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Key Learning Points

¢ Cardiomyopathy is a common cause of heart failure and sudden cardiac death in young adults. Accurate cardiac
phenotyping is key to the diagnosis, risk stratification and management of these patients. Cardiovascular magnetic
resonance plays a central role in this process, uniquely providing multiparametric comprehensive cardiac evaluation.

Introduction

Cardiomyopathies are defined as "myocardial
disorders in which the heart muscle is structurally
and functionally abnormal, in the absence of
attributable coronary artery disease, hypertension,
heart valve or congenital heart disease”.! This is
an aetiologically and clinically diverse group of
conditions, sharing important characteristics such
as risk of sudden cardiac death (SCD) and possible
heritable nature. Accurate phenotyping is key to
the diagnosis and management for key probands
and their relatives. Cardiovascular magnetic
resonance (CMR) is central in this process, offering
comprehensive multi-parametric assessment,
enabling not only accurate phenotyping, but also
identifying prognostic risk markers. We review the
key aspects of CMR technique and the diagnostic
and risk stratification applications of CMR in
cardiomyopathy.
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Figure 1. European Society of Cardiology (ESC) classification
of cardiomyopathies (2008). This classification defines 5 distinct
cardiomyopathy types: hypertrophic cardiomyopathy (HCM),
dilated cardiomyopathy (DCM), arrhythmogenic right ventricular
cardiomyopathy (ARVC), restrictive cardiomyopathy (RCM) and
unclassified cardiomyopathy. Each of the cardiomyopathy types
is sub-classified into familial and non-familial forms, highlighting
possible genetic cause and heritable nature.

Classification of Cardiomyopathies

In 2008, European Society of Cardiology proposed
a clinical classification of cardiomyopathies!
(Figure 1) to replace the previous dichotomous
terminology of primary and secondary
cardiomyopathy. It is based primarily on accurate
cardiac phenotyping. Such categorisation provides
a pragmatic framework for clinicians to navigate
the diagnostic pathway, which begins with
identification of a specific phenotype, followed
by a search for an underlying aetiology. CMR has
emerged as one of the key tools enabling the use of
this classification strategy.

Cardiovascular Magnetic Resonance

Technique
The discoveries leading to the development of
CMR date back to 1946, when Felix Bloch and Edwin
Purcell independently described the phenomenon
of nuclear magnetic resonance (NMR)?. Further
scientific discoveries allowed initial application
of NMR in spectroscopy for in vivo molecular
“imaging” of metabolism. In 1970, Paul Lauterbur
described a method of image generation using
NMR?3, the cardiac application of which was
galvanised by the discovery of high-speed imaging
by Peter Mansfield“.

MRI (magnetic resonance imaging) utilises
a signal generated by hydrogen atoms, each
consisting of a single proton. Protons are contained
in abundance within water and lipid molecules
of biological tissues. Protons have an intrinsic
property of nuclear spin, acting as small magnets.
When placed in the strong static magnetic field,
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the proton spins align parallel with that field. Application of
a radiofrequency (RF) wave (pulse) tips the alignment of the
protons. Upon removal of the RF pulse, the spins return to
their original position, releasing energy, which is detected
as a signal and transformed into an image. Gradual decay of
signal following cessation of the RF pulse occurs with a time
constant (T2) and the simultaneous, yet slower recovery of the
net magnetisation occurs at a time constant (T1). Magnetic
field inhomogeneities result in a faster signal decay than the
intrinsic T2, which is described by the time constant T2 star
(T2*). T1, T2 and T2* times vary by tissue composition, and
these differences can be exploited to generate tissue contrast
that enables tissue characterisation. CMR imaging requires
several challenges to be overcome, such as motion (intrinsic
and respiratory) and arrhythmias. Both free-breathing and
breath-hold CMR sequences have been developed, enabling
acquisition of high-quality cardiac images.

Clinical Applications relevant to Cardiomyopathy

CMR is now an established non-ionising and highly versatile
cardiac imaging modality, enabling acquisition of cardiac views
in any imaging plane. It benefits from excellent soft tissue
contrast and endocardial definition, with a high inter-study
and inter-operator reproducibility>®. CMR offers a unique
comprehensive cardiac evaluation in one study, encompassing
assessment of cardiac anatomy and function, vascular
anatomy, blood flow, myocardial perfusion and myocardial
tissue characterisation. A detailed description of all underlying
techniques is beyond the remit of this review, but key
principles of anatomy, perfusion and tissue characterisation
are discussed further.

Cardiovascular anatomy and function

There are two main categories of CMR images: static (acquired
at a specific time point of cardiac cycle) or cine (a series of
images acquired throughout the cardiac cycle, reflecting
cardiac motion, perfusion or blood flow). The initial static
images are acquired to locate the heart position in the chest
are followed by a set of images to define chest anatomic
outlines, major vessels and their connections. Importantly,
these images are used to identify cardiac axes in an individual
patient, allowing further tailored planning of dedicated static
and cine images in standard or any required imaging planes.
Cine images allow assessment of cardiac chamber volumes,
regional function and ventricular ejection fraction®¢. Owing to
high accuracy of measurements and excellent reproducibility®®,
CMRis a gold standard method for cardiac mass and volumetric
quantification’.

Perfusion

CMR myocardial perfusion imaging utilises a method of
"first pass perfusion” tracking the passage of contrast agent
through the myocardium. This is performed at rest and
during peak pharmacologic stress (achieved by infusion of a
vasodilator). Adenosine stress perfusion CMR can identify

myocardial perfusion abnormality without the use of ionising
radiation®°. Both qualitative and quantitative analysis possible
with ischaemic burden assessment.

Gadolinium-based contrast agent (GBCA) utilisation in CMR

GBCAs are extracellular molecules (i.e. they do not cross intact
cell membranes) and when injected intravenously, wash out
from the capillary bed of tissues within minutes, but stay longer
in the interstitial space (10-30 minutes), creating a window
of opportunity for gadolinium enhancement imaging®°. The
latter are acquired using a T1-dependent inversion recovery
sequence, utilising the property of GBCAs to shorten T1.

