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Abstract

Duchene muscular dystrophies (DMD) is a rare but devastating disease resulting in progressive loss of ambulation, respiratory

failure, DMD-associated cardiomyopathy (DMD-CM) and premature death. The use of corticosteroid and supportive respiratory

care has improved outcomes, such that DMD-CM is now the leading cause of death. Historically, most programs have focused

on the skeletal myopathy with less attention to the cardiac phenotype. This omission is rather astonishing since boys with DMD

possess an absolute genetic risk of developing cardiomyopathy. Unfortunately, heart failure signs and symptoms are vague due

to skeletal muscle myopathy leading to limited ambulation and traditional assessment of cardiac symptoms by the New York

Heart Association classification is of limited utility even in advance stages. Echocardiographic assessment can detect cardiac

dysfunction late in the disease course, but this has proven to be a poor surrogate marker of early cardiovascular disease and

an inadequate predictor of DMD-CM. Indeed, one explanation for the paucity of cardiac therapeutic trials for DMD-CM has

been the lack of a suitable end-point. Improve outcomes requires a better proactive treatment strategy, however the barrier to

treatment is lack of a sensitive and specific tool to assess efficacy of treatment. The use of cardiac imaging has evolve from

echocardiography to cardiac magnetic resonance imaging to assess cardiac performance. The purpose of this article is to review

the role of cardiac imaging in characterizing the cardiac natural history of DMD-CM, highlighting the prognostic implications

and an outlook on how this field might evolve in the future.

Introduction

Duchenne muscular dystrophy (DMD), an X-linked recessive disorder affecting approximately 1 in 3,600 to
6000 live male births, results from a mutation in the gene which encodes dystrophin, a sarcolemmal pro-
tein abundant in skeletal and cardiac muscle cells1-4. Absence of dystrophin results in progressive necrosis,
apoptosis and fibrosis of muscle tissues leading to progressive degenerative muscle disorder5, 6. DMD is a
rare but devastating disease resulting in progressive loss of ambulation, respiratory failure, DMD-associated
cardiomyopathy (DMD-CM) and premature death7, 8. Since the discovery of the dystrophin gene more than
three decades ago, the field has been dominated by expectation of a “cure”. However, despite considerable
effort directed toward gene therapy and marked advancements in understanding, these insights have not
translated into a cure yet9-15. Clinically, DMD is characterized by progressive skeletal muscle weakness,
with loss of ambulation between the ages of 7 and 13 years; death secondary to cardiac or respiratory failure
typically occurs in the second to third decade of life 16-18. The progression of DMD-CM does not correlate
to the severity of skeletal muscle weakness, and early manifestations of heart failure (HF) in DMD patients
often go unrecognized due to lack of classic HF signs and symptoms 18, 19. Currently, the only recommended
therapy remains corticosteroid at a young age to prolong ambulation20-22. Use of corticosteroids and sup-
portive respiratory care21, 23, 24have improved outcomes in DMD patients such that DMD-CM is now the
leading cause of death25-29. Historically, most clinical and basic research programs have focused on the
skeletal myopathy with less attention to the cardiac phenotype. This omission is rather astonishing since
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patients with DMD possess an absolute genetic risk of developing cardiomyopathy19, 30-33. Late referrals
and treatment initiation occur because of lack of HF symptoms due to skeletal muscle myopathy limiting
the utility of HF symptoms by the New York Heart Association (NYHA) classification even in advance
stages of DMD-CM. In addition, routine cardiac evaluation by echocardiographic (TTE) only detect cardiac
dysfunction late in the disease course34, 35. Indeed, one explanation for the paucity of cardiac therapeutic
trials for DMD-CM has been the lack of a suitable end-point of therapy.

While the disease process in the heart begins in infancy and is progressive, global dysfunction by ejection
fraction (LVEF) is rarely detected in the first decade of life but circumferential strain abnormalities and
late gadolinium enhancement (LGE) can occur much earlier 32, 36-39. DMD patients do not present with
classic HF symptoms evident in traditional adult HF patients. Consequently, DMD-CM frequently goes
unrecognized until the very advanced stage and cardiac specific therapy has been reserved until abnormal
LVEF is evident21, 26, 27. At end stage DMD cardiac pathology shows alternating areas of myocyte hyper-
trophy, atrophy and fibrosis17, 40. The pathogenesis of which is thought to result from micro-tears in the
sarcolemma leading to altered calcium homeostasis, initiating myocyte necrosis and fibrosis41-43. Although
there is no method to image cellular damage directly in humans, studies have shown that cardiac magnetic
resonance imaging (CMR) can detect subtle changes in contractility and development of myocardial fibrosis
before abnormal LVEF is present33, 44-56. The rationale for aggressive cardiac surveillance with non-invasive
imaging at a young age is the belief that early therapy to preserve myocardium will yield better outcomes
than rescue therapy with DMD-CM is in advance stage. The purpose of this article is to review the role
of cardiac imaging in characterizing the cardiac natural history of DMD-CM, highlighting the prognostic
implications and an outlook on how this field might evolve in the future.

