[Downloaded free from http://www.jiaecho.org on Monday, April 3, 2023, IP: 255.167.132.81]

Review Article

Myocardial Tissue Characterization by Cardiac Magnetic
Resonance: A Primer for the Clinician

Suraj Gowda, Richa Jayesh Kothari, Vimal Raj
Cardiothoracic Imaging Unit, Department of Radiology, Narayana Institute of Cardiac Sciences, Narayana Hrudayalaya, Bengaluru, Karnataka, India

Imaging plays an important role in the diagnosis, management, and prognosis of cardiac conditions. Over the last three decades, cardiac
magnetic resonance (CMR) has established itself as a promising imaging tool in the assessment of patients with various cardiac ailments. CMR
is now being considered as a one-stop-shop diagnostic test because of its ability to comprehensively assess the heart. The greatest strength of
CMR is its ability to characterize the myocardium noninvasively aiding in the diagnosis of patients. Despite its growing use worldwide, the
adoption of the modality in India has been relatively slow. One major reason for this is the lack of expertise and resources to perform CMR.
Another reason for the slow adoption of CMR in India is the limited understanding of practicing clinicians on how the modality works and
what the various clinical applications of CMR are. In this review, we aimed to address these shortcomings by outlining some basics of CMR
and its utility in day-to-day practice with a special focus on myocardial tissue characterization.
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INTRODUCTION

Imaging plays an important role in the diagnosis, management,
and prognosis of cardiac conditions. Over the last three
decades, cardiac magnetic resonance (CMR) has established
itself as a promising imaging tool in the assessment of patients
with various cardiac ailments. CMR is now being considered
as a one-stop-shop diagnostic test because of its ability to
comprehensively assess the heart. CMR can provide both
anatomical and functional data relating to the heart in a single
examination and is not restricted by patients’ body habitus
or availability of suitable imaging windows. However, the
greatest strength of CMR is its ability to characterize the
myocardial morphology noninvasively, thus aiding in the
accurate diagnosis of patients.

Echocardiography remains the first imaging modality of choice
in the assessment of cardiac patients. Its universal availability,
cost-effectiveness, and lack of exposure to radiation make it
aunique imaging modality. CMR, on the other hand, requires
high-end equipment and reporting expertise which is not easily
available in all parts of the country. This has led to the slow
adoption of the modality in routine clinical practice. Many
clinicians are also not well versed with the functioning of
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CMR and its utility in day-to-day practice. In this review, we
aimed to address these shortcomings by outlining some basics
of CMR and its utility in day-to-day practice with a special
focus on myocardial tissue characterization.

Basics oF CArRDIAC MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) works on the principles
of nuclear magnetic resonance. By this, hydrogen atoms
in the body when placed in an external magnetic field
(the MRI machine) act as mini-magnets themselves. These
mini-magnets can then be manipulated by applying different
radiofrequency/gradient pulses to obtain an image. These
pulses are the main reason for the noise inside the MRI scanner.
MRI offers excellent soft-tissue resolution as hydrogen atoms
are available in abundance within the body. The signal intensity
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of tissue depends on the physical and chemical properties
intrinsic to the tissue of interest and allows in differentiating
various pathologies.!!

CMR can be performed in MRI machines with a magnetic
strength of 1.5 Tesla or more. The 3 Tesla machines are
relatively faster and give better resolution, but can be prone
to significant artifacts due to inherent infield inhomogeneities.
Electrocardiogram (ECG) gating is essential and a good tracing
is required to get better quality images. A clean skin surface
helps in proper contact between skin and the ECG electrodes.
Patients will be in a supine position with the arms by the side of
the torso. A coil (flat board like material) is placed on the chest
for acquiring the images. The scan usually lasts for 30—45 min
and the patients are given breath-hold instructions and often
asked to practice this prior to the appointment. Imaging can
also be performed in a “free breathing” status in patients who
cannot hold their breath. Myocardial evaluation ideally requires
the use of intravenous gadolinium-based contrast media. These
are safe in most patients with maintained renal function.

CMR is a very safe modality and does not use ionizing
radiation. Noise-reducing headphones are used to reduce
the discomfort caused by the loud noise of the scanner and
to communicate with the patient. Newer advances with a
wider bore of the scanner and visual aids (ability to watch
a television inside the gantry) help in calming patients with
claustrophobia. General MRI precautions relating to metallic
objects and implants are taken as standard. Patients with MRI
compatible cardiac implantable electronic devices can also
undergo a CMR examination after consultation and review
by the electrophysiology team.

Carpiac MacneTic Resonance ProTocoLs

Images acquired during a CMR examination can be broadly
classified into 4 groups based on their utility: anatomical,
functional, morphology, and phase contrast flow.

Anatomy

Multiplanar and 3-dimensional images are easily obtained
with CMR without the use of a contrast agent. This is
extremely useful in the assessment of patients with congenital
heart diseases (CHD) and those with vascular anomalies.
CMR is not limited by patients’ body habitus or dependent
on the availability of imaging windows. Images can be
obtained either during breath-hold or while breathing freely.
Contrast-enhanced or noncontrast angiography studies are
also possible for accurate assessment of the vascular anatomy.