Early gadolinium enhancement (EGE) images are acquired
within the first 10 minutes of contrast administration, giving a
bright signal from the blood pool°. The regions lacking normal
blood pool distribution appear darker compared to the brighter
blood pool, indicating the presence of an avascular mass, such
as an intracardiac thrombus. Detection of intracardiac thrombi
has immediate ramifications for clinical care and is especially
relevant in cardiomyopathy.

Late gadolinium enhancement (LGE) images are acquired
10 minutes after contrast administration, resulting in a hyper-
intense signal of the myocardial regions with a delayed GBCA
wash out (due to pathological processes), compared to the
darkerregions of normal myocardium. Such delayed myocardial
GBCA wash out occurs in a wide range of pathological
processes, such as cardiomyocyte injury, fibrotic scarring,
expansion of extracellular space due to oedema, inflammation
orinfiltration. Validated methods have been developed for LGE
quantification, expressed as percentage of LV myocardial mass
or volume!**2, LGE has emerged as an in vivo imaging marker
of myocardial fibrosis, becoming one of the key CMR tools of
myocardial tissue characterisation®®. Myocardial fibrosis is
a histological marker common for many aetiologies of heart
failure and is thought to be a substrate for arrhythmogenesis™.
Its detection and quantification are important for both
differential diagnosis and risk stratification across a range of
cardiovascular diseases, including cardiomyopathy. There are
two main types of histologically identifiable myocardial fibrosis:
replacement (which occurs due to cardiomyocyte death and
scarring) and interstitial (due to expansion of extracellular
space in a variety of pathologic processes)®. CMR provides
unique non-invasive in vivo myocardial tissue characterisation
and reliably detects both replacement and interstitial fibrosis
by LGE and T1 mapping methods respectively®>-?’.

Myocardial T1, T2 and T2* Mapping Techniques

Measurement of T1 relaxation times before GBCA
administration (native) and in the LGE window (10-30 minutes
post GBCA administration) has been proposed as a method of
in vivo detection of interstitial fibrosis, which may be difficult
to detect by LGE CMR!', The pre- and post-contrast T1
values can be used with a measurement of haematocrit to
estimate myocardial extracellular volume fraction (ECV,%)
which provides a measure of extracellular space expansion by
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processes such as oedema, infiltration, fibrosis or abnormal
protein deposition®!’ (Figure 2).

T2-weighted sequences allow detection of myocardial
regions with a relative increase in water content (i.e. oedema),
which produces a hyperintense signal in comparison to the
surrounding regions'®. Myocardial oedema prolongs T2 times.
The latter can be quantified using T2 mapping methods, with
certain thresholds of T2 values denoting myocardial oedema.
Myocardial oedema is present in pathologies, such as acute
myocarditis or acute myocardial infarction. In pathologies with
global myocardial involvement, oedema can be challenging to
detect using regional tissue contrast methods, but the global
myocardial signal intensity can be compared to that of skeletal
muscle, with the ratio of 22 signifying myocardial oedema®@.
Furthermore, myocardial hyperaemia and capillary leak can
manifest as increased early (imaged within first 3 minutes)
gadolinium uptake on T1l-weighted sequences with the ratio
of global myocardial early enhancement signal intensity to that
from skeletal muscle 24 signifying myocardial oedema®.

T2* mapping utilises signal loss due to magnetic field
inhomogeneities and the associated shortening of the signal
decaytimeconstant®!®. Measurementof T2*timesisavalidated
gold standard method for early detection and quantification of
cardiac iron load®, validated against histology?* and utilised in
pathologies associated with cardiac and liver iron overload.

Evolving CMR Methodologies in Cardiomyopathy

CMR continues to evolve, unravelling new avenues for
translational research into novel methodologies. One such
methodology is diffusion weighted®? and diffusion tensor
CMR#%%5 which provide unique insights into human myocardial
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Figure 2. The role of CMR tissue characterisation using native T1 and extracellular
volume (ECV) quantification in the differential diagnosis of cardiomyopathies.
Absolute values of native T1 and ECV depend on the strength of magnetic field,
scanner vendor and sequence used. Adapted from Philip Haaf and Martin Ugander
(SCMR 2014)¢. MI: myocardial infarction; AL: light chain amyloidosis; ATTR:
transthyretin amyloidosis; TC: Takotsubo cardiomyopathy; RA: rheumatoid arthritis

tissue integrity, architectural organisation and microstructure
in vivo without the use of contrast. The final section below
demonstrates examples of application in cardiomyopathy.
Another non-contrast method enabling myocardial tissue
composition assessment is T1lp (rho) mapping, which uses
distinct mechanisms of MR tissue contrast generation
compared to that used in conventional T1 and T2 methods?.
T1p imaging is sensitive to oedema and fibrosis and emerges
to have a better corelation with markers of myocardial
performance compared to T1 and T2 methods?’. Furthermore,
magnetic resonance properties of both hydrogen and non-
hydrogen nuclei (for example, phosphorus, sodium or carbon)
are utilised by cardiac MR spectroscopy®. This enables
inferences to be made regarding molecular composition of
myocardial tissue in health and disease, measuring for example
the content of sodium (which is raised in acute myocardial
injury) or metabolic components implicated in energy
generation at a cellular level (with the ratio of phosphocreatine
and adenosine triphosphate reduced in heart failure)®. All these
techniques are under investigation and their future applications
in cardiomyopathy is an area to be watched. Below we provide
a summary of key CMR applications in the diagnosis and risk
stratification of cardiomyopathy.

Hypertrophic Cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM) is a common heritable
heart muscle disease, affecting as many as 1:200 to 1:500
individuals in the general population and is associated with
increased risk of sudden cardiac death (SCD)?. A genetic cause
can be found in 30-60% of cases?.

Definition.

Clinical diagnosis hinges on the identification of left
ventricular hypertrophy (LVH) in the absence of abnormal
loading conditions, systemic or infiltrative process sufficient
to cause the observed magnitude of LVH3°%.. Histological
hallmarks of HCM are cardiomyocyte hypertrophy, significant
cardiomyocyte disarray (>10% of myocardium), interstitial
fibrosis and coronary arteriolar perivascular fibrosis and
smooth muscle hyperplasia®.