Assessment of Heart Failure Signs and Symptoms in DMD

HF management has been well study with guidelines from multiple medical associations supporting the use
of these guidelines57-59. HF warning signs and symptoms are common and direct care and frequently used
as outcomes measures in trials. These include shortness of breath, persistent cough or wheezing, building
up of fluid in the tissue (edema), fatigue, lack of appetite, nausea, confusion or impaired thinking as well
increase heart rate. The utility of HF classifications including the NYHA classification have been well
published and shown to improve patient outcomes 58, 60. Stages of HF established the extent of risk and
disease and are used to guide treatment changes clinically and used to determine outcomes in therapeutic
trials61-63. Neuromuscular disease (NMD) such as DMD universally develop cardiomyopathy and HF19. Due
to skeletal and respiratory muscle disease, HF signs and symptoms are frequently masked and have limited
utility. DMD-CM patients lack traditional HF symptoms making NYHA classification challenging even in
advances stages64, 65. Care guidelines frequently comment on HF in DMD-CM but suggest lack of symptoms
due to skeletal muscle weakness and the use of supportive equipment. Many concluded that HF signs and
symptoms are frequently absent and when present are vague and non-specific 66, 67. In the absence of reported
symptoms, HF scoring systems, such as the NYHA functional classification, are often falsely reassuring, even
in the setting of marked ventricular dysfunction. In a study by the Pediatric Cardiomyopathy Registry Study
Group only 30% DMD patients have any HF symptoms at diagnosis but the group was not able to determine
if these symptoms were all cardiac or from skeletal muscle weakness. The team concluded that DMD patients
have a higher mortality than non-DMD cardiomyopathy patients and recommended imaging rather relying
on HF symptoms to track and manage DMD patients68.

Traditional Cardiac Imaging and Challenges in DMD Patients

TTE is a readily available non-invasive imaging modality and is the first line diagnostic test in most adult
and pediatric cardiac centers. Traditionally, TTE global cardiac function by LVEF is use to monitor and
guide therapy because it is widely available and easy to use. However, TTE is not the ideal modality for
assessing early manifestations or progression in DMD-CM for several reasons16, 69-71. First, standard TTE
imaging using LVEF rarely detects abnormal cardiac function during the first decade34, 39. Second, TTE
acoustic window limitations is common in DMD patients due to altered body habitus, e.g. scoliosis, rib
spacing abnormalities, and adipose deposition within the chest wall related to steroid treatment and dis-
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ease progression34, 35, 72(Fig 1a-b). Third, regional assessment of cardiac deformation for myocardial strain
with TTE uses indirect and relatively insensitive techniques and has significant limitations due to incomplete
visualization of all myocardial segments32, 34, 53, 73 (Fig 1a-b). Lastly, TTE cannot provide assessment of my-
ocardial tissue characterization including myocardial fibrosis by LGE which is the phenotypic mechanism of
cardiac disease in DMD-CM (Fig 1c-d)33, 50, 51. To overcome these limitations, recent guidelines recommend
the use of CMR when sedation is no longer need for primary screening in DMD patients 33-35, 53, 67, 72. CMR
overcome the limitations of TTE even with poor acoustic windows when assessing the heart to determine
disease status is vital (Fig 1e-f).