Functional assessment

CMR is considered the gold standard in the assessment of
ventricular function.P! It is a highly reproducible test with
good interobserver concurrence. Functional CMR or cine CMR
routinely uses cine steady-state-free-precession sequences,
which is a fast and robust technique that offers good contrast
resolution between the blood and the myocardium [Figure 1].
Complete volumetric data of the ventricles are acquired and

Figure 1: Functional assessment using steady-state-free-precession
images in differentimaging planes. A three-chamber (a) four-chamber (b)
two-chamber (c) and short-axis (d) images of a patient being evaluated
for coronary artery disease

analyzed using dedicated software to get accurate ventricular
volumes, cardiac output, and ejection fractions. Any ventricular
morphology (i.e. normal/dilated or aneurysm) will not alter
the accuracy of the functional assessment on CMR. Artificial
intelligence/machine learning algorithms have made this
quantification very fast and robust.

Strain imaging

Myocardial deformation imaging using CMR is growing in use
for the early detection of ventricular contractile dysfunction.
Myocardial strain is a measure of the extent of deformation of a
segment of the myocardium from its initial dimension [Figure 2].
With CMR, it is possible to evaluate longitudinal, circumferential,
and radial strain in a given patient. Many acquisition methods for
the evaluation of myocardial strain have been described, including
CMR tagging, phase velocity mapping, displacement encoding
with stimulated echoes, and strain-encoded imaging.*”» CMR can
also assess right ventricular (RV) strain patterns.® Preliminary
results on atrial strain assessment by CMR also seem to be
promising.'*!!) Myocardial strain is of prognostic importance,
even when systolic function and other morphological parameters,
such as late gadolinium enhancement (LGE), are normal. The
impaired myocardial strain has also been shown to predict major
adverse cardiac events.!'"!

Morphology

CMR has the unique ability to assess myocardial tissue
character and differentiate one pathology from the other. This is
achieved using a combination of different imaging sequences.

Edema

Short tau inversion recovery (STIR) sequence is used to assess
for myocardial edema. These images are acquired in breath-hold
and can be taken in any imaging plane of choice. This sequence
is highly sensitive for water and the timing of the sequence is
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such that the signal from fat and the blood within the ventricular
cavity is suppressed (triple inversion recovery).['”? These images
help in discrimination between acute and chronic ischemic
myocardial injury, identification of foci of myocarditis, and
inflammatory foci in nonischemic inflammatory/infective
cardiomyopathies. It also helps in the early noninvasive
detection of acute organ rejection.

Myocardial mapping

Parametric mapping is a novel biomarker that provides deeper
insight into the myocardial properties and supports diagnostic,
therapeutic, and prognostic decision-making in ischemic and
nonischemic cardiomyopathies.!'¥ Quantitative mapping of
T1, T2, and T2* (T2 star) characteristics allows noninvasive
myocardial tissue characterization without using intravenous
contrast agents.'¥

T1 mapping

Every tissue in the body has a unique T1 time, which varies
with different pathology. T1 time is defined as the time
needed for the protons to re-equilibrate after being excited
by a radiofrequency pulse. Parametric maps are generated
during breath-hold in a specific imaging plane. T1 map refers
to pixel-wise demonstration of absolute T1 time on a map
which is often color coded [Figure 3]. This value is dependent

Figure 2: Representation of cardiac magnetic resonance strain
assessment using feature tracking in a 4-chamber plane
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on the magnetic field strength (1.5 vs. 3T), type of tissue
being examined, and whether contrast media is used or not."*!
These parametric maps have a higher sensitivity to myocardial
alterations and can highlight minor variations in T1, which
is otherwise inapparent in other noninvasive means. Native
T1 (without contrast) values get prolonged due to expansion of
the interstitial space secondary to deposition of water (edema),
amyloid protein, or fibrosis/scar tissue. On the other hand, there
is a reduction in T1 values in patients with deposition of iron
or lipid (Anderson—Fabry disease).

Contrast-enhanced T1 and extracellular volume

Another important component of T1 mapping is the estimation of
extracellular volume (ECV) by analysis of native (precontrast)
and contrast-enhanced T1 myocardial maps, using blood
hematocrit as a reference for the T1 changes within the
myocardium. This essentially correlates the change of T1 values
of the myocardium to that of blood. ECV measurement can be
of importance in conditions where there is diffuse interstitial
remodeling and expansion (for example, myocarditis,
myocardial infarction, and dilated cardiomyopathy [DCM]).['®!
In short, native T1 is a reflection of both intracellular and
extracellular compartments, while the ECV is a reflection of
the extracellular compartment [Figure 3].[!7

T2 mapping

T2 time is the time needed for decay in magnetization along
the transverse vector. Similar to T1 mapping, parametric T2
maps can be generated through multiple image acquisition at
different T2 times. In comparison to T1 values, the normal
myocardial T2 values tend to have a wide range of variability
between subjects.['®! The difference in T2 values between
normal and diseased myocardium is very small.'”] The major
utility of T2 mapping is in the detection of myocardial edema in
numerous pathologies, including acute infarction, myocarditis,
and transplant rejection.

T2* mapping

T2 star (or T2*) mapping is primarily used to detect iron
content in the liver and myocardium. A 1.5T MRI scanner
is preferred as 3T scanners tend to produce more artifacts
if the iron content is very high (due to increasing magnetic
field inhomogeneities at higher field strengths). The normal
values are dependent on the magnetic field strength of the MRI

1000 ms

"500 ms

Figure 3: Normal native T1 mapping (a) and extracellular volume (b) images in short-axis
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scanner and the cutoff for tissue iron overload is generally
lower at higher field strength. Normal ranges for myocardial
and liver iron concentration are available and can be used for
the assessment of disease severity and monitoring response to
chelation therapy. In addition, T2* mapping has also been used
to detect myocardial ischemia due to coronary artery disease,
for the assessment of endothelial function and to distinguish
between focal and diffuse fibrosis.?*-?