Phenotype.

LVH is the defining feature of HCM. It is typically asymmetric,
focaland canaffectanyregion oftheleft ventricle (LV), resulting
in diverse morphologic forms of HCM*. The classic description
is of asymmetric septal hypertrophy with small LV cavity,
supranormal LV ejection fraction (LVEF), systolic anterior
motion of mitral valve leaflet towards the septum (SAM) and
resultant left ventricular outflow tract obstruction (LVOTO),
Figure 3. The latter is a marker of risk?® and identifiable at rest
in 30% of HCM cases, while further 30% have provocable
LVOTO (with Valsalva manoeuvre or exercise)®*. A proportion
of patients (~10%) have LVH affecting mainly mid-apical LV
("apical HCM") with resultant intra-cavity obstruction and
risk of LV apical aneurysm formation and thromboembolic
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complications®®. Concentric LVH is rare in HCM33. Owing to the
wide imaging field, excellent endocardial border definition and
ability to acquire tomographic non-oblique views of LV short
axis, CMR is superior to echocardiography in the accuracy of
LV evaluation, including in the antero-lateral®* and apical®
segments where echocardiography can miss pathology
altogether. The degree of hypertrophy is an independent
predictor of risk, hence accurate assessment is critically
important?,

Despite often supranormal LVEF, HCM subjects have
reduced myocardial contractility which can be assessed
using CMR strain imaging methods that show abnormal strain
characteristics®®3’.

Around 30% of HCM subjects have severe coronary
microvascular ischaemia in the absence of coronary artery
disease®®, which is thought to aggravate disease progression
and may be a marker of risk®°.

Cine LVOT
diastole

Figure 3. CMRin hypertrophic cardiomyopathy. Case 1 (images A-C): asymptomatic
27-year-old man referred for CMR due to family history of HCM. CMR revealed
severe (24 mm) asymmetric septal hypertrophy (A) with no SAM or LVOTO on rest
(B) and patchy mid-wall myocardial fibrosis in the hypertrophied septum (C). Case

2 (images D-F): 67-year-old woman with severe exertional dyspnoea and angina
despite unobstructed coronary arteries. CMR revealed severe asymmetric septal
hypertrophy (D) with complete SAM in systole (E, yellow arrow) and turbulent LVOT
flow due to LVOTO onrest. Case 3 (images G-I): 40-year-old man with severe
exertional angina despite unobstructed coronary arteries. CMR revealed mid-apical
HCM (G) with systolic mid-LV cavity obliteration with aneurysmal appearance

of apical cap, albeit no apical aneurysm at this stage (H). Diffuse fibrosis in the
hypertrophied apical segments contributed by severe coronary microvascular
disease (I).

Risk stratification.

LGE is an important marker in risk stratification of SCD in
HCM. Both LGE presence and extent have been evaluated.
As a marker of dense replacement fibrosis, LGE correlates
with histological evidence of raised collagen content in HCM
myocardium®. LGE is present in 70-80% of HCM patients
with varying extent (0-49% of imaged myocardium)*!, with
typically mid-wall patchy distribution, affecting hypertrophied
segments and RV insertion points (Figure 4). The relationship
between LGE and the risk of death in HCM subjects is complex.
In a prospective HCM study (n=220) with a mean follow up of 3
years, 20 have died and 2 had aborted SCD*2. 90% of those who
died had prior CMR evidence of LGE, while none of the "LGE-
free” patients suffered cardiac death. Presence of any LGE on
CMR was an independent predictor of death*?, however this
notion was not maintained on multivariate analysis in another
prospective HCM study*.

As the extent of fibrosis correlates with the disease
progression in HCM*, the hypothesis that LGE extent (and not
merely its presence) can predict the risk of adverse outcomes
has been explored. In HCM, LGE extent (24 segments) is a
predictor of spontaneous ventriculararrhythmias, independent
of conventional risk factors for SCD*. In a prospective study
by Ismail et al, 711 HCM subjects were followed for a median
of 3.5 years, of whom 3.1% reached the primary end point
(SCD or aborted SCD) and in this study LGE extent (but not its
presence) was a significant predictor of the primary end point
onunivariable analysis, not maintained on multivariate analysis
when adjusted for LVEF*. The SCD event rate was similar in a
study by Chan et al*¢, where 3% of 1293 HCM subjects suffered
SCD during 3.3 years of follow up. In this study however, LGE
extent was predictive of SCD events even after adjustment for
relevant variables, with LGE 215% of LV mass being associated
with a 2-fold increase in SCD in subjects considered to be
at low risk based on conventional criteria“®. Importantly, in
a meta-analysis combining 2993 HCM patients of 5 eligible

Cine short axis, diastole

LGE short Axis

Figure 4. Myocardial fibrosis in HCM detected by LGE CMR. Cine CMR of ventricular
short axis from base to mid (A-C) in a HCM subject described in Case 1 Figure 1,
demonstrating asymmetric septal hypertrophy with “anticlockwise” involvement
from anterior wall at the base, to the antero- and infero-septum at mid-apical LV
levels. Myocardial fibrosis in HCM is shown (D-F) with arrowed areas of hyperintense
signal signifying LGE with typical for HCM distribution: patchy, mid-wall, affecting
hypertrophied LV regions and RV insertion points.
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Phenotypic /clinical features HCM
History of hypertension can be comorbid, usually well controlled
LVH pattern commonly asymmetric
LVH magnitude 15 mm and above
LV mass index < orf
Mitral SAM and LVOT obstruction ~ 60%
Papillary muscle abnormalities (hypertrophy, fragmentation, +/-
apical displacement, direct insertion into mitral valve leaflet)
Myocardial scar on LGE CMR 70-80%

Hypertension induced LVH
often poorly controlled

commonly concentric

rarely exceeds 15 mm

i}

~ 5%

20-25%

Response to antihypertensive therapy with tight BP control

BP control effect only

BP control and LVH regression

Table I. Phenotypic and clinical features differentiating hypertrophic cardiomyopathy and hypertension induced left ventricular hypertrophy.

