical history, electrocardiographic findings, and
endomyocardial biopsy results. For CMR, the following criteria
have been recommended:

» Major criteria: Regional RV akinesia or dyskinesia or
dyssynchronous RV contraction (Figure 3) and one of the
following:

© RV end diastolic volume indexed for body surface area
(= 110 mL/m? in males; = 100 mL/m? in females), or
o RV ejection fraction < 40%
* Minor criteria: Regional RV akinesia or dyskinesia or
dyssynchronous RV contraction and one of the following:
o Enlarged RV end diastolic volume indexed for body
surface area (= 100 mL/m2 and < 110 mL/m? in males;
> 90 mL/m? and < 100 mL/m? in females), or
o RV ejection fraction > 40% and < 45%

Less recognized but also a concern is the similar entity of left
dominant arrhythmogenic cardiomyopathy. CMR may have a

Figure 3.

Cardiac magnetic resonance (CMR) right ventricular (RV) 3-chamber
long-axis views are shown at (A) end-diastole and (B) end-systole with an
anterior lateral free wall aneurysm (arrow) in an individual with previously
unexplained frequent ventricular ectopy. Along with RV dilatation (115
mL/m?) and depressed systolic function (RV ejection fraction 38%),
these findings fulfilled major CMR criteria for arrhythmogenic RV
cardiomyopathy.
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role in detecting fibrofatty changes in the LV myocardium of
suspected cases using T1-based and LGE imaging techniques
described.

LEFT VENTRICULAR NONCOMPACTION

The hallmark of LV noncompaction (LVNC) is the presence

of (A) prominent, noncompacted, spongiform trabeculae with
(B) intertrabecular recesses in continuity with the LV cavity

on (C) compacted myocardial tissue. These trabeculae are
formed and then presumably become compacted during
embryologic development.®” This feature can also involve the
right ventricle, can be encountered in a multitude of patient
populations (including those with dilated cardiomyopathy and
healthy athletes), and can even be acquired and reversed.?®4°
Thus, CMR can provide useful imaging criteria but should not
be considered definitive for diagnosing LVNC cardiomyopathy.
Three separate CMR criteria for LVNC have emerged in the
literature using the noncompacted-to-compacted (NC/C) tissue
relative proportions or trabecular border complexity:

1. Maximal end-diastolic NC/C thickness ratio > 2.3, with
thickness perpendicular to compacted myocardium, on
any cardiac long-axis views (Figure 4) (sensitivity 86%),
specificity 99%)*

2. End-diastolic noncompacted tissue mass > 20% of total LV
mass, where compacted tissue mass included the papillary
muscles (sensitivity and specificity both 93.7%)4?

3. End-diastolic maximal apical fractal dimension cutoff of
2 1.80 on cardiac short-axis views (Figure 5) (sensitivity and
specificity both of 1009%)*

Figure 4.

2-chamber long-axis (A) and apical short-axis (B) views of the same heart
at end diastole show prominent, apical trabeculae in an individual with
depressed left ventricular (LV) systolic function (LV ejection fraction
42%). The noncompacted (cyan line)-to-compacted (magenta line)
myocardial thickness ratio was estimated to be 4.
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The last method makes use of publicly available software
(Imagel, National Institutes of Health) but requires experience
for its use. Lastly, delayed gadolinium enhancement imaging
techniques allow for detection of intertrabecular thrombi, which
can influence thromboembolic management.

DILATED CARDIOMYOPATHIES

Dilated cardiomyopathy is broadly defined as the presence of LV
dilation and systolic dysfunction with the exclusion of coronary
artery disease and other cardiomyopathies and beyond the
proportion expected with abnormal loading conditions (eg,
aortic or mitral regurgitation) (Figure 6 A).** Because of

the enlarged ventricle, this entity can be accompanied by
secondary or functional mitral regurgitation due to mitral annular
dilatation and tethering of the mitral leaflets (as described in

the accompanying article on valve assessment by Malahfji and
Shah). When present, functional mitral regurgitation not only
fosters adverse progression of this entity but also portends
increased morbidity and mortality independent of LV ejection
fraction.*® Similarly grim is the detection of replacement fibrosis
(Figure 6 B), often found in a mid-mural location, seen in a third
of dilated cardiomyopathies,*® and associated with ventricular
tachycardia, increased morbidity and mortality, and decreased
response to heart failure therapies.*”52