Postcontrast imaging

Gadolinium based contrast agents (GBCA) have been
used in CMR for the last two decades as a leading method
for myocardial tissue characterization. Gadolinium is a
paramagnetic contrast agent and is administered intravenously
in CMR. It leads to shortening of both T1 and T2 times with
increased brightness on T1 and the opposite on T2 weighted
images. Gadolinium leads to enhancement of the intravascular
compartment and the interstitium. The former is useful in
anatomical assessment of the vasculature and the latter is
instrumental in myocardial tissue characterization. Safety
profile of GBCAs is very good, especially in patients with
good renal function. There is an association of nephrogenic
systemic fibrosis in renal failure patients receiving GBCA.
There is recent consensus which supports the use of specific
types of GBCA (group 2) even in patients with poor renal
function (glomerular filtration rate <30) irrespective of dialysis
status.[>24

Early gadolinium enhancement

Early gadolinium enhancement (EGE) images are acquired
soon after administering a GBCA. EGE assesses capillary
leakage and microcirculatory disturbance. It is especially useful
to identify microvascular obstruction, intracavitary thrombus,
and for the assessment of acute myocarditis.*' It has also been
used as a potential marker of the disease burden in hypertrophic
cardiomyopathy (HCM).12%!

Late gadolinium enhancement

LGE imaging is typically performed about 7-10 min after
giving the GBCA. This gives enough time for the gadolinium
to accumulate in the interstitial tissue and become easily
detectable. The CMR sequence is performed in such a manner
that the normal myocardium is black in color (nulled) and
abnormal tissue is white/bright in signal. Imaging is usually
performed in short-axis, 2-chamber and 4-chamber planes
with the acquisition of data in a volumetric manner so the
amount of enhancement can be accurately quantified. LGE
is unparalleled in myocardial tissue characterization and has
provided significant prognostic benefits in various conditions.
The pattern and extent of LGE allow to differentiate one
pathology from another and also help in monitoring the
progression of the disease.

T1 and T2 spin-echo sequences

These are standard MRI sequences that help in the
characterization of tissue based on the proton density and tissue
structure. These do not provide functional information and
usually take a longer time to acquire. These are largely replaced

by mapping sequences for myocardial assessment and are
reserved for the assessment of tumors and extra cardiac lesions
in CMR. The blood pool within the Left ventricular (LV) cavity
is mostly dark in these sequences and provides good contrast
differentiation from the adjoining myocardium.

Phase-contrast velocity mapping

Phase-contrast CMR (PC-CMR) technique is very similar
to the Doppler technique used in echocardiography. In this
technique, we can accurately assess the direction of blood
flow and quantify it. Compared to Doppler, PC-CMR can be
acquired in any imaging plane and has a much higher spatial
resolution. PC-CMR obtains two image sets, a magnitude
image (anatomical image where signal intensities correspond
to the tissue properties) and a phase image (where signal
intensities correspond to the blood flow velocity). Data
are typically obtained over multiple cardiac cycles with
the use of ECG gating and can be obtained either during
breath-hold or free-breathing (more physiological). Velocity
encoding (VENC) is a parameter that needs to be specified
before performing this sequence. VENC is measured in cm/s
and relates to the highest velocities that are likely to be seen in
the vessel that is being imaged. PC studies are routinely used
for assessment/quantification of valvular diseases, both for
stenosis and regurgitation. It is also accurate in the assessment
of shunts and quantify its severity, i.e. the Qp: Qs. Newer
advances in PC imaging (4-dimensional Flow) allow the
acquisition of a large multidimensional dataset that provides
functional and flow data together and can be manipulated in
any imaging plane for postprocessing.

Common AppricatioNs oF CARDIAC MAGNETIC
ResonaNcE IN Day-To-Day PRACTICE

Ischemic heart disease

Cardiac MRI is becoming an invaluable imaging modality in
assessment of selected patients with ischemic heart disease. CMR
provides a comprehensive assessment of patients by accurate
quantification of ventricular function, myocardial perfusion, and
delineation of infarcted/ischemic segments from the normal ones.
Two clinical scenarios commonly encountered are assessment of
myocardial ischemia and/or myocardial viability.

Myocardial ischemia

Ischemia assessment on CMR can be performed either by first
pass perfusion analysis using adenosine or by assessment of
inducible wall motion abnormality using dobutamine. These
agents are safe in the CMR environment and give reliable
results.?”*% Dobutamine stress is performed on similar lines
to those of echocardiography and areas of new regional wall
motion abnormality are detected during increasing stress.
With adenosine, contrast is injected during peak stress
and the perfusion of the myocardial segments is directly
visualized. The same is repeated during rest (about 7-10 min
after stress imaging) to assess for areas of fixed perfusion
defect (infarction) and reversible perfusion defect (inducible
ischemia) [Figure 4].
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Figure 4: Myocardial ischemia assessment. Short-axis images in basal, mid and apical levels (a-c) during rest and the corresponding images at peak
stress (d-f). Areas of reduced perfusion/perfusion defects (red arrows) are seen in the stress images in keeping with reversible perfusion defects

with varying degrees of infarction. (a) Subendocardial infarct
(red arrow) (b) Intermediate infarct (blue arrow) (c) Near transmural
infarct (yellow arrow) (d) Transmural infarct (black arrow)

Myocardial viability

Cardiac MR1I is excellent in recognizing viable/hibernating tissue
which would benefit from revascularization. In CMR, viability
can be assessed by various measures including myocardial wall
thickness/wall motion, LGE and low-dose dobutamine MRI.[*!