LVH magnitude (maximal LV wall thickness)

studies, LGE extent was strongly associated with SCD risk
even when adjusted for baseline characteristics*’. In a recent
10-year follow up study, LGE extent of >5% of LV mass was
shown to predict SCD risk in HCM subjects otherwise thought
tobe at lowrisk based on conventionalrisk criteriaand SCD risk
stratification tools*®. The large HCMR study is underway which
has sufficient power and duration of follow-up to determine
the relation between LGE and mortality*.

Differential Diagnosis

There are several phenocopies of HCM and CMR is invaluable
for diagnostic differentiation directing appropriate and tailored
therapy.

Anderson-Fabry Disease (AFD).

This is a rare X-linked inherited disorder characterised
by glycosphingolipid deposition in tissues due to alpha-
galactosidase deficiency. Cardiac involvement phenotypically
resembles HCM, but typically with basal infero-lateral LGE®°
and low native T1 values®?, which discriminate AFD from other
forms of LVH. This distinction is important as disease-specific
management with enzyme replacement therapy in AFD is
available®?.

Hypertensive heart disease.

LVH is an adaptive response to increased afterload in
hypertension (HT-LVH). Differentiating HCM from HT-LVH
is challenging. Some phenotypic and clinical markers help this
process>>¢ Table I.

Cardiac Amyloidosis.

This is one of the most common causes of restrictive
cardiomyopathy (RCM), but phenotypic overlap with HCM,
renders inherent diagnostic challenges with over 30% of
CA cases being misdiagnosed as HCM®’. Crucially, CA has
distinct pathophysiology and confers high mortality (~40%
within 2 years in some subtypes)®®, hence the differentiation
of CA from HCM is critically important to inform timely and
disease-specific management. CA is characterised by tissue

deposition of misfolded insoluble protein (amyloid), mainly
due to either abnormal genetic variants (transthyretin,
TTR amyloidosis) or plasma cell dyscrasia with monoclonal
gammopathy (immunoglobulin light chain, AL amyloidosis)**°.
It is a multisystem disease, where cardiac involvement is
typically manifested by small LV cavity with concentric mild-
moderate LVH, commonly also right ventricular hypertrophy,
thickening of atrioventricular valves and interatrial septum,
pericardial and pleural effusions. Asymmetric LVH with or
without LVOTO may be present in the early stages of the
disease, leading to misdiagnosis as HCM®*°, There is often
preserved LVEF, but impaired longitudinal and diastolic
function with a restrictive filling pattern. Amyloid infiltration
results in expansion of extracellular volume (with dominant
involvement of subendocardium), resulting in a typical
global circumferential subendocardial LGE pattern on CMR®°
Figure 5. In addition, a base-to-apical gradient of amyloid
burden with relative apical sparing has been described®*®2, In
patients with congestive heart failure, LVH and a restrictive
filling pattern, this typical LGE pattern has 80% sensitivity
and 94% specificity for detecting biopsy-proven CA®. LGE
extent can help differentiation between the AL and TTR
forms of CA with a more extensive transmural LGE seen in the
latterS4. In addition, CA results in characteristically abnormal
gadolinium kinetics with fast uptake of gadolinium by amyloid
rich tissues and resultant dark blood pool within the first few
minutes of gadolinium injection with difficulties in nulling the
myocardium®. Furthermore, the degree of abnormality in
gadolinium kinetics can predict outcome®. Native T1 values in
CA are typically markedly elevated (differentiating from other
causes of LVH such as aortic stenosis® and HCM®). ECV is also
markedly elevated in CA and was shown to be an independent
predictor of mortality in AL form®.

Diabetic Cardiomyopathy.

This is characterised by myocardial structural and functional
abnormalities in individuals with diabetes mellitus (DM) in the
absence of abnormal loading conditions or coronary artery
disease®. DM is an independent risk factor for development of
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cine SAX base LGE SAX base

5 cinejHLA diastole

Figure 5. CMRiin cardiac amyloidosis. Case 4 (images A-D): 65-year-old man with heart failure. CMR revealed severe predominantly concentric LVH (A, blue arrow), interatrial
septal hypertrophy (A, yellow arrows) and diffuse circumferential subendocardial myocardial fibrosis pattern on LGE (C-D) with “zebra pattern” of LGE, involving subendocardial and

subepicardial layers, but sparing the mid-myocardium in the septum (D, arrowed).

concentric LVH, which in turn is a predictor of cardiovascular
mortality®”8. Clinical manifestations include: impaired LV
longitudinal systolic and diastolic function, likely mediated by
diffuse myocardial ffibrosis, which can be detected, quantified
and thus monitored using CMR T1 mapping techniques®7°.
Myocardial fibrosis however is thought to reflect the advanced
stage of the disease, while cardiac steatosis (excessive
intracellular accumulation of triglycerides) has been recently
proposed as an underlying and potentially reversible
mechanism for concentric LVH in type 2 DM

Dilated Cardiomyopathy (DCM)

With relatively common prevalence (~1:400 of general
population)’?, DCMis a common cause of heart failure and SCD
and the most common indication for heart transplantation
in young adults’. A genetic cause can be found in 10-40% of
cases’®. There is no cure for DCM and the mortality remains
high despite available therapies (18-27% over 5 years)’*’5, but
early diagnosis and prompt medical therapy modify the risk of
adverse outcomes’®. Thus, accurate phenotyping in subjects
with suspected DCM has significant clinical ramifications
(Figure 6).

Definition.

Dilated cardiomyopathy (DCM) is characterised by dilatation
and systolic impairment of the left ventricle (with or without
right ventricular involvement) not caused by abnormal loading
conditions or coronary artery disease'’’.

Phenotype

The defining features of DCM are LV chamber dilatation and
LVEF reduction, thus accurate measurements are key to the
diagnosis®”’. Whilst either echocardiography or CMR can be
used for the initial diagnosis of DCM, CMR is a gold standard
method for cardiac chambers volume quantification, with
indexation for gender, age and body surface area and with
its excellent reproducibility provides superior accuracy in
the diagnosis and monitoring of response to therapy’. In
addition, CMR can detect LV thrombi with superior accuracy

compared to non-contrast echocardiography (87% vs 27%)78.
This has direct implications for therapy and prevention of
thromboembolism.