CMR has evolved from a research tool to a become a highly accurate and sensitive modality for cardiovascular
imaging74. CMR has been shown to be more reproducible and provide accurate volumetric assessment
without any geometric assumption and is less operator-dependent than TTE75, 76. Recent studies have
shown that TTE is inadequate for detecting the presence of DMD heart disease in the first decade of life
compared to CMR34, 39. TTE misclassified 20% of DMD patients as either normal or abnormal and 37%
of the myocardial segments were not visible compared to CMR34, 35. In contrast to TTE, CMR is not
affected by body habitus even in advanced stages of DMD skeletal muscle disease (Fig 1 a,b,e and f). It
is independent of ventricular geometric assumptions and has been shown to be accurate and reproducible
for global functional assessment of both ventricles43, 74. CMR offers a one-stop shop for cardiac assessment
beyond cardiac anatomy, function, chamber sizes. CMR has many advantages over TTE and includes but
not limited to assessing myocardial strain using a gold standard technique of tagged imaging, LGE for
myocardial fibrosis and myocardial tissue characterization (Fig 1 e-f) 44, 76, 77. The 2017 Cardiac Care
Considerations recommend CMR as the non-invasive imaging modality of choice when it can be performed
without sedation64, 65, 67. CMR is now routinely use in many Certified Duchenne Care Centers based on
recommended guidelines.

Assessment of Ventricular Function by Ejection Fraction: A Major Limitation

CMR LVEF assessment of global ventricular function is accurate and reproducible and is consider the
reference standard for evaluation of cardiac function 78. LVEF by CMR has become the gold standard test
for assessing global function in acquired and congenital heart disease including DMD patients to monitor
disease progression and treatment efficacy. Tandon et al reported on a large series of 335 DMD patients and
concluded that LVEF by CMR decline with age and disease progression and is related to scar burden 79.
The presence of global dysfunction by LVEF (define as < 55%) is however uncommon before 10 years of age
(Fig. 2). The number of DMD patients with abnormal LVEF increases with age (Fig 3). This data suggest
that, although LVEF is a good tool it may not be sensitive enough to detect occult cardiac dysfunction in
younger DMD patients32, 33, 48, 53, 56, 80, 81. LVEF is late finding in the DMD-CM process when the heart no
longer squeezes normally. The presence of DMD-CM is evident with the presence myocardial fibrosis (LGE)
before age 10 years and increased with age (Fig 4) 33, 56. LVEF remains normal until more than 6 of 16
segments of the myocardium is affected with LGE79. As such, LVEF for global cardiac function is insensitive
to alterations in regional contractility and may conceal underlying regional dysfunction due to the regional
myocardial fibrosis seen in DMD-CM53, 54, 73. The lack of this ability means that regional contraction cannot
be measure by traditional techniques like LVEF. Region dysfunction by myocardial strain (ε), which is the
fractional change in the length of a small myocardial segment can be abnormal in the presence of normal
LVEF and is a sign of subclinical cardiac dysfunction73, 82.

Improved Outcomes Requires Better Detection: Insights into Myocardial Structure and Mea-
suring Ventricular Function by Strain Imaging

Cardiac contraction is more complex than can be assessed by LVEF. The cardiac structure has been an area
of interest since the beginning of the sixteenth century. It was not until 1942 that Robb et al. dissected
and detailed the macroscopic anatomy of the heart and confirmed that the ventricles were made of discrete
myocardial bands83. These findings were confirmed by multiple investigators who further detailed the direc-
tion of the myocardial fiber bands using various methods including the use of diffusion tensor imaging84, 85.
The right and left ventricular myocardium has been shown to formed from a continues fiber sheet with the
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predominant oblique (circumferential) fibers in the bulk of the left ventricular myocardium and longitudinal
fiber orientation found only in the subendocardium and subepicardium74, 83, 84. Multiple studies have shown
that the myocardial fiber structure and orientation dictates its mechanical property including principal strain
direction 86-89.

Myocardial strain (ε) by CMR provides direct quantitative assessment of regional and global myocardial
contractility beyond what LVEF can provide and has been shown to be a sensitive marker of cardiac function
in both acquired and congenital heart disease32, 53, 55, 90-96. The concept of strain is deformation of an object
normalized to its original shape or the fractional change in the length of a small segment of myocardium and is
fundamentally important in the assessment of regional ventricular function. Knowledge of the strain tensor at
a specific point in space allows precise determination of the fractional change in length of an infinitesimal line
segment oriented in any direction. In practice, myocardial strain can be measured along the three principal
axes of cardiac contraction – longitudinal, radial, and circumferential77, 91, 97. For characterization of regional
cardiac systolic contractility, we typically consider the normal strains (wall thickening (radial strain εrr),
longitudinal compression/shortening (longitudinal strain εll) and circumferential shortening (ringing of the
heart tangentially εcc) as the major axes of contraction in the left ventricle (LV) (Fig 5). Of these, the
circumferential strain is the major component of systolic contractility in the left ventricle and has been used
by several investigators as the primary strain direction32, 88, 89, 94, 98-101.