LGE images clearly differentiate areas of infarction (bright)
from normal tissue (black). Typically, infarction tends to
occur in the subendocardial region of myocardium and
progresses toward the epicardium. The infarction is thus
categorized as subendocardial (<25% of myocardial thickness
involvement), intermediate (25%—-50% of myocardial thickness
involvement), near transmural (50%—75% of myocardial
thickness involvement), and transmural if more than 75% of

myocardial thickness is involved [Figure 5]. In patients with
50%—75% thickness infarction, contractile improvement can
be expected in 10% of cases while in those with >75% of
infarction the contractile recovery can be expected in <1% of
cases.’? On LGE, it is important to differentiate myocardial
infarction from other causes of myocardial enhancement
(such as inflammation or infiltration). Noninfarct related
enhancement typically involves midmyocardium or the
epicardium and are in a nonvascular territory. LGE assessment
for viability can overestimate the extent of infarction in patients
with acute myocardial infarction wherein areas of myocardial
edema (peri-infarct territory) will also show LGE.

Progressive thinning of myocardium is seen with chronic
infarction. End-diastolic wall thickness of <5.5 mm has been
shown as a sensitive marker to predict nonrecovery post-
revascularization.*®! This also can be used as a marker of
viability on CMR in patients who cannot undergo the complete
assessment or cannot be given GBCA due to renal dysfunction
or allergy.

The use of low-dose dobutamine is reserved for patients who
cannot be administered GBCA or during acute infarction.
With dobutamine, viable myocardium will show improved
contractility (including peri-infarct edematous tissue) negating
the need for GBCA.

NoniscHEmIC CARDIOMYOPATHIES
Hypertrophic cardiomyopathy

HCM is the most common inherited cardiac disorder with a
prevalence of about 1:200 in the general population.?*33 It has
been defined as myocardial hypertrophy (more than or equal to
15 mm in the end-diastole) in the absence of after-load stresses
that can explain the extent of hypertrophy, such as systemic
hypertension, aortic coarctation, and aortic valve disease.
Multiple studies over the past few years have established
definite gene mutations responsible, including sarcomeric and
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myofilament-related proteins.**¥” Various phenotypic patterns
of HCM are recognized: asymmetrical septal HCM, concentric
and diffuse HCM, midventricular HCM, apical HCM, mass
like HCM, burnt out HCM, genotype positive and phenotype
negative HCM, etc., [Figure 6].0%

CMR helps in confident diagnosis of HCM and also helps
in exclusion of phenotypically similar conditions such as
Anderson—Fabry disease and amyloidosis.**! LV hypertrophy
is the main feature of HCM found in MRI, apart from other
typical findings including systolic anterior motion (SAM) of
anterior mitral leaflet, high-normal or high ejection fraction and
low indexed LV volumes. Supportive findings include dilated
left atrium and mitral regurgitation. In addition, MRI can also
depict certain genotypic markers to otherwise normal-appearing
myocardium, such as papillary muscle anomalies, mitral
valve anomalies, ventricular crypts, and hyper-trabeculated
myocardium. LV cavity or outlet obstruction is an important
feature (hypertrophic obstructive cardiomyopathy) and can be
fixed (during systole and diastole) or dynamic (during systole).
Obstruction is caused by thickened myocardium, papillary
muscle abnormalities, SAM, or a combination of the above.

On LGE, areas of myocardial fibrosis are typically seen in the
midmyocardium as patchy areas of enhancement. Enhancement
can also be seen at RV insertion sites and at the subepicardial
layer of the myocardium. Parametric mapping sequences
are novel methods that help in the detection of fibrosis at an
earlier stage than depicted by LGE sequences. Raised native
T1, T2 and ECV values are the typical features [Figure 7].14"
T1 mapping also allows differentiation of HCM from other

Figure 6: Hypertrophic Cardiomyopathy depiction by cardiac magnetic
resonance. (a) Asymmetrical septal hyper trophy, primarily involving the
basal septum (red arrow) (b) Symmetrical concentric variant of HCM.
(c) Biventricular hypertrophic cardiomyopathy primarily involving the mid
to apical cavity with obliteration of the apical cavity/apex. (d) Extensive
fibrosis (blue arrow) in the apical cavity in late gadolinium enhancement
images of a patient with apical variety of HCM. HCM: Hypertrophic
cardiomyopathy

mimics such as Anderson—Fabry disease. Native T1 values of
the myocardium are reduced in Anderson—Fabry compared
to normal or raised values in HCM.*!! Advanced imaging
techniques such as CMR diffusion tensor imaging and strain
MRI are done to assess the myofibrillar orientation and LV
function (regional and global) respectively.[*#]

Poor prognostic indicators of HCM on CMR include:
end-diastolic myocardial thickness of more than 30 mm, the
fibrotic burden of more than 15%, RV involvement and LV
outflow tract (LVOT) obstruction.[*-46!