CMR provides highly reproducible and accurate
quantification of LVEF, which is widely used as a descriptor
of LV function and is a proven predictor of outcome in many
cardiovascular diseases and heart failure’. Analysis of regional
myocardial deformation (strain and strain rate) is emerging
as a more accurate method of assessment of myocardial
contractile function®. CMR deformation imaging techniques
allow for such regional analysis®!. Reduced longitudinal strain
in DCM subjects by feature tracking CMR was shown to be a
predictor of adverse outcomes independently of LVEF and

admitted with decompensated heart failure. CMR revealed severe biventricular
dilatation and LVEF 16%, which combined with typical linear mid-wall fibrosis in

the septum (C-F) is consistent with non-ischaemic DCM. Case 6 (images G-I):
35-year-old man admitted with cardiogenic shock. CMR revealed severe biventricular
dilatation and LVEF 18%, There is also a pericardial effusion (H, arrowed) and a large
LV apical thrombus noted on early gadolinium enhancement images (I, arrowed).
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LGE extent®. Reduction of myocardial blood flow despite
unobstructed coronaries is a recognised feature of DCM,
reflective of disease severity rather than being a primary driver
of disease pathophysiology®:.

Risk stratification
The LGE pattern in DCM has typically mid-wall and/or
subepicardial distribution, affecting the interventricular
septum where it is often linear, but also LV free wall and RV
insertion points. It is present in 30-40% of DCM cases®#° and
correlates with replacement fibrosis on histology®. In DCM,
LGE presence and extent is associated with poor prognosis,
including adverse LV remodelling, maintenance of re-entry
ventricular arrhythmias®” and is an independent predictor
of SCD and all-cause mortality’*®®. In a prospective study
by Assomull et al®®, 101 DCM patients were followed up for a
mean of 1.8 years. Mid-wall LGE on CMR was present in 35%
of subjects. During follow-up, 17% of those with LGE vs 6%
of those without LGE died. Mid-wall LGE was a significant
predictor of combined end-point of all-cause mortality and
cardiovascular hospitalisation (HR 3.4, p=0.01) and SCD
or ventricular tachycardia (HR 5.2, p=0.03)%. In another
prospective study of by Gulati et al’4, 472 of DCM patients were
followed up for a median of 5.3 years. 26.8% of those with mid-
wall LGE died vs 10.6% of those without LGE on CMR’4. Both
presence and extent of LGE on CMR were independently and
incrementally associated with all-cause mortality; which were
also independent predictors of other major adverse outcomes
(cardiovascular mortality, cardiac transplantation, SCD and
aborted SCD and the heart failure composite)’ . In the meta-
analysis, the annualised mortality in DCM with LGE was 4.7% vs
1.7% in those without LGE (p=0.01)%°. The association between
LGE extent and risk of adverse outcomes in DCM was shown
to be non-linear in a large prospective study by Halliday et al®,
who followed 874 DCM patients for a median of 4.9 years. Even
a small amount of non-ischaemic LGE conferred an increased
risk of all-cause mortality (HR 1.81; 95% CI 1.3-2.5; p<0.001)
independent of LVEF, age and gender®. Not only presence, but
also LGE location informs risk stratification in DCM, with septal
LGE associated with increased mortality, and combined septal
and free wall LGE associated with increased risk of SCD?®2.
Native T1 values and ECV are elevated in DCM when
compared with controls®. Native T1 values were shown to
independently predict all-cause mortality and a composite of
heart failure hospitalisation and mortality in DCM®.

Differential diagnosis

Both DCM and ischaemic damage are associated with adverse
LV remodelling and dilatation, which if taken alone, can be
indistinguishable in terms of underlying aetiology. In patients
with new onset heart failure of unknown aetiology, LGE CMR is
arobust non-invasive method enabling differentiation between
ischaemic damage and DCM, with 97% diagnostic accuracy,
which is non-inferior to invasive coronary angiogram®:.
The LGE pattern is typically subendocardial/transmural in

myocardial infarction vs mid-wall/subepicardial in DCM?® (Figure
7). The absence of the infarct LGE pattern does not completely
rule out coronary artery disease as a cause of LV dilatation
and dysfunction (as the phenomenon of global hibernation
may occur®?, but this is uncommon). On the other hand,
13% of patients with impaired LV on echocardiography and
angiographically unobstructed coronaries, are misdiagnosed as
“non-ischaemic DCM"84, while having evidence ofaninfarct LGE
pattern on CMR, triggering re-evaluation of possible underlying
aetiology, such as coronary plaque rupture and re-canalisation,
coronary artery dissection or coronary thromboembolism.
Each of these diagnoses mandates distinct management. The
distinction between bystander vs attributable coronary artery
disease is a matter of clinical judgement, taking into account
coronary anatomy, myocardial tissue characterisation on CMR
and clinical context.

Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC)

Definition.

This is an arrhythmogenic heart muscle disorder not explained
by ischaemic or abnormal loading factors®. It is relatively rare
(population prevalence 1:1000-1:5000) but potentially fatal
condition, with arrhythmias predominating the clinical picture
(atrialand ventricular tachyarrhythmias and bradyarrhythmias).
ARVC is an important cause of SCD in young adults and
athletes®*. The histopathological hallmarks of ARVC are
cardiomyocyte atrophy and fibrofatty replacement. These
changes are genetically determined, due to abnormal variants
in the genes encoding the protein constituents of the cardiac
desmosomal apparatus, intercalated discs and ion channels®.
Thereis often a step-wise clinical progression with episodes of
acute inflammatory infiltrates®.

AgE LA LgamLA . -~ \-\.‘,,LGE LvOoT

Figure 7. CMRinischaemic cardiomyopathy. Case 7 (images A-F): 70-year-old
woman with type 2 diabetes mellitus admitted with anterior ST elevation myocardial
infarction and underwent primary percutaneous intervention to the left anterior
descending (LAD) artery. CMR revealed dilated LV with severely impaired function (A-
B). EGE images revealed LV apical thrombus (C, arrowed). Typical infarct LGE pattern
(subendocardial to transmural) seen in the LAD distribution involves mid-apical
antero-septum, anterior wall, all apical segments and apical cap (D-F). Pericardial
effusion also noted (B, red star) and differentiated from excessive epicardial fat (B,
yellow star).
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Figure 8. CMRin arrhythmogenic cardiomyopathy (biventricular involvement).
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Case 8 (images A-H): 40-year-old female admitted with palpitations, fever and
raised serum cardiac troponin levels. Coronary angiogram revealed normal coronary
arteries. Family history of suspected sudden death in the cousin age 28. CMR
arranged as a follow up and revealed regional akinesia and aneurysm in the RVOT
(A-C, yellow arrow), regional thinning and hypokinesia of basal-mid inferior LV wall
(D, yellow arrow) with epicardial fibro-fatty replacement (D, blue arrow), extensive
subepicardial fibro-fatty replacement of the RV side of interventricular septum,
extending to inferior LV wall at base-mid LV levels, basal inferior RV wall and apical
anterior wall (E-H, blue arrows).

Phenotype.

The first description in 1980s referred to 24 cases with
ventricular tachycardia associated with predominantly right
ventricular pathology®®. However, a range of phenotypic
expressions are now recognised with RV (ARVC), LV-dominant
(ALVC) or biventricular forms, hence the term “arrhythmogenic
cardiomyopathy” (ACM) is increasingly being used®. The
fibrofatty replacement typically progresses from epicardium
through to the mid-myocardium to transmural involvement®.
RVinvolvementin ACMisassociated withRV dilatation, reduced
RV ejection fraction (RVEF), wall thinning, microaneurysm
formation and regional wall motion abnormalities (RWMA) with
akinesia or dyskinesia® (Figure 8). LV involvement manifests
with epicardial to mid-wall myocardial fibrofatty replacement,
which is often circumferential®® (Figure 9). Clinical diagnosis
of ACM is challenging, and no single test is sufficient. The
diagnosis is based on a scoring system proposed by the Task
Force Criteria®, combining clinical features (arrhythmias),
ECG markers (T wave inversion and epsilon wave in the right
precordial leads), family history, structural and functional
abnormalities in RV and/or LV. CMR offers several advantages
over other imaging modalities, as it can identify concurrent
LV involvement and provides accurate and comprehensive
characterisation of RV in terms of: indexed diastolic volumes,
RVEF,RWMA, microaneurysmformation (cine), intramyocardial
fatinfiltration (spin echo fat suppressed technique) and fibrosis
(LGE)®**7, Furthermore, more extensive LGE in ACM (typically
>20% of LV mass) and mostly subepicardial pattern can
differentiate ALVC and DCM®:.

Risk stratification.
LGE is typically difficult to detect in the thin RV wall and can
be confounded by epicardial fat. In ALVC, LGE can be the first
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Figure 9. CMRin arrhythmogenic cardiomyopathy (LV-dominant form, ALVC). Case
9 (images A-F): 15-year-old male referred for screening following sudden death in his
father with post-mortem histological evidence of fibrofatty myocardial infiltration
consistent with ARVC. His Holter monitoring revealed increased ventricular ectopy
burden and non-sustained ventricular tachycardia. CMR revealed normal biventricular
size and function (A-B), however extensive circumferential mid-wall and epicardial
myocardial fibrosis involving the majority of LV myocardium noted on LGE (C-F, yellow
arrows) consistent with ALVC.

indicator of the disease process and confers the risk of adverse
events, as malignant arrhythmias can occur despite relatively
preserved LV function®® (Figure 9). RV involvement in ALVC
confers worse outcome®.

Restrictive Cardiomyopathy (RCM)

Definition.

This is a heterogenous group of myocardial disorders and the
least common of all cardiomyopathies. It is characterised by
"ventricular stiffness” with restrictive ventricular physiology,
defined by a precipitous rise in LV end diastolic pressure
for only small increases in LV volume!*. There are two
main groups of causes: 1) myocardial infiltration or storage
disorders (amyloidosis, glycogen storage, haemochromatosis,
Anderson-Fabry disease, scleroderma, inflammatory or
metastatic process); or 2) endomyocardial disorders with
or without hypereosinophilia (endomyocardial fibrosis,
fibroelastosis, pseudoxanthoma elasticum, carcinoid disease,
toxicity or radiation induced)**°. This review focuses on cardiac
amyloidosis (described above) and iron overload (described
below).

Phenotype.

RCM phenotype is usually that of biatrial enlargement, normal/
reduced LV volumes, normal/near normal wall thickness and
LVEF, but diastolic dysfunction and a restrictive filling pattern®.
Echocardiography plays an important role in detecting and
grading the latter and distinguishing RCM from constrictive
pericarditis, both of which are characterised by a restrictive
filing pattern®. CMR plays a unique role in differentiating
between different aetiologies within RCM (using LGE, native
and post contrast T1 and T2*mapping methods)*°. CMR is
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Figure 10. CMRin LV non compaction. Case 10 (images A-D): 16-year-old lady with recurrent atrial arrhythmias. CMR revealed mildly dilated LV with global hypokinesia, severely
reduced LV function and excessive trabecular pattern in the mid-apical LV (A-C, yellow arrows). The ratio of non-compacted (red line) to compacted myocardium (blue line) in

diastole in the inferolateral LV wall was 3.1 (D) meeting criteria for LVNC.

also helpful in non-invasive diagnosis of physiology pattern
(using velocity encoded CMR) and differentiation from
pericardial constriction (real time cine imaging to demonstrate
interventricular interdependence and septal shift during
respiration)*®.

Iron Overload (Siderotic) Cardiomyopathy.

Cardiaciron depositionin aform of haemosiderin occurs mainly
as a result of regular blood transfusion due to chronic anaemia
such as beta-thalassemia major, while being rare in hereditary
haemochromatosis. It leads to a dilated and/or restrictive
cardiomyopathy phenotype. Until 1999, heart failure was the
primary cause of mortality in cardiac siderosis. Since then,
T2* CMR imaging became available for cardiac iron content
quantification®, with normal myocardial T2* at 1.5T measured
at midventricular septum is >20 ms, while lower values indicate
cardiac siderosis. The discovery and application of T2* CMR
revolutionised the management of cardiac siderosis, enabling
early detection?®, risk stratification'®, direction and monitoring
of cardiac iron chelation therapy (with deferiprone), all of which
translatedinto a substantial 71% reduction in cardiac mortality
in patients with thalassemia major°2.

Unclassified Cardiomyopathy

Left ventricular non compaction (LVNC).

LVNC is characterised by a mesh of myocardial trabeculations
forming a non-compacted layer of LV myocardium (especially
lateral and apical segments)*%?, The compacted epicardial
layer is often relatively thin, may have ragged appearance and
show regional dysfunction!%. A genetic cause is found in 30-
50% of patients with commonly sarcomere variants'®. This is
phenotypically and clinically heterogenous group of disorders
with many forms described (LVNC, RVNC, biventricular, HCM
form,RCMform, DCM form, or associated with congenital heart
disease)’. LVNC is associated with heart failure, arrhythmias,
systemic thromboembolism and sudden death?®4. The current
diagnostic criteria mainly rely on distinction between non-
compacted and compacted myocardial layers with the most
commonly used criterion proposed by Petersen et al'®? (the

ratio of non-compacted to compacted myocardium thickness
at end diastole on CMR long axes views >2.3) (Figure 10).
However, these criteria were shown to have poor specificity,
found in 15% of individuals free from cardiovascular disease
and hypertension!®, thus their use in isolation remains
controversial. Furthermore, transient hypertrabeculation
meeting these non-compaction criteria is observed in the
context of altered loading conditions in a relatively high
proportion of healthy individuals (athletes and pregnancy)°%17,
hence caution is required to avoid overdiagnosis. CMR
based quantification of trabeculated myocardial mass (with
the value of >20%) is proposed to have a better diagnostic
accuracy!®. Due to high spatial resolution, CMR is superior to
echocardiography in the diagnosis of LVNC and can effectively
differentiate LVNC from other cardiomyopathies, for example
apical HCM?®®. In addition, CMR-based markers of myocardial
deformation reflecting myocardial strain and twist were
reported to be reduced in the affected segments of the LV and
this correlated with the extent of non-compaction'*®. The LGE
patternin LVNC is similar to that in DCM and is associated with
the poorer prognosis!'?.

Role of CMR in the differential diagnosis of
cardiomyopathies

One of the unique advantages of CMR is in the multiparametric
assessment and ability to differentiate between various
cardiomyopathy phenotypes as well as between different
causes of a specific phenotype. Some of the key examples
described below.

Myocarditis.

Myocardial inflammation can occur as a result of a range
of injuries: viral, autoimmune, toxicity or ischaemia. Over
80% of presentations with presumed acute coronary
syndrome yet unobstructed coronary arteries are due to
acute myocarditis'*?2. Endomyocardial biopsy remains a gold
standard for the diagnosis confirmation, however it is not
risk free!'®. In the context of acute myocarditis, myocardial
oedema, inflammation and cardiomyocyte necrosis are the key
manifestations detected by histology, which can be tracked by
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Figure 11. CMRin acute myocarditis. Case 11 (images A-C): 63-year-old man admitted with acute chest pain, ST segment elevation on ECG and elevated serum cardiac Troponin.

Echocardiography revealed LV lateral wall hypokinesia. Coronary angiogram showed normal coronary arteries. CMR revealed normal biventricular size and function with basal lateral
LV hypokinesia. CMR LGE images demonstrated subepicardial to mid-wall myocardial enhancement in the basal lateral wall (A-B, arrowed), which corresponded with the region of

oedema/inflammation on the T2 STIR images (C, arrowed), consisted with acute myocarditis.

CMR (T2 and T1 mapping and LGE, summarised in the previous
section). Elevated native T1 and T2 values, alongside mid-
wall and/or subepicardial LGE pattern (especially in the lateral
wall) are typically observed!* (Figure 11). Furthermore, T2
relaxation time correlates closely with free water content in
the myocardium, with the values raised in acute myocarditis
and proposed to be the only CMR marker differentiating acute
from convalescent myocarditis'**. CMR diagnostic criteria
for myocarditis (“Lake Louise criteria”) were proposed and
recently strengthened by quantitative parametric mapping
methods!?®, with native T1 (midventricular septal or global)
suggested to improve diagnostic performance!!®!’, CMR
parameters also inform risk stratification, with the presence
and extent of septal LGE predicting downstream adverse LV
remodelling and adverse outcomes??®,

Cardiac sarcoidosis (CS).

Sarcoidosis is a multi-system inflammatory disorder with
a histological hallmark of noncaseating epithelioid tissue
granulomas in the absence of other causes for granulomatous
disease!*®. Cardiacinvolvement occursin 25-50% and accounts
for 25% of deaths in sarcoidosis, mainly due to heart failure and
arrhythmic sudden death'?. Early recognition is important as
effective therapies exist'?!. Multimodality imaging, including
CMR and 18F-fluorodeoxyglucose positron emission
tomography, alongside multidisciplinary input are vital for the
accurate diagnosis and management!??, emphasised in the
recently updated Japanese Circulation Society guidelines'®.
Endomyocardial biopsy when positive is highly specific but has
low sensitivity (<20%)!23. CMR offers high diagnosticaccuracyin
CS, withhighnegative predictive value!?*. CS phenotypically can
masquerade as DCM, HCM, RCM or ischaemic cardiomyopathy.
Most commonly it is associated with LV dilatation, regional or
global wall thinning and dysfunction. Regional abnormalities
in LV wall thickness, with thinning (and possible aneurysm
formation) or thickening are typical characteristics'*®. Active

disease can be detected using T2-weighted images sensitive
to oedema'®, which in combination with LGE detection of
scar can discriminate between active and chronic CS*?¢ (Figure
12). LGE is present in over 70% of CS with a highly variable
distribution pattern (mid-wall, subepicardial, subendocardial
and/or transmural) in any of the LV and/or RV segments and
even in papillary muscles, with the basal lateral segment being
the most commonly involved'?. A “shepherd's crook” LGE
pattern with scar involving the basal antero-septum and RV
anterior free wallis also typical, and associated with conduction
abnormalities (Figure 12). LGE presence is a strong predictor of
adverse outcome in CS, superior to LVEF'?7:128, |n addition, LGE
can guide biopsy sampling and monitor individual response to
therapy??°.

UGE, SAX, mid"| T2 STIR, SAX, mid ,’ .
_

Figure 12. CMRin cardiac sarcoidosis. Case 12 (images A-F): 55-year-old man
admitted with ventricular tachycardia. CMR revealed mediastinal lymphadenopathy
(A, yellow arrows), regional thickening of anterior and anteroseptal base-mid

LV wall and RV free wall (B and D, red arrows), which corresponded to regions of
enhancement on LGE (E) and hyperintense signal on T2 STIR (C and F), consistent
with acute inflammatory infiltrative process. Biopsy of lymph nodes revealed non-
necrotising granulomata, confirming the diagnosis of sarcoidosis with cardiac and
pulmonary involvement.
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Phenotype Phenotypic features Cardiomyopathy Athletic adaptation
DCM Ventricular dilatation g + (usually mild, balanced biventricular dilatation)
Response to exercise stress test LVEF < or § from baseline LVEF © by >11% from baseline, peak exercise LVEF >63%
HCM / LVH LV wall thickness commonly >15 mm commonly <15 mm
E/E’ on tissue Doppler echocardiography < orf < or{ and usually <12
Native T1 < orf 3
ECV <orf 3
Response to a period of detraining < unchanged LV wall thickness / mass § LV wall thickness
J LV mass
ARVC RV dilatation ++ + (usually mild, balanced biventricular dilatation)
RV regional wall motion abnormalities ++ -
Any Myocardial fibrosis evidence on LGE CMR + -

Table Il. Phenotypic features differentiating adverse remodelling in cardiomyopathy and physiologic athletic adaptation.

Athletic heart.

High intensity regular exercise activity aimed at endurance,
performance and competition defines a highly trained
athlete®3°. Athletic training has several physiological effects on
cardiovascular system®*!, including increased cardiac chamber
volumes, increased LV wall thickness and LV mass. Ejection
fraction of the LV and RV can be normal or reduced, but with
improvement (>11%) on exercise echocardiography or CMR
with peak LVEF >63%, with normal or even enhanced LV
diastolic function!*2%3, Stroke volumes are typically >120mL.
Myocardial fibrosis is usually pathologic, although septal and/
orRVinsertion point LGE in veteran athletes has beenreported
and remains of uncertain significance®®*. Phenotypic features
favouring physiologic athletic adaptation vs pathologic

remodelling in cardiomyopathy are summarised below (Table
”)131,135—139_

Novel CMR applications in cardiomyopathy: in

vivo imaging of myocardial microstructure using
diffusion tensor cardiovascular magnetic resonance
(DT-CMR)

Todate, DT-CMRis the only validated method for non-invasive
in vivo evaluation of cardiac microstructure in humans®-2>, It
measures the signal loss generated by free water diffusion in
the myocardium, allowing inferences to be made with respect
to myocardial microarchitecture. In healthy myocardium,
there is a primary helical arrangement of cardiomyocytes
and a secondary laminar arrangement formed by aggregates
of cardiomyocytes, termed sheetlets'®. For every imaged
myocardial voxel, DT-CMR can detect the predominant
orientation of cardiomyocytes (helix angle) and sheetlets
(secondary eigenvector angle, E2A) throughout the cardiac
cycle, which has been validated against histology*73. In
health, sheetlets rotate from LV wall-parallel in diastole to LV
wall-perpendicular orientation in systole (respectively colour
coded as blue and red on examples below (Figure 13)%24,
Such sheetlet mobility is disturbed in cardiomyopathy, with
sheetlets fixed in either a “systolic conformation” (HCM and
cardiac amyloid) or a “diastolic conformation” (DCM)1144,
Furthermore, other non-contrast parameters obtained

from DT-CMR (mean diffusivity and fractional anisotropy)
can discriminate between HCM and its phenocopy cardiac
amyloidosis'*4, thus supporting diagnostic differentiation and
the very different management strategies. DT-CMR provides
unique insight into the mechanisms of impaired myocardial
function in cardiomyopathy, not offered by other imaging
modalities. These novel discoveries may inform future research
into the disease-specific therapies, targeting the mechanisms
implicated in the disease pathogenesis and revealed by DT-
CMR.

CMR limitations

CMR may be limited by severe claustrophobia, significant
irregular arrhythmias, inability to maintain periodic brief breath-
holds (~10 seconds) and the presence of some implanted
devices. The latter is being overcome by the increasing use of
CMR conditional and CMR safe devices and carefully designed
protocols with multidisciplinary infrastructure to allow safe
scanning of these patients*®. Use of GBCA is also restricted
in certain scenarios, such as known hypersensitivity and in
pregnant women, thus the need for GBCA use should be
assessed individually to ensure safety!“¢. Development of non-
contrast techniques for myocardial tissue characterisation,

ATTR cardiac amyloidosis

=
]
@
L
a

Figure 13. DT-CMR (diffusion tensor cardiovascular magnetic resonance) in
cardiomyopathy. Colour coded maps represent the predominant orientation of
absolute secondary eigenvector angle E2A (sheetlet orientation) for each imaged
myocardial voxel of mid LV SAX slice in diastole and systole in a healthy control and
subjects with cardiomyopathy (labelled). Normal change of sheetlet orientation
(sheetlet mobility) from wall-parallel in diastole (coded as blue) to wall-perpendicular
in systole (coded as red) seen in a healthy control. Sheetlet mobility is disturbed

in cardiomyopathy subjects, with sheetlets fixed throughout the cardiac cycleina
“systolic conformation” (HCM and amyloidosis) or in a “diastolic conformation” (DCM)
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suchas DT-CMR, is an emerging field that may overcome these
limitations.

Conclusion

Accurate phenotyping, differential diagnosis and risk
stratification in cardiomyopathies is complex. CMR plays a
central role in this process employing multiple techniques in
one scan to accurately phenotype the condition and thus guide
risk stratification and tailored treatment approaches.
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