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Abstract

Non-ischemic cardiomyopathies include a wide spectrum
of disease states afflicting the heart, whether a primary
process or secondary to a systemic condition. Cardiac
magnetic resonance imaging (CMR) has established
itself as an important imaging modality in the evaluation
of non-ischemic cardiomyopathies. CMR is useful in
the diagnosis of cardiomyopathy, quantification of
ventricular function, establishing etiology, determining
prognosis and risk stratification. Technical advances and
extensive research over the last decade have resulted in
the accumulation of a tremendous amount of data with
regards to the utility of CMR in these cardiomyopathies.
In this article, we review CMR findings of various
non-ischemic cardiomyopathies and focus on current
literature investigating the clinical impact of CMR on risk
stratification, treatment, and prognosis.
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Core tip: Cardiac magnetic resonance imaging (CMR)
has established itself as a vital modality in the evaluation
of numerous aspects of non-ischemic cardiomyopathies,
ranging from establishing a diagnosis to detailed
analysis of cardiac function. Lately, increasing data has
become available regarding the clinical utility of CMR in
the evaluation of these patients, although few articles
have consolidated this these findings regarding CMR’s
impact in these pathologies. This review will summarize
current literature investigating the clinical impact of
CMR on risk stratification, treatment, and prognosis in
the setting of non-ischemic cardiomyopathies.
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INTRODUCTION

Non-ischemic cardiomyopathies (NICM) include a
wide spectrum of disease states afflicting the heart,
whether a primary process or secondary to a systemic
condition™?, Several imaging modalities are used in
the evaluation of NICM, particularly echocardiography,
nuclear medicine, and cardiac catheterization. Cardiac
magnetic resonance imaging (CMR) has established
itself as an important modality in the evaluation of
cardiomyopathies. The last decade has seen tremendous
technological advances in CMR, both in software and
hardware!. CMR offers a number of advantages
that makes it an ideal imaging modality in a number
of clinical settings. CMR allows for the non-operator
dependent acquisition of high spatial and temporal
resolution images in any desired imaging plane and
regardless of patient-specific factors such size and
body composition. With these high resolution images,
accurate assessments of various chamber and vessels
functional parameters can be made. Additionally,
CMR is free of ionizing radiation, which makes it an
ideal modality for evaluation of young patients, and
those who may require frequent or regular follow-up
assessments.

The increased use of CMR has resulted in accumulation
of a tremendous amount of data on the utility of CMR in
the clinical management of these patients. CMR is moving
from simply an initial diagnostic tool to one whose findings
can also have for significant clinical impact, including those
on therapy response, risk stratification, and prognosis
determination.

In this article, we review CMR findings of various
non-ischemic cardiomyopathies and focus on current
literature investigating the clinical impact of CMR on risk
stratification, treatment, and prognosis.

MAGNETIC RESONANCE IMAGING OF
NICM

In a patient with NICM, several dedicated CMR sequences
are used as a part of the magnetic resonance imaging
(MRI) protocol. Steady-state free precession (SSFP)
is the most commonly used sequence, which helps
in evaluating ventricular morphology and function. In
addition, ventricular function can also be quantified by
drawing endocardial and epicardial contours. Velocity-
encoded phase contrast MR images enable flow and
velocity quantification in vascular and valvular structures.
Multi-echo gradient echo images are used for detecting
and quantifying myocardial iron. T2-weighted images are
useful in detection of myocardial edema, seen in acute
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Figure 1 Iron overload cardiomyopathy. Short axis gradient echo image
with long echo time (15 ms) shows dark signal in the left ventricular
myocardium due to increased iron deposition.

myocardial infarction or myocarditis. T2-mapping is a
more accurate technique of quantifying the myocardial
fluid. Dynamic first-pass perfusion images are utilized
for evaluation of perfusion defects or microvacular
dysfunction. Delayed-enhancement images show scar
and fibrosis, seen as different patterns of late gadolinium
enhancement (LGE), which is useful in the characterization
of cardiomyopathies. T1-mapping techniques can quantify
the T1 values of myocardium, either before (native)
or after administration of contrast and can measure
extracellular volume (ECV), which is a biomarker of
fibrosis. MR angiography is useful in evaluation of vascular
anatomy. 3D-whole heart navigator gated SSFP sequence
is useful for evaluation of coronary artery anatomy as well
as vascular anatomy without administration of contrast.

A summary of main diagnostic CMR findings as well
as the commonly evaluated CMR parameters and their
clinical implications, discussed in greater in the following
sections, are included in Table 1.