Dilated cardiomyopathy

DCM is characterized by an increase in the LV end-diastolic
diameters and/or volumes by more than 2 standard deviation
along with a reduction in LV ejection fraction to <50%.4"
Numerous causes for DCM have been elucidated in the past,
including idiopathic, ischemic, familial, infective, autoimmune,
toxins, and metabolic pathologies.**> Common genes
associated with DCM include LMNA, TNNT2, BAG3 and
RBM20.5%53 DCM can also be broadly categorized into
familial and nonfamilial forms.

CMR is being considered the best imaging modality for
the evaluation of patients with DCM due to its ability to
comprehensively assess cardiac anatomy, function and
myocardial morphology together.®>® CMR plays a vital role in
establishing the diagnosis, quantifying the ventricular function,
demonstrating the etiology and highlighting the prognosis of
patients with DCM. Serial CMR examinations are also helpful
in accurately monitoring response to therapy.

Global or regional thinning of the myocardium along with
poor systolic function are visualized and accurately quantified
on cine CMR sequences. Myocardial edema is assessed using
T2 weighted images (STIR/T2 maps) allowing diagnosis of
acute myocardial inflammatory conditions. Differentiation of
ischemic and nonischemic DCM is very important and can
be easily achieved by CMR using stress perfusion imaging
and LGE. Myocardial fibrosis in nonischemic DCM spares
the subendocardium and typically involves the mid- or
subepicardial myocardium. The fibrosis does not involve
typical vascular territories in nonischemic DCM [Figure 8].
Furthermore, with CMR it is possible to assess extra cardiac
structures which may help in establishing a diagnosis, for
example, mediastinal lymphadenopathy in patients with
cardiac sarcoidosis. LGE imaging may be normal in the early
stages of DCM or in patients with diffuse myocardial fibrosis.
Parametric mapping using native T1 and ECV is extremely
helpful in this subgroup of patients. Phosphorus spectroscopy
shows a reduction in phosphocreatine (PCr) with concomitant
decrease in PCr/adenosine triphosphate ratio.

Presence of fibrosis on LGE is associated with adverse cardiac
prognosis, irrespective of the extent or pattern of fibrosis.
Midmyocardial enhancement especially along the septum is
associated with a higher risk of significant cardiovascular
events in the future in patients with nonischemic DCM.F!

.Journal of the Indian Academy of Echocardiography & Cardiovascular Imaging | Volume 7 | Issue | | January-April 2023




[Downloaded free from http://www.jiaecho.org on Monday, April 3, 2023, IP: 255.167.132.81]

Gowda, et al.: Primer to cardiac MRI

o ) d

| M R T L

i %

Figure 7: Comprehensive assessment of hypertrophic cardiomyopathy on cardiac magnetic resonance. Four-chamber steady-state-free-precession
images in diastole (a) and systole (b) showing left ventricular hypertrophy without cavity obstruction. Three-chamber images in diastole (c) and
systole (d) showing left ventricular outflow tract obstruction secondary to systolic anterior motion of mitral valve (red arrow) (e) Late gadolinium
enhancement image showing midmyocardial enhancement predominantly along the septum (blue arrow) (f) Native T1 parametric map showing raised

native T1 values
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Figure 8: Nonischemic dilated cardiomyopathy. Four-chamber images in diastole (a) and systole (b) showing dilated ventricles with poor contraction.
Native T1 parametric mapping (c) and extracellular volume (d) images showing raised values corresponding to areas of LGE. LGE image in short-
axis (e) showing linear mid-myocardial enhancement along septum, anterior wall and epicardial enhancement along inferior wall (red arrow) in keeping

with a nonischemic etiology. LGE: Late gadolinium enhancement

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an
autosomally dominant transmitted inheritable cardiomyopathy. It
characteristically involves the RV, with varying amounts of LV
involvement.’”? ARVC can lead to life-threatening ventricular

arrhythmias, heart failure, and sudden cardiac death.’® There
have been recent changes to the diagnostic criteria of ARVC,
which encompasses dominant right, biventricular, and dominant
left arrhythmogenic cardiomyopathy (ACM).F*$7 CMR plays
a pivotal role in the diagnosis of ACM by demonstrating
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morphofunctional ventricular and structural myocardial
abnormalities [Table 1]. The RV free wall is well visualized
with CMR irrespective of the patient’s body habitus. Axial cine
images are preferred to view the RV compared to the short-axis
images (better for LV). RV free wall akinesis, dyskinesis, or
aneurysmal outpouchings are features seen in ARVC. It is also
possible to see the “Accordion sign” (corrugations/striations
along the RV free wall) and the presence of fat within the RV
myocardium (this is however not part of the diagnostic criteria on
CMR) [Figure 9]. Accurate quantification of ventricular volumes
and demonstration of myocardial fibrosis are essential for the
diagnosis of ACM as per the new criteria [Table 1].

Figure 9: ARVC. Four chamber images in diastole (a) and systole (b)
showing dyskinesia/early microaneurysms along the right ventricular
free wall (red arrow). Late gadolinium enhancement images in
four-chamber (c) and short-axis (d) planes showing the enhancement
along the right ventricular free wall (blue arrow) and epicardial aspect
of left ventricle in keeping with biventricular involvement of ARVC.
ARVC: Arrhythmogenic right ventricular cardiomyopathy

A diagnosis of ARVC (dominant right variant of ACM) is met
in patients fulfilling the RV criteria for “definite,” i.e. 2 major or
1 major and 2 minor criteria or 4 minor criteria from different
categories; “borderline,” i.e. | major and 1 minor or 3 minor
criteria from different categories; or “possible ARVC,” i.e. 1
major or 2 minor criteria in the absence of LV involvement.
The diagnosis of a “biventricular” variant requires one or more
morphofunctional and/or structural abnormalities of both the
right and left ventricles. The diagnosis of arrhythmogenic LV
cardiomyopathy (Dominant-left variant) is met in patients
who show structural abnormalities of LV, plus demonstration
of an ACM-causing gene mutation, in the absence of RV
involvement.