Screening for etiologies should include familial genetic
cardiomyopathies, chronic tachyarrhythmias, alcohol intake,
cardiotoxic chemotherapies, peripartum state, and viral illnesses
or other inflammatory conditions. If a viral illness or other
inflammatory condition is suspected, then the 2018 Modified
Lake Louise Criteria can be applied to determine the likelihood
of nonischemic myocardial inflammation on CMR.%® These
criteria make use of the following CMR findings, with study
authors advocating for a combination of both main criteria:

* Two main:
©  Myocardial edema detected on T2 parametric maps or
T2-weighted images (Figure 7)
o Nonischemic myocardial injury detected on T1 parametric
maps, regional ECV elevation, or LGE
* Two supportive:
©  CMR evidence of pericarditis
o Systolic LV dysfunction

Myocardial edema has been clinically presumed to represent
the acute phase of myocarditis. The combinations of

major CMR criteria have a reported median area under the
curve for detecting myocarditis ranging from 0.75 to 0.90.
However, as parametric mapping techniques have only
recently begun to enter clinical use, their prognostic utility

in such patients remains an active area of investigation.
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Figure 5.

Steps are shown for fractal analysis of left
ventricular (LV) trabeculae in a patient with
established LV noncompaction. (A) The
endocardial border of the LV in short-axis is
segmented out, (B) progressively smaller boxes

in grids (scale relative to total image size) are
used to count boxes containing the border (boxes
with any white pixel), (C) and the box count versus

box scale are plotted using logarithmic scale

. and fitted with aregression line. The regression
Count: 9 19 40 81 150 coefficient of the fitted line becomes the fractal
Scale: \0'38 0.25 0.13 0.08 0.05 W, dimension (FD), with higher values suggesting a

r ToNEE more trabeculated endocardial border and lower
Calculate Ln values suggesting a smoother, less trabeculated

border. (J Cardiovasc Magn Reason. 2013;10;15:36).
| ' Reproduction of the original, unmodified figure is
permitted under a Creative Commons License as

per BioMed Central copyright policies.

Ln count

Ln scale

Figure 7.
Figure 6. (A) Mid-ventricular short-axis views of an individual with known active
(A) A 3-chamber view of a heart with dilated cardiomyopathy in systole, myocarditis showing increased signal intensity suggestive of myocardial
illustrating tenting of the mitral valve with functional mitral regurgitation edema (white, arrows) on a dark blood T2-weighted image with fat
(arrow), (B) and a mid-ventricular short-axis view showing mid-mural scar suppression and (B) myocardial scar in the same mid-mural regions (white,
(arrow) of the interventricular septum on late gadolinium enhancement imaging. arrows) on late gadolinium enhancement imaging
LGE patterns for viral-type myocarditis CONCLUSION the morphofunctional phenotypic
have been described as confined to manifestations of nonischemic
intramural septal wall or subepicardial As illustrated, CMR provides a cardiomyopathies. Its findings are
lateral wall involvement but do not comprehensive set of methods for proving to be invaluable risk markers
inform on the chronicity of the disease characterizing the heart at the structural that influence clinical management and
process alone.?* and tissue level and, therefore, decision making in patients with these
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diseases. Thus, CMR has become a crucial imaging modality for

the assessment of nonischemic cardiomyopathies and should
be used routinely in the appropriate clinical setting.

KEY POINTS

+ Cardiovascular magnetic resonance (CMR) has enabled
the characterization of morphofunctional phenotypes of
nonischemic cardiomyopathies.

* CMR use of imaging and parametric mapping techniques
weighted for magnetic properties and of gadolinium-
based contrast agents allow clinicians to characterize the
myocardial tissues.

* Key CMR findings are used in formal criteria for the
diagnosis of various nonischemic cardiomyopathies.
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