Iron overload cardiomyopathy

Myocardial iron deposition is shown on gradient-echo
images, with lower signal at higher Echo time (TE)
values (Figure 1). Utilizing gradient echo images at
different TE levels (Multi-echo GRE), the absolute
myocardial T2* can be measured and this has shown
to be a more reliable indicator of true myocardial iron
content as compared to serum ferritin levels or liver
iron*?, Myocardial T2* < 20 ms is considered to be
significant iron deposition and < 10 ms is considered to
be advanced iron deposition.

Myocardial T2* values have also been shown to
detect myocardial changes of iron overload, significantly
earlier than changes in left ventricular ejection fraction
(LVEF)™. Myocardial T2* has been shown to be a strong
independent predictor of adverse clinical outcomes
such as development of heart failure, arrhythmias,
and sudden cardiac death. A study by Anderson et ai*
showed that patients with a with T2* < 20 ms were at
significantly increased risk for arrhythmias, and this risk
was also shown to be increased further at lower T2*
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Table 1 Summary of diagnostic findings and prognostic parameters at cardiac magnetic resonance

Prognostic CMR parameters Clinical outcomes evaluated

Cardiomyopathy Key diagnostic CMR findings

Iron overload Myocardial T2* < 20 ms
cardiomyopathy

Idiopathic dilated LV dilatation, global systolic dysfunction, mid-
cardiomyopathy myocardial septal LGE
Hypertrophic Asymmetric septal hypertrophy, patchy LGE (RV
cardiomyopathy insertion points), mitral valve systolic anterior

motion
Sarcoidosis Mid-myocardial or sub-epicardial LGE with

(acute) or without (chronic) edema

Myocarditis Myocardial edema, high T2 in T2 mapping, early
gadolinium enhancement, mid-myocardial or
subepicardial distribution LGE
Amyloidosis Diffuse subendocardial-transmural enhancement,

early myocardial nulling on T1 mapping

Left ventricular non- Non-compacted to compacted myocardium ratio

compaction (end diastole) > 2.3
Arrhythmogenic right Major wall motion abnormality, low ejection
ventricular dysplasia fraction, dilated RV (major criteria)
Takotsubo Reduced global systolic function, abnormal
cardiomyopathy apical wall motion with normal/hyperkinetic
basal segments
Fabry disease Concentric LV thickening, basal inferolateral
segment mid myocardial-subepicardial LGE
Muscular dystrophy Ventricular dilation, systolic dysfunction, mid

myocardial-subepicardial LGE

LGE, T1 mapping, ECV estimation,

Myocardial T2* Adverse cardiac events, sudden
cardiac death, treatment monitoring
LGE, longitudinal myocardial Adverse cardiac events, transplant

strain status, sudden cardiac death, treatment

monitoring
LGE Adverse cardiac events, sudden
cardiac death
LGE Adverse cardiac events, treatment
monitoring
LGE Adverse cardiac events, sudden cardiac

death, cardiac function recovery

LGE, ECV estimation, T2 ratio Mortality, disease subtype
differentiation

Non-compacted to compacted Functional status, adverse cardiac

thickness ratio, LGE

RV and LV abnormalities, LGE

events, sudden cardiac death
Adverse cardiac events, sudden

cardiac death, treatment planning
Type of segmental involvement, Cardiac dysfunction severity and
LGE recovery

Adverse cardiac events, sudden
cardiac death, treatment monitoring

Adverse cardiac events

LGE, T1 mapping

myocardial strain

CMR: Cardiac magnetic resonance; RV: Right ventricle; LV: Left ventricle; LGE: Late gadolinium enhancement; ECV: Extracellular volume.

levels. T2* value < 10 ms had a substantially higher risk
of developing heart failure at the time of follow-up with
risk increasing further for patients with T2* < 6 ms. As
with the level of myocardial iron content, these outcomes
predictors did not correlate with parameters such as
serum ferritin or liver iron content. Similar findings were
also seen in data from Patton et af™!, which also included
sudden cardiac death as a part of their composite
outcome. Data from this study also demonstrated
worsening outcomes measured at lower T2* levels,
leading them to propose a three-tiered risk stratification
model based on T2* values - low risk: T2* > 20 ms;
intermediate risk: T2* between 10 ms and 20 ms; and
higher risk: T2* < 10 ms.

In addition to predicting outcomes, CMR has also shown
to be an invaluable tool in the monitoring of treatment
response to chelation therapies, which comprises a
crucial element of the treatment of iron-overload
cardiomyopathy. Multiple published studies have shown
improvements in T2*°**! and LVEF®' when evaluating
treatment responses to several different chelating agents
over variable treatment durations. The longest studied
follow-up time was performed by Ambati et af*!, which
demonstrated continued improvement in both T2* and
LVEF extending to five years after treatment initiation.
Although most studies evaluating cardiac response of
chelation therapies have focused on objective parameters
such as T2* and LVEF, Pennell et ai** demonstrated that
improvements in myocardial T2* and LVEF were also
associated with significantly reduced risk of developing
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heart failure. It should be noted that this observed risk
reduction was seen in the setting of only minimally
improved LVEF, suggesting that, in the setting the
chelation treatment of iron overload cardiomyopathy,
conventional functional parameters such as LVEF may
underestimate the clinical impact of therapies.