Restrictive cardiomyopathy

In restrictive cardiomyopathy, the myocardium is structurally
and functionally abnormal [l It is characterized by restrictive
ventricular physiology, which leads to diastolic dysfunction
of the ventricles, while the systolic function is relatively
well preserved in the early stages of the disease. Restrictive
cardiomyopathy (RCM) is usually secondary to increased
myocardial stiffness caused by various disorders including
scleroderma, amyloidosis, sarcoidosis, glycogen storage
disorders, iron overload, endomyocardial fibrosis, and certain
drugs.[®

Both functional assessment and routine morphological
sequences are performed. Biatrial dilatation and demonstration
of myocardial fibrosis/infiltration on LGE images help in
the diagnosis [Figure 10]. Differentiation of one cause of
RCM from the other is based on the pattern of LGE along
with quantification of T1 and ECV. T1 values are classically
raised in infiltrative diseases such as amyloidosis/sarcoidosis
and reduced in some of the storage diseases such as
Anderson—Fabry and iron deposition. T2* images also help
in detection and quantification of myocardial iron content.[*

ConsTRICTIVE PERICARDITIS

This is a common indication for performing CMR. The
role of imaging in these patients is to differentiate between
constrictive pericarditis (CP) and restrictive cardiomyopathy,
both of which have similar clinical features and impaired

Table 1: Magnetic resonance imaging criteria for diagnosis of arrhythmogenic right ventricular cardiomyopathy!©

Category Right ventricle (upgraded criteria) Left ventricle (new criteria)
Morphofunctional Major Minor
ventricular

abnormalities Global RV dilatation (based on nomograms)

Global RV systolic dysfunction (based on nomograms)

Minor

Regional RV akinesia, dyskinesia or bulging plus one of the following

Global LV systolic dysfunction with or without
LV dilatation

Regional LV hypokinesia or akinesia of LV free
wall, septum or both

Regional RV akinesia, dyskinesia or aneurysm of RV free wall

Structural Major
myocardial Transmural LGE of one or more RV regions (inlet, outlet and apex in 2
abnormalities

orthogonal views)

Major
LV LGE of one or more bull’s eye segments of
the free wall (subepicardial or midmyocardial
septum or both, excluding septal junction LGE)

LGE: Late gadolinium enhancement, LV: Left ventricular, RV: Right ventricular
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ventricular filling. Often multimodality imaging is required
to confidently differentiate these two entities as both have low
or normal ventricular volumes, biatrial dilatation, impaired
ventricular filling, and near-normal ventricular systolic
function.[*4

In CMR, features of constrictive physiology include thickened
and enhancing pericardium (>4 mm), interventricular septal
bounce (with accentuation during Valsalva maneuver),
ventricular deformation, and epicardial tethering.l STIR
images can demonstrate pericardial edema in acute/subacute
pericarditis [Figure 11].

Relative atrial volume ratio, defined as the ratio between
volumes of the left and right atrium is seen to be significantly
larger in patients with constrictive physiology than those
with RCM.!* Presence of pericardial edema and a higher
quantitative pericardial LGE have a good prognosis in patients
with CP.[%¢!

UNcLASSIFIED CARDIOMYOPATHIES

Left ventricular noncompaction

LV noncompaction (LVNC) is characterized by the presence of
excessive myocardial trabeculations with deep intertrabecular
recesses that communicate with the ventricular cavity. This is
secondary to the arrest of the normal maturation process of
the myocardium. 768!

CMR aids in both phenotypic diagnosis and detection of
co-existing congenital heart disorders. CMR can clearly
differentiate the two layers of the myocardium (the thicker
trabeculated/noncompacted endocardial layer and the
thinner compacted/nontrabeculated epicardial layer).[® The
diagnostic criterion for LVNC on CMR is defined as the ratio
of noncompact to compact myocardium being more than
2.3 [Figure 12]. The evaluation is done in the end-diastole
phase in short-axis cine images. Quantification of myocardial
mass with CMR is also useful in LVNC as trabeculated LV
mass above 20% of the global LV mass is shown to be highly
sensitive and specific for the diagnosis of LVNC."™

Parametric mapping in patients with LVNC shows increased
native T1 and ECV values, with the native T1 changes being more
prominent.”" LGE images have varied appearances, including
mid-myocardial and RV insertion site enhancement being the
most commonly described. Other patterns less commonly
seen include subendocardial and transmural enhancement.[>7
Similar to speckle-tracking echocardiography, CMR strain
analysis can demonstrate impaired global longitudinal strain
and global circumferential strain.[’¥

An important prognostic indicator is the extent of myocardial
trabeculations, which can be assessed using multiple planes.
The risk of major adverse cardiovascular and cerebrovascular
events was high in patients with impaired LV function and
in those with myocardial LGE. However, it was shown that
noncompacted myocardial mass was not an independent
predictor of major adverse events.”>7

Figure 10: Four chamber steady-state-free-precession images in systole
(a) and diastole (b) in a patient with restrictive cardiomyopathy showing
biatrial enlargement

Figure 11: Constrictive pericarditis. Four-chamber image in diastole (a)
and systole (b) showing elongated ventricles with extrinsic restriction
to relation and dilated atria. (c) Computed tomography scan showing
diffuse pericardial calcification (red arrow). Also seen are bilateral pleural
effusions (blue arrows)

Figure 12: Left ventricular noncompaction. Two-chamber (a) and
four-chamber (b) images in diastole showing the increased thickness of
noncompacted myocardial layer (red arrows) compared to the peripheral
compacted myocardium

Takotsubo cardiomyopathy

Takotsubo cardiomyopathy, also referred to as stress
cardiomyopathy, gets its name from a Japanese “octopus pot”
which has a narrow neck with a round bottom and is used to
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trap octopuses.”" It is characterized by acute and transient LV
dysfunction (especially involving the apical segments) in the
absence of obstructive coronary artery disease. Many patients
are initially misdiagnosed with acute coronary syndrome due
to the presence of chest pain with raised cardiac enzymes
and accompanying electrocardiographic changes.!®®! Various
theories have been postulated, but a definitive pathology is yet
to be identified. There are three major subtypes that have been
described, including apical variant, mid-ventricular variant
and basal variant (also called inverted Takotsubo) along with
combinations of the above.l”]

CMR demonstrates wall motion abnormalities that tend
to extend beyond a single coronary territory. It can also
quantify ventricular function accurately and demonstrate
the subtype of the disease. Mitral regurgitation is a common
finding in cine magnetic resonance sequences, especially in
those with apical and mid-ventricular variants.”>%! Areas of
myocardial edema are present and correspond to the regions
of wall motion abnormalities.®!) LGE imaging is necessary
to differentiate it from myocardial infarction and myocarditis
where enhancement is almost always present, and lack
of enhancement is a feature that is typical of Takotsubo
cardiomyopathy.® Poor prognostic markers on CMR include
involvement of right ventricle (biventricular pattern) and
mid-ventricular subtype.[®*54

SPeciFic CARDIOMYOPATHIES

Iron overload cardiomyopathy

Myocardial iron overload can occur secondary to numerous
causes including thalassemia, primary hemochromatosis, hepatic
failure and multiple blood transfusions. CMR is highly accurate,
sensitive and has high reproducibility in demonstration and
quantification of myocardial iron overload.® Early detection
is important so chelation therapy can be initiated to prevent
the development of cardiomyopathy.®! T2* imaging is the
commonly used CMR sequence for this purpose. Iron has a
tendency to reduce T'1, T2, and T2* relaxation times by causing
local magnetic field inhomogeneities leading to a signal drop
on MRI. T1 mapping is also useful for the identification of iron
overload (but not useful in quantification) and positive cases
will have low myocardial native T1 value.’”) In T2*, sequential
images of the heart and liver are taken while the patient is holding
his/her breath. There is decay (reduction) in the signal from the
tissue proportional to the degree of iron overload. With increased
iron in the tissue, the signal decays faster (i.c. the tissue becomes
darker) and this can be quantified. CMR based quantification of
liver and myocardial iron overload has now made liver biopsies
obsolete for iron quantification. Accurate quantification of
LV function is also done in the same CMR sitting allowing a
comprehensive assessment. A myocardial T2* of <10 ms is a
poor prognostic feature and associated with LV dysfunction.®®]

Amyloidosis
Amyloidosis is characterized by the deposition of amyloid
proteins in various tissues including the myocardium. Cardiac

amyloidosis presents with restrictive physiology wherein the
LV volumes and ejection fraction tend to be within normal
limits in the early stages. LV wall thickness and myocardial
mass are higher along with biatrial dilatation and often
pericardial effusion at the time of presentation. LGE images
are characteristic of cardiac amyloidosis and show a reversal
of normal myocardial nulling pattern (seen in TI nulling
sequences) due to extensive amyloid deposition within the
myocardium. Circumferential subendocardial enhancement
with some areas of transmural involvement is a classical pattern
of LGE seen in cardiac amyloidosis [Figure 13]. Apical sparing
can be seen in the majority of the patients with amyloidosis.®”!
LGE imaging has also shown high accuracy in differentiation
between different subtypes of amyloidosis.’” T1 parametric
mapping and ECV are revolutionizing the diagnosis, prognosis
and follow-up of patients with amyloidosis. Both native T1 and
ECV are raised in patients with amyloidosis and can be used
as a marker to assess response to therapy. Based on pooled
CMR data, various threshold values are being proposed for
the diagnosis of amyloidosis by using native T1 mapping
alone (negating the need of giving contrast). Native T1 is as
good as LGE in prognosis of these patients and can be used
for serial follow ups.!

Sarcoidosis

Sarcoidosis is a multisystem granulomatous disorder
characterized on histopathology by noncaseating granulomas.
Cardiac involvement in sarcoidosis is an important prognostic
marker and can occur in up to 25% of patients with systemic
sarcoidosis.’? Tt is frequently underdiagnosed and can lead
to significant morbidity and mortality. CMR can detect
areas of active as well as chronic disease. During the acute
inflammatory phase, focal areas of infiltration can be seen
as T2 hyperintense (edema) with some wall thickening and
wall motion abnormality on cine images. During chronic
phase myocardial fibrosis can be seen in LGE with areas
of thinning and scarring. LGE has become a modality of
choice for assessment of these patients as it is associated with
adverse events and cardiac death.’® Enhancement is usually
midmyocardial to epicardial in distribution and involves the
septum, basal, and lateral segments of LV [Figure 14].°4 There
is growing evidence supporting the use of CMR to assess for
treatment response with steroids.®>*! CMR findings can also
be used to plan the site of endomyocardial biopsy for improved
diagnostic yield. CMR also helps in concurrent assessment and
follow up of mediastinal and hilar adenopathy in these patients.

Myocarditis

CMR is the most accurate and sensitive noninvasive imaging
tool for evaluation of suspected myocarditis. CMR diagnosis
of acute myocarditis is based on the Modified Lake Louise
criteria (2018), which succeeded the original Lake Louise
criteria (2009).°%°7 In the Modified Lake Louise criteria,
both T1 based and T2 based imaging parameters are included
and a component of both should be satisfied for a convincing
diagnosis. There is improved detection of myocarditis on CMR
using the new Lake Louise criteria.®
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Figure 14: Late gadolinium enhancement image in short-axis ()
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(red arrow) along the lateral

wall with corresponding raised native T1 (b) and extracellular volume values (c) (blue arrows). This patient also had mediastinal lymph nodes which

were biopsied and revealed sarcoid infiltration

T1 based imaging sequences include native myocardial T1
mapping, ECV and LGE imaging. An increase in native T1
relaxation times, increase in ECV or a positive nonischemic
pattern of enhancement on LGE is needed to fulfill the criteria.
The typical enhancement pattern includes subepicardial
involvement in inferior and lateral segments and midwall
involvement of the septum.

T2 based imaging sequences include T2 parametric mapping
and STIR. An increase in T2 relaxation time or a regional
high signal on STIR/high myocardial to skeletal muscle signal
intensity ratio of >2 is essential. LGE in myocarditis is due to
edema, and hence follow-up cases may show absence/reduction
in the size of the enhancement [Figure 15].

CoNGENITAL/STRUCTURAL HEART DISEASES

CMR is a well-suited modality for the evaluation of CHD as
it can provide both anatomical and functional information. In
addition, it can also depict associated vascular abnormalities
that may be overlooked on echocardiography. MRI can be
used in the primary evaluation and in the postoperative
follow-up of CHD. Owing to good spatial resolution,
temporal resolution, multi-planar imaging capabilities, wide
field of view and lack of ionizing radiation, CMR scores
over other imaging modalities.[”” Accurate assessment
of complex anatomy, myocardial tissue characterization,
ventricular function, estimation of vessel flow and sizes can

easily be done with CMR. Limitations include relatively
longer scanning duration with the subject required to be
less mobile, thus needing sedation, especially in neonates
and smaller children.

Major applications of CMR in CHD include:

*  Shunt quantification

*  Quantification of differential pulmonary blood flow to
right and left lung

*  Accurate evaluation of ventricular volume and function
(especially RV)

*  Evaluation of valvular regurgitation

*  Evaluation of associated vascular anomalies

* Evaluation of coexisting significant coronary artery
disease in adults.!'%!

Carpiac TumoRs

Cardiac tumors can be primary, secondary or pseudotumors.
CMR is an excellent modality for evaluation of these lesions.
Echocardiography is generally the first investigative modality
to detect these lesions as most are incidental in nature. Along
with echocardiography, computed tomography can also provide
limited morphological information, especially the presence of
calcification. At times, a multimodality assessment is deemed
necessary. Firstly, a cardiac tumor must be differentiated from
a pseudotumor (such as thrombus). Further, the nature of the
tumor is assessed.
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Figure 15: Myocarditis. (a) Late gadolinium enhancement image showing near circumferential epicardial enhancement with midmyocardial involvement
along anterolateral segment (white arrow), (b) raised native T1, especially along the anterolateral segment (blue arrow) and (c) extracellular volume

is correspondingly raised (red arrow)

i

Figure 16: Cardiac masses. Cine 4-chamber (a) and short tau inversion recovery 4-chamber (b) images showing myxoma in left atrium attached to
the interatrial septum (blue arrows). Axial T1 image (c) with lesion showing high signal in the interventricular septum with reversal of signal on T1 fat
saturation (d) (red arrows) suggestive of lipoma. (e and f) Primary cardiac lymphoma- right atrial lesion attached predominantly to free wall with mild
perfusion seen in short-axis perfusion image (e) with heterogeneous postcontrast enhancement (f) (white arrows)

CMR cine sequences can demonstrate the functional impact
of intracardiac lesions such as LVOT obstruction or mitral
valve obstruction. Characterization of cardiac tumors is
best done on spin echo (SE) sequences and fat suppressed
sequences (STIR). Contrast enhancement is another important
feature to be assessed, which is done on both perfusion
imaging and postcontrast T1 SE sequences. Signal intensities
on SE sequences and assessment of vascularity on perfusion
and postcontrast images provide sufficient information to
characterize these lesions [Figure 16].

CoNncLusIOoN

CMR is a great imaging modality for the evaluation of
various myocardial pathology, owing to its excellent
spatial resolution and ability to characterize myocardial
morphology. When used appropriately, CMR helps in early
diagnosis, accurate quantification, and prognostication of
cardiomyopathies.
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