CMR myocardial tagging, described > 20 years ago, allowed intramyocardial, subendocardial, and subepicar-
dial strain measurements in all three principal directions (circumferential, radial, and longitudinal) (Fig. 1g-h
and Fig. 5)77, 91, 102-105. Using complex analytic techniques, it has been shown that two-dimensional strain
analysis is more accurate in describing regional function than wall thickening analysis (with a sensitivity
of 92% and 69% and specificity of 99% and 92%, respectively) in discriminating dysfunctional myocardium
from remote functional myocardium106. Despite its accuracy, CMR-tagging techniques have not been rou-
tinely used in clinical practice due to the perceived time-consuming and labor-intensive post-processing
required. Recently, post-processing software such as harmonic phase (HARP) technique work by filtering of
the harmonic peak of the Fourier transform of the tagged image has the made analysis easier. The entire
processing time required for obtaining strain data on any region of myocardium is < 10 minutes. Analysis
of myocardial strains from tagged CMR images based on this technique has been demonstrated to be fast
and accurate54, 102, 52, 73.

Myocardial Strain and DMD-associated Cardiac Disease

In DMD-CM, myocardial strain, an indicator of local myocardial deformation can detect occult cardiac
disease early in the course of DMD despite normal LVEF 32, 38, 48, 107. It has been shown that CMR derived
εcc is an early robust indicator of cardiac dysfunction and can detect occult ventricular dysfunction in young
DMD patients with normal EF (>55%)48, 49, 53, 54, 107. CMR-derived peak left ventricular circumferential
strain (εcc) is abnormal early in DMD despite normal EF, and further depressed εcc magnitude is associated
with development of overt cardiac dysfunction and presence of myocardial fibrosis 108. The decrease in εcc
despite preserved EF, suggest greater sensitivity of εcc for disease detection compared to LVEF. Thus, εcc is
a sensitive, reliable biomarker of both subtle and overt cardiac dysfunction in DMD then LVEF82.

Assessment of Myocardial Fibrosis Using LGE with CMR

While the clinical use of LGE for assessment of myocardial fibrosis in both ischemic and non-ischemic heart
disease has been a relatively recent advance, the concept of differential enhancement of the diseased my-
ocardium by CMR was described more a few decades ago109, 110. Early animal studies with controlled
ischemia models showed no LGE of reversibly injured myocardium, but evidence of LGE in irreversibly
damaged myocardium.111-114These early animal studies were proof of concept that LGE by CMR could
be a sensitive marker of myocardial fibrosis. This led to application of the technique in myocardial in-
farction patients in the late 1980’s115. Advancements in CMR and LGE pulse sequences improved the
ability to differentiate between normal and fibrotic myocardium and led to widespread clinical application
44-47, 116-118. Multiple studies in adult patients with ischemic heart disease showed that LGE by CMR was
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precise and reliable for demonstrating the presence, location, and extent of myocardial fibrosis 45, 117, 119-125.
An international multicenter study reported a sensitivity of 99% for detecting acute infarction and 94% for
detecting chronic infarction116 The ability of CMR to detect myocardial fibrosis led to application of the
technique in non-ischemic heart disease. Over the last decades numerous studies demonstrated LGE by
CMR is able to detect myocardial fibrosis in both ischemic and non-ischemic heart disease including DMD-
CM33, 51, 56, 80, 117, 118, 126, 127. Detecting LGE with CMR is now routinely used at our institution for both
cardiomyopathy and congenital heart disease patients, including our large population of DMD patients.

LGE and DMD-associated Cardiac Disease

After, injection of a gadolinium based contrast agent, the normal myocardial is able to transport the contrast
out and the myocardium remains dark post contrast imaging (Fig 6a-b). The myocardial fibrosis pattern
in myocardial infarction patients is sub-endocardial and restricted to affected coronary artery distributions
(Fig 6c-e). In comparison, the LGE in DMD-CM is sub-epicardial and spares the sub-endocardium even
in advance disease (Fig 6f-h). Earlier studies reported extensive LGE which was associated with age and
abnormal ejection fraction (Fig 7g-h)50, 51. The study by Puchalski et al, described presence of LGE in
some young patients in the setting of normal LVEF (Fig 7c-f) and suggested that LGE may be a precursor
to DMD-CM before LVEF decline is evident56, 80. These findings changed clinical practice including LGE
assessment in all DMD patients and altered timing of treatment.

A larger follow-up study confirmed that LGE was a precursor to development of abnormal global function
and described age of onset as well as prevalence of disease in different age group37. LGE was noted in
patients as young as 7.5 years of age. LGE occurred in 17% of patients under 10 years of age, increased to
34% for those between age 10-15 years and for those patients who are older than 15 years of age more than
59% have LGE. LGE was presence in 30% of patients with normal LVEF and the prevalence increased to
greater than 84% when LVEF was abnormal. A distinct LGE pattern was also noted in this same study and
confirmed by other investigators56. LGE first occur in the subepicardial region of the lateral wall progress
to other segments in myocardium but always sparing the subendocardial (Fig 6c-h). When LGE is seen in
the ventricular septum it is usually associated with older age and lower ejection fraction(Fig 6g-h, green
arrows)37, 56. A study by Tandon et al. including serial CMR findings demonstrated that LGE burden can
predict severity of DMD-CM. The study confirmed that patients with LGE have lower LVEF than patients
without LGE. Furthermore, increased number of segments with LGE resulted in lower LVEF and for each
ventricular segment that is LGE positive, LVEF declined by nearly 1%. Serial CMR data demonstrated
that DMD patients without LGE did not have significant decline in LVEF but those with LGE declined by
approximately 2.2% per year79. These studies concluded that LGE can occur early and is a precursor to
development of abnormal LVEF. In addition, LGE in DMD-CM has a distinct pattern and the extent of
LGE impacts on LVEF and rate of progression of DMD-CM. The findings of LGE has impacted on clinical
as well. The most recent Cardiac Care Considerations recommends the initiation of cardiac therapy when
LGE is first noted even in the setting of normal LVEF. At our institution CMR has changed our practice
and presence and extent of LGE has results in change in medication regimen and occurs in real time and
has altered follow-up plans.

Putting it all Together: Utility of LGE and Circumferential Strain in Clinical Trials

With the understanding that LGE is a precursor to development of LVEF abnormality and circumferential
strain is abnormal before development of LGE suggest that both are early indicator of DMD-CM. Circumfer-
ential strain is a sensitive index of DMD-CM and can occur in young DMD patients 54, 128. The combination
of circumferential strain and LGE can be a sensitive tool to detect occult cardiomyopathy before LVEF ab-
normality is evident. This data along with preclinical animal study demonstrating the impact of aldosterone
inhibition in cardiac function in mice was evident that we have a tool to assess efficacy of therapy. We
used CMR with LGE and circumferential strain as endpoints in one of the first randomized, double-blinded
placebo-controlled trial in a cohort of DMD patients with known LGE but relatively preserved LGE. The
decline in circumferential strain magnitude was lower in treatment compared to placebo group with stable
LGE. The studied concluded that in DMD patients the additional of an aldosterone inhibitor (Eplerenone)
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to background afterload reducer attenuated DMD-CM compared to placebo after 12 months of therapy129.
A two-year follow-up extension study in a smaller of DMD patients showed continued attenuation of DMD-
CM progression compared to an age-match group of patients from an established CMR database130. The
utility of circumferential strain and LGE further validated in a follow-up multi-center trial of aldosterone
inhibition and demonstrated attenuation of DMD-CM with no difference in circumferential strain magnitude
decline between the two therapy but less than reported in patients on standard therapy in a multicenter
double-blinded study82, 131.

Novel Parametric Mapping: T1 mapping and Diffuse Myocardial Fibrosis

New CMR techniques including T1 mapping for detection of diffuse myocardial fibrosis by quantifying
extracellular matrix expansion have been developed to overcome the limitations of LGE132-134. T1 mapping
is a parametric map of the myocardium that is generated from a series of image acquired at different times
of T1 recovery curve after exposure to an inversion pulse135. The details of this technique is beyond the
scope of this review. By assessing the differences between the pre-contrast and post-contrast T1 values in
the myocardium and blood, the heart can be divided into the cellular and extracellular compartments. The
relative distribution of gadolinium in the blood pool and the myocardium can then be used to estimate the
extracellular volume (ECV) matrix136. It is known that native or pre-contrast T1 is prolonged in the setting
of excess water content or edema in the tissue and is shortened when there is increase fibrosis. Studies have
concluded that T1 mapping can detect diffuse myocardial fibrosis before evidence of LGE and can detect
earlier disease (Fig 8a-l) 137, 138. In a small study, Soslow et al. demonstrated that DMD patients have
elevated myocardial native T1 and ECV in the setting of normal LVEF and in the absence of LGE and
concluded this may be useful in trials to detect occult cardiomyopathy before development of LGE139, 140.
However, a larger multi-center double-blinded randomized aldosterone inhibition study between eplerenone
and spironolactone showed attenuation of cardiac function by circumferential strain but no change in T1 or
ECV between baseline and follow-up in either group131. This study however, enrolled older DMD patients
with significant LGE already and the extent of DMD-CM may already be too advance. Future larger
longitudinal studies in broader age range may help elucidated the utility of T1 mapping and ECV.

Surrogate Markers of Cardiac Disease: A Vital Tool in Patients without Traditional Heart
Failure Symptoms

Clinically HF is defined by abnormality of cardiac structure or function leading to failure of the heart
to deliver oxygen at a rate commensurate with the requirement of the metabolizing tissues141. Assessing
this would require either invasive testing or are not practical for routine clinical practice. For the purpose
of guidelines and clinical practice, HF is clinically defined as a syndrome in which patients have typical
symptoms (e.g. breathlessness, swelling and fatigue) and signs (e.g. elevated jugular venous pressure,
pulmonary crackles and displaced cardiac apex) resulting from abnormality of cardiac structure or function.
It has been reported that the diagnosis of HF even in patients with traditional HF can be difficult because
many symptoms of HF are non-discriminating and of limited diagnostic value142-144. However, demonstration
of the underlying cardiac cause remains the central tenant of diagnosis of HF and is usually myocardial disease
causing systolic ventricular dysfunction but can be from other causes. Identification of the underlying cardiac
problem is also crucial for therapeutic reasons, as the precise pathology determines the specific treatment
used.

The main terminology used to describe HF is historical and is based on measurement of LVEF. The worse
the systolic dysfunction the lower the LVEF which is considered important in HF management not only
because its prognostic importance (the lower the LVEF the poorer the survival) but because most clinical
trials selected patients based upon LVEF. The used of LVEF in conjunction with signs and symptoms typical
of HF drives clinical practice and are used in clinical trials to determine outcomes of many therapies. Clinical
assess of HF severity is based on the New York Heart Association (NYHA) functional classification and just
like LVEF has been used to select patients in almost all randomized treatment trials of HF treatment. The
details of the NYHA classification are beyond the scope of this review but a categorized into four classes with
NYHA class one having no symptoms attributable to heart disease and class four with severe symptoms.
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Though NYHA drives clinical care and is used in outcomes research, studies have shown that symptom
severity correlates poorly with ventricular function57, 145. HF signs and symptoms used in conjunction with
NYHA classification can be challenging as they are nonspecific and therefore do not completely discriminate
between HF and other problems and thus can be insensitive142-144, 146. Multiple studies have shown that
symptoms and signs of HF may be particularly difficult to identify and interpret in obese individuals, in
the elderly, and in patients with chronic lung disease147-150. The assessment of HF signs and symptoms in
patients with neuromuscular disease is even more challenging due to skeletal muscle and pulmonary disease
limiting ambulation and masking HF symptoms.

A review of the DMD literature frequently includes comments on HF but very few report HF systems and
many of the studies cite both skeletal muscle myopathy with muscle weakness and loss of ambulation as
well as respiratory muscle weakness masking HF signs and symptoms. Nigro et al, reported that even with
clinically evident cardiac disease 72% have no HF symptoms. When looking at a group of DMD patients
the most severe cardiomyopathy only 57% reported cardiac symptoms19. However, the cardiac symptoms
were not specified or defined. Newer reports in DMD monitoring frequently comments on the importance of
monitoring for signs of HF yet many report concerns that skeletal and respiratory muscle weakness limits
the ability to assess for HF symptoms. Given that the majority of DMD patients show no classic HF
symptoms even in advance stages clinical care that rely on these symptoms are frequently delayed and result
in late initiation of cardiac therapy39. The recommended HF symptoms to monitor by various DMD parent
organization includes being more tired than usual, weight loss, vomiting, belly pain, not sleeping well, trouble
doing normal daily activities and chest pain. These signs and symptoms unfortunately are nonspecific and
are frequently absent. DMD patients frequently report lower extremity edema and orthopnea but denied HF
symptoms of paroxysmal nocturnal dyspnea, chest pain, palpitations, lightheadedness or syncope despite
having advance disease151.

To illustrate the challenges of assessing HF symptom in DMD patients