Given the evidence for the use of CMR in the dia-
gnosis, risk stratification, and treatment monitoring in
iron overload cardiomyopathy, CMR is recognized in
the most current American Heart Association (AHA)
Consensus Statement'*”! as a critical tool in the diagnosis
and clinical management of patients with iron overload
cardiomyopathy. Additionally, the widespread adoption
of CMR in management of these patients has correlated
with the reduction in mortality from cardiac iron overload
in patients in the United Kingdom'**”}, which has been
largely attributed to clinical guidance by CMR findings in
these patients. For example, Modell et ai*® showed that
the death rate from iron overload between 2000 and
2003 was 2.3 per 1000 patients, significantly decreased
from 7.9 per 1000 prior to the initiation of CMR screening
in thalassemia patients, Additionally, Chouliaras et af'”?
estimated that the risk of cardiac death before CMR
screening of United Kingdom thalassemia patients was
82% higher compared to the risk observed after CMR
screening.

Idiopathic dilated cardiomyopathy
Idiopathic dilated cardiomyopathy is characterized by
dilation of the left ventricular left ventricle (LV) with global
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Figure 2 Idiopathic dilated cardiomyopathy. Short axis delayed-enhancement
image shows linear mid myocardial enhancement (arrow) in the basal septum,
and dilated left ventricle, which is indicative of idiopathic dilated cardiomyopathy.

systolic dysfunction. A linear mid-myocardial pattern
of LGE in the septum (Figure 2) has been reported in
these patients!®, due to presence of fibrosis. A study
by McCrohon et al'” showed that in a population with
dilated cardiomyopathy, this linear mid-myocardial
pattern was seen in 28% of patients, with no particular
enhancement in 59% of patient. In 13% of these
patients, a subendocardial pattern was seen in spite of
normal coronary arteries in catheterization*?,

Buss et al*® demonstrated the association of various
strain parameters with cardiac outcomes including cardiac
death and transplantation. In their analysis, longitudinal
strain was shown to be a superior predictor of outcome
compared to not only conventional parameters such as
LVEF and New York Heart Association functional class,
but the presence of LGE as well. Additionally, preserved
longitudinal strain was associated with better outcomes,
even in the presence of LGE or depressed LVEF?.

Several published studies have shown the presence
of LGE in these patients to be a significant risk factor
for the development of arrhythmic events, including
sudden cardiac death!®*2%, A pair of studies!*®*"! have
shown specifically the presence of mid-wall fibrosis to be
associated with increased risk of adverse cardiac events
and sudden death™®2*, Furthermore, a study by Perazzolo
Marra et al*"! demonstrated that the presence of LGE was
a superior predictor to traditional parameters including
depressed LVEF (less than 35%) in predicting arrhythmic
events and sudden cardiac events. The presence of LGE
has also been shown to be a useful predictor of adverse
cardiac events in cohorts of asymptomatic and minimally
symptomatic patients™.

Prospective data is limited regarding the impact on
screening dilated cardiomyopathy patients on mana-
gement or treatment outcomes. However, in an analysis
by Gulati et af*", assuming a 15% threshold for sudden
cardiac death risk for implantable cardioverter defibrillator
(ICD) implantation, the addition of LGE to their risk
assessment model would have resulted in nearly 19% of
studied patients would have undergone ICD implantation,
and 11% would have avoided ICD implantation. Although
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Figure 3 Hypertrophic cardiomyopathy. A: Three-chamber steady state free
precession image shows severe hypertrophy of the basal anteroseptum (arrow),
which causes LVOT obstruction; B: Short-axis delayed enhancement image shows
patchy mid myocardial enhancement in hypertrophied segments, suggestive of
interstitial fibrosis in a pattern specific for hypertrophic cardiomyopathy. LV: Left
ventricular.

long-term dlinical outcome data is lacking, this suggests
that measurement of LGE at CMR may be an effective
way to guide ICD therapies in these patients.

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a genetic disorder
with a heterogeneous phenotypic expression. MRI can
diagnose HCM and also characterize the morphology. The
most common morphological type is asymmetric septal
hypertrophy (ASH), and other forms include apical, mid-
ventricular, concentric, spiral and mass-like forms. In ASH,
there is hypertrophy of the basal septum (Figure 3A).
MRI can detect and quantify LVOT flow obstruction and
the flow velocity/gradient. Systolic anterior motion of the
mitral valve and mitral regurgitation can also be detected
and quantified. MRI is also useful in detection of papillary
muscle abnormalities such as anomalous insertion,
double bifid morphology, anteroapical displacement
and hypermobile papillary muscles, which can cause
obstruction without significant myocardial hypertrophy.
Delayed enhancement is seen in 60% of patients'*® with
HCM due to interstitial fibrosis, microfibrillar disarray or
microvascular obstruction. This is typically seen in a mid-
myocardial, patchy pattern at the RV insertion points, but
is also seen in the rest of the hypertrophied (Figure 3B)
and non-hypertrophied myocardium.
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Figure 4 Sarcoidosis. Short axis delayed enhancement image shows patchy
areas of mid myocardial enhancement in the basal septum and basal inferior
segments.

The presence of LGE at CMR plays an important role
in risk stratification and estimating prognosis in HCM.
Several studies have demonstrated the independent
predictive ability of the presence of LGE for cardiac
outcomes including worsening heart failure symptoms,
ventricular arrhythmias, ICD discharge, and sudden
cardiac death® =%, Furthermore, the absence of LGE has
shown to have useful negative predictive value in that
the absence of LGE was associated with a lower, but not
absent, risk for adverse cardiac outcomes®. However,
unlike in dilated cardiomyopathy, several larger studies
in HCM patients have noted that the extent of LGE,
rather than its presence alone, is a significant predictor
of adverse cardiac outcomes™ ¥, This observation may
be in part due these larger studies being better powered
to evaluate the full range of adverse outcomes. For
example, a study by Ismail et af*”), the largest published
to date evaluating CMR findings and clinical outcomes
in over four hundred patients, demonstrated that only
the extent of myocardial LGE was a strong predictor of
cardiac events and mortality. However, contrary to other
studies, LGE was not shown to be the strongest predictor
(behind LVEF) of adverse events in this patient cohort.

To date, limited studies are available regarding the
use of CMR in monitoring of treatment for hypertrophic
HCM, whether pharmacologic, minimally invasive, or
surgical. A study by Yuan et af*®! demonstrated the utility
of CMR in characterizing the infarct size from septal
ablations as well as decreased LV mass followed up
to one year, although clinical outcome data was not
included.

Although CMR remains an important modality in the
diagnosis of hypertrophic cardiomyopathy, particularly in
the setting of equivocal echocardiogram findings, it is yet to
be formally recommended for all patients™**, According to
the most recent consensus AHA guidelines from 201157,
the use of LGE with CMR for risk stratification received at a
class I a recommendation and may be considered when
risk stratification with conventional risk factors (i.e., prior
history of ventricular arrhythmias, family history of sudden
cardiac death, and personal history of syncopal episode) are
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inconclusive.

Sarcoidosis

Cardiac sarcoidosis is characterized by the presence
of nectrotizing granulomas in the myocardium. In the
acute phase, myocardial thickening and edema may be
seen. LGE is seen in a mid-myocardial (Figure 4) or sub-
epicardial distribution. In chronic phase, wall thickening
and LGE is seen, but edema is absent. In burnt out
sarcoidosis, transmural enhancement may be seen®®.

The presence of LGE in sarcoidosis has been shown to
be associated with adverse outcomes™*?, For example,
Greulich et a*” demonstrated that the presence of
LGE as the strongest independent predictor death as
well as other adverse events such as aborted sudden
death, appropriate ICD discharge, and ventricular
arrhythmias. The presence of LGE was also shown to
be a stronger predictor of adverse outcomes relative to
other functional and clinical parameters such as LVEF
and clinical symptoms at presentation. Additionally, no
included patients without LGE in this study died at the
time of follow-up suggesting the potential high negative
predictability of LGE in this patient population.

CMR has also been shown in several small studies
to be effective in monitoring cardiac improvement
in response to steroid therapy!****.. Overall, steroid
therapy has been shown to be associated with not only
improved functional parameters such as LVEF and LV
end diastolic volume (EDV) index, but also decrease
in LGE. However, data from Ise et a*? suggest that
CMR response to steroid therapy may depend on the
extent of LGE upon treatment initiation. In the studied
population, treated patients with a lower amount of
LGE had significantly decreased LVEF and LV EDV after
treatment. However, patients with more severe disease
as indicated disease as evidenced by a larger extent of
LGE were noted to not only have no significant change
in LVEF or LV EDV, but also had worse clinical outcomes.

Similar to the assessment of dilated cardiomyopathy,
current appropriate use guidelines from the AHAP**! still
do not specifically recommend CMR exclusively for the
purposes of risk stratification or prognostication with its
use reserved for diagnosis and differentiation from other
cardiomyopathies as well as functional assessment.

Myocarditis
Acute myocarditis seen in MRI as high signal in T2-weighted
images and elevated values in T2 mapping due to myocardial
edema, early gadolinium enhancement and LGE in a mid-
myocardial or subepicardial distribution (Figure 5). Different
patterns of enhancement have been described based on
the etiological agent. Parvovirus B19 infection often involves
the basal inferolateral segment, in a mid-myocardial/
subepicardial pattern and usually recovers without lasting
damage, whereas human herpesvirus-6 more commonly
involves the septum, in a linear mid-myocardial pattem and
rapidly progresses to heart failure™®.

As in other cardiomyoapthies, the presence and per-
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Figure 5 Myocarditis. Four-chamber delayed enhancement image shows mid
myocardial enhancement in the basal lateral segment, consistent with acute
myocarditis. RA: Right atrium; LA: Left atrium; RV: Right ventricular; LV: Left
ventricular.

sistence of LGE in the setting the myocarditis reflects
the presence of irreversible myocardial injury®*”). The
presence, amount, and distribution of LGE at the time
of diagnosis has shown to have important implication in
cardiac functional parameters at follow-up after recovery
from acute illness. For example, Mahrholdt et a/**®
showed total amount of LGE (%LGE) was a significant
independent predictor of impaired ventricular function
and ventricular dilatation at follow-up. Additionally, the
presence of LGE in the ventricular septum was shown
to be the strongest CMR predictor for chronic ventricular
dysfunction as well as ventricular dilatation.

CMR has shown promise in predicting clinical outcomes
and adverse events in patients with myocarditis. Schumm
et al*® demonstrated that in the setting of suspected
myocarditis, patients with abnormal CMR (defined at
abnormalities in either LVEF, LV volume, or presence
of LGE) had significantly more major adverse cardiac
events including cardiac death, sudden cardiac death, ICD
discharge, and aborted SCD. Additionally, no patients with
a normal CMR suffered death or any major adverse cardiac
events, suggesting a much more favorable recovery and
long term course in patients with normal CMR findings.
Similar to the other aforementioned non-ischemic cardio-
myopathies, the presence of LGE on the diagnostic CMR was
associated with increased of all-cause and cardiac mortality,
independent of dlinical presentation at diagnosis'*®. The
absence of LGE was also associated with a more favorable
clinical outcome with no sudden cardiac death events seen
at a median follow-up of nearly five years in the study
population.

Although typically regarded dclinically as an acute, self-
limiting illness™”, abnormal CMR findings may persist after
the resolution of the acute phase of illness. Specifically,
several studies have followed the presence of CMR
abnormalities in various groups of myocarditis over their
clinical course™®***2, Specifically, LGE has been shown in
anywhere between 24%-40% at the time of follow-up,
with the relatively wide range of values likely reflective of
heterogeneity of the studied patient populations™"’.

Additionally, Wagner et af** showed in a small cohort
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Figure 6 Amyloidosis. Four-chamber delayed enhancement image shows
diffuse subendocardial enhancement of the ventricles (arrows) and atrial walls (red
arrows). Note that the blood has lower signal than normal. RA: Right atrium; LA:
Left atrium; RV: Right ventricular; LV: Left ventricular.

of patients that the presence of CMR inflammatory
markers at four weeks post-diagnosis was associated with
poorer long-term LVEF and symptom score. Thus, given
the impact of CMR findings at initial diagnosis on long-term
cardiac functional parameters and dlinical outcomes as well
as potential prognostic implication of persistent abnormal
CMR findings, a follow-up CMR exam at least 4 wk after
the onset of disease can be considered to differentiate
uncomplicated involvement of the myocardium in a
systemic viral illness from a more complicated, persistent

course™”.,

Amyloidosis

Cardiac amyloidosis is characterized by diffuse sub-
endocardial to transmural enhancement of not only the left
ventricle, but also the right ventricle, interatrial septa and
atrial walls (Figure 6). The T1 kinetics are altered, with the
myocardium nulling before the blood pool (normal - the
myocardium always nulls after the blood pull). The blood
pool also appears darker on cardiac amyloidosis, due to
high ECV and rapid redistribution of gadolinium from the
blood pool. There is also concentric myocardial thickening,
along with thickening of the interatrial septa and atrial
walls.

Unlike many other non-ischemic cardiomyopathies, the
use of LGE in risk stratification and evaluation of prognosis
has seen mixed results. While several studies™ > have
shown a significant association between the presence
of LGE in cardiac amyloidosis patients after adjustment
for other dlinical parameters, data in other studies have
not shown this trend. For example, Migrino et al*®
demonstrated a significantly higher one-year mortality rate
for those patients with LGE, although LGE failed to remain
predictive of mortality when observation carried out to five
years. However, instead of presence or absence of LGE in
amyloidosis patients, gadolinium kinetics may prove to be
more useful in assessing prognosis. In a study by Maceira
et al”, presence of LGE in itself was not predictive of
mortality; however, post-gadolinium intra-myocardial T1
difference between the subepicardial and subendocardial
greater than 23 ms was instead shown to predict mortality
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Figure 7 Left ventricular non compaction. Three-chamber steady state free
precession image shows excessive trabeculations in the left ventricle, with the
ratio of trabeculated to non trabeculated myocardium of 8, consistent with left
ventricular non compaction. LV: Left ventricular.

with 85% accuracy. Lastly, as a modification of the more
conventional CMR LGE analysis, White et a/*® showed
that the presence of diffuse hyperenhancement by a
visual T1 assessment is not only able to identify patients
with cardiac involvement among patients with high dinical
suspicion, but is also a strong predictor of mortality.

Additionally, the emerging techniques of T1 mapping
and ECV estimation have shown promise in correlating
with cardiac function and risk stratification®*". For
example, ECV measured at contrast equilibrium greater
than 0.45 and pre-contrast T1 > 1044 ms have shown
to be predictors of mortality. ECV was also shown to be
predictive of mortality even when corrected for markers
of ventricular function and serum proBNP values™.
Furthermore, T2 weigted imaging has also shown pro-
gnostic implication in cardiac amyloidosis in that low T2
signal (i.e., T2 ratio < 1.5) at triple-inverted fast spin
echo imaging was associated with decreased survival®®'.

In addition to its role in identifying cardiac involve-
ment in amyloidosis, CMR has also shown promise in
differentiating among subtypes of cardiac amyloidosis,
namely between light chain amyloid (AL) and transthyretin-
related amyloidosis (ATTR) based on parameters such
as LV mass as well as location and extent of LGE.
Distinguishing among cardiac amyloidosis subtypes is
of critical importance given the marked difference of
treatment strategies®®. Additionally, cardiac amyloidosis
subtype also impacts prognosis, with survival worse in AL
as compared to ATTR subtype!®?.

LV non-compaction
LV non-compaction is caused by persistence of embryonal
sinusoids, resulting in an exaggerated presence of
non-compacted myocardium compared to compacted
myocardium. On MRI, a ratio of > 2.3 between non-
compacted and compacted myocardium in end-diastole
is considered diagnostic of non-compaction (Figure
7). Thrombosis, arrhythmia and LV dysfunction are
complications.

The degree of LV non-compaction assessed at CMR
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has shown to correlate with not only cardiac function but
risk assessment as well®®), For example, Ashrith et af*”
showed that patients with a maximum non-compacted to
compacted thickness ratio less than three were shown to
have significantly greater improvement in NYHA functional
class at follow up than those with ratio greater than three.
Additionally, in patients with reduced LVEF, change in LVEF
at follow up was also shown inversely correlated with
non-compaction-compaction ratio. Furthermore, data
from Stacey et af®® suggest that measurement of non-
compaction to compacted ratio measured at end-systole
had a higher calculated higher odds ratio for combined
cardiovascular events, including death than calculated at
end-diastole.

Assessment of late gadolinium enhancement, both
trabecular and myocardial, has also shown value in the
clinical assessment of LV non-compaction®****¥, The
degree of trabecular LGE has shown to be an independent
predictor of LVEF as well as correlate with severity of clinical
stage of disease'®!. Additionally, both the presence and
extent of myocardial LGE were shown to be significantly
related to symptomatic status and electrocardiographic
abnormalities as well as a significant predictor of LVEF,
suggesting non-compaction as a marker of an underlying
diffuse cardiomyopathy™”.

Arrhythmogenic right ventricular dysplasia/
cardiomyopathy

Arrhythmogenic right ventricular dysplasia/cardiomyopathy
(ARVD/C) is characterized by fibrofatty replacement of
the right ventricular myocardium. The diagnosis is based
on Task Force criteria. On MRI, the presence of a major
wall motion abnormality (aneurysm, akinesis, dyskinesis,
asynchronous contraction) along with either low ejection
fraction (EF) (< 40%) or dilated RV (EDVi > 110 mL/m’
in men, > 100 mL/m” in women) is considered a major
criteria (Figure 8). Major wall motion abnormality along with
low EF (40%-45%) or dilated RV (EDVi 100-110 mL/m’ in
men, 90-100 mL/m? in women) is considered minor criteria.
Other criteria include family history, tissue characterization,
repolarization, depoloraization and arrhythmia. Two major
or one major and two minor or four minor criteria are
required for a diagnosis of ARVD. Fat may be seen in the
RV myocardium, but this is not critical for diagnosis. LGE
may be seen in the RV free wall. Furthermore, if myocardial
biopsy is warranted to help confirm the diagnosis of ARVD,
CMR findings can be used to help select an appropriate
target for biopsy™®.

In the setting of clinically diagnosed ARVD, the presence
of abnormalities at CMR has been shown to be associated
with adverse cardiac outcomes”®”?, Patients with right
ventricular abnormalities at CMR experienced higher rates of
cardiac death, ICD discharge, and ventricular arrhythmias.
Furthermore, the presence of multiple abnormalities at CMR
was shown to carry a higher clinical risk, while a normal
CMR in patients meeting clinical criteria for ARVC was
associated with a significantly better prognosis™®.

Although LGE assessment in the right ventricle can
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Figure 8 Arrhythmogenic right ventricular dysplasia. Four-chamber cine
steady state free precession image shows wall shows aneurysmal dilation of
the right ventricle. There was also low ejection fraction (ejection fraction-35%)
and severe right ventricle dilation (end diastolic volume index-130 mL/m?).
These magnetic resonance imaging features satisfy one major criterion for
arrhythmogenic right ventricular dysplasia. RA: Right atrium; LA: Left afrium; RV:
Right ventricular; LV: Left ventricular.

be somewhat limited as compared to that within the left
ventricle!”, LGE has shown to be useful in risk stratification
in ARVD patients. In patients meeting diagnostic criteria
for ARVD, up to 88% of patients demonstrated areas of
LGE at CMR". The presence of LGE has also shown to
play a role in ARVD risk assessment with right ventricular
LGE predicting the induction of ventricular tachycardia at
electrophysiological testing”.

Despite the emphasis placed on right ventricular find-
ings, LV changes are also frequently seen in the setting of
ARVD with CMR allowing assessment of LV changes not
seen at other modalities”®. Additionally, LV changes may
also be more pronounced than those seen within the right
ventricle (“left-dominant” disease). LV involvement at CMR
was associated with a higher prevalence of ventricular
arrhythmias, even in the setting of normal right ventricular
size and function”®””),

Lastly, CMR is an emerging as a tool in guiding ablation
therapies in ARVD patients. For example, in a recent
study by Wijnmaalen et at”® CMR has been proposed as
a useful adjunct in combination with voltage mapping in
guidance of techniques in providing a potential roadmap
for myocardial ablation. Specifically, CMR was shown to
identify areas of non-transmural scar and infarct grey
zones not detected by traditional voltage mapping.

Stress-induced (Takotsubo) cardiomyopathy
Stress-induced cardiomyopathy is classically seen on MRI
as decreased global systolic function and abnormal wall
motion of the apical segments with normal/hyperkinetic
basal segments (Figure 9). There may be myocardial
edema, but LGE is not typically seen. Variants include a
reverse Takotsubo cardiomyopathy, with akinesis of the
basal segments and hyperkinesis of the apical segments.
These functional abnormalities are transient and recover
with treatment of cardiac failure.

Takotsubo variants can readily be distinguished
at CMRY®!, Accurate characterization of the particular
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Figure 9 Takotsubo cardiomyopathy. Four-chamber cine steady state free
precession image shows classical appearances of Takotsubo cardiomyopathy,
with hyperkinesis of the basal segments (arrows) and akinesis of the apical
segments (red arrows), which resembles a Japanese octopus pot. RA: Right
atrium; LA: Left atrium; RV: Right ventricular; LV: Left ventricular.

segmental involvement is important as certain variants,
namely typical and mid-ventricular types, have been
associated worse worsened LV function®, Furthermore,
CMR can readily detect associated valvular complications
such as mitral regurgitation, which can complicate certain
takotsubo subtypes™. Additionally, CMR can more easily
detect right ventricular involvement, which can be seen
in approximately one-third of cases’”®, Detection of right
ventricular involvement, if present, has been associated
with longer hospitalization and worse LV function®"..
While not a prominent feature in Takotsubo cardio-
myopathy, LGE can be present to varying degrees, as
shown in several small studies®™®", However, its implic-
ations for adverse events and recovery are mixed. For
example, a pair of studies’®®** showed that the presence
of LGE on CMR performed in the acute or subacute phase
(i.e., within one week of presentation) was associated
with increased risk of cardiogenic shock, longer duration
for ECG normalization, and longer duration of wall motion
abnormality recovery. Conversely, multiple studies®™**! have
shown no association with worsened LVEF or development
of adverse outcomes as compared to patients without LGE.

Fabry disease

Fabry disease is seen on MRI as concentric LV thickening
(Figure 10), which is not infrequently confused with HCM.
There may be mid myocardial or subepicardial pattern of
LGE, typically in the basal inferolateral segment™®,

The presence of LGE in Fabry’s patients has shown
to be associated with development of ventricular arrhy-
thmias as well as sudden cardiac death™”’. However, a
patient’s annual increase in fibrosis as determined of LGE
findings, rather than presence or absence of LGE, was
the only independent predictor ventricular arrhythmias.
Additionally, CMR findings of fibrosis were found to
poorly correlate with blood serum markers of fibrosis®®”.
T1 mapping techniques have also been applied to the
characterization of Fabry’s cardiomyopathy. Prior to the
onset of LV hypertrophy, reduction in T1 values was
associated with reduced longitudinal strain as well as early
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Figure 10 Fabry disease. Three-chamber black blood image shows moderate
to severe concentric hypertrophy in a patient with Fabry’s disease.

diastolic dysfunction, suggesting that T1 mapping may be
useful in detecting early systolic and diastolic dysfunction
before onset of cardiac structural abnormalities'®®.

CMR has also been used in monitoring cardiac treatment
response to enzyme replacement therapies™**°!, While
no significant changes in LVEF were seen at follow-
up, reductions in LV mass at CMR with corresponding
improvement in symptoms were noted® ", Furthermore,
a study by Krémer et af*”? showed that of a limited number
of patients who underwent enzyme replacement therapy,
LGE actually progressed despite therapy suggesting that
patients undergoing treatment are still prone to developing
worsening fibrosis. However, no dlinical outcomes at follow-
up were noted for these patients.

Muscular dystrophy

On MRI, muscular dystrophy may present with ventricular
dilation, systolic dysfunction and mid myocardial/sub-
epicardial pattemn of LGE (Figure 11).

The significance of the presence of LGE with arrhy-
thmic events has shown mixed results. While a pair of
studies®** have demonstrated significant association
between LGE and the development of arrhythmias, Tan-
don et al® demonstrated no significant increased risk
in arrhythmia seen in patients with at least one LGE-
positive segments. Additionally, in the same study, greater
number of LGE positive cardiac segments was predictive
of decreases in LVEF, while decreases in LVEF were not
seen at follow-up in patients without LGE. T1 mapping
and ECV estimation have also been evaluated in muscular
dystrophy. Calculated global ECV have been shown to
correlate to LVEF and to the number of LGE-positive
segments with global ECV significantly associated with
occurrence of arrhythmic events'®. Lastly, myocardial
strain analysis has also been applied in this patient
population with several studies®*® demonstrating that
changes in myocardial strain precede changes in LVEF.
However, data regarding association with clinical outcomes
is lacking.

Limited data is available regarding CMR changes in
response to steroid therapy. In a single study™, longer
steroid treatment durations were associated with lower
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Figure 11 Duchenne muscular dystrophy. Short-axis delayed enhancement
image shows dilated left ventricle, with mid myocardial septal enhancement
(arrow) in a patient with Duchenne muscular dystrophy. LV: Left ventricular.

age-related increases in LGE-positive segments, although
its impact on clinical outcome is unknown.

Limitation of CMR

Although CMR has been shown to be a powerful tool in
diagnosis and clinical assessment and offers a number
of distinct advantages over other modalities, certain
limitations and challenges are still present. Specific areas
in which data is still lacking or contradictory for particular
clinical outcomes was discussed in greater detail in the
preceding sections. As a whole, although data on the utility
of CMR has grown substantially, formal recommendations
regarding the specific use of CMR in various dlinical settings
is lacking for most non-ischemic cardiomyopathies, which
may limit its utilization. Furthermore, various technical
and logistical aspects of CMR may also limit its usefulness.
General contraindications to MRI such as the presence of
metallic devices, particularly pacemakers and implantable
defibrillators, may limit the usefulness in some cardiac
patients. Furthermore, due to the risk of nephrogenic
systemic fibrosis, the use gadolinium-based contrast
agents, and therefore the assessment of LGE, is limited
in patients with renal disease. Lastly, other factors such
as the lack of widespread availability and intensive post-
processing may further limit the use of CMR in some
settings.

CONCLUSION

MRI is a valuable tool in the evaluation of non-ischemic
cardiomyopathies, not only in the diagnosis, but also
in risk stratification and prognostic determination. The
results of several large scale studies show that there
is a good correlation between MRI findings and clinical
outcomes, which demonstrate the impact of cardiac MRI
on the management of these patients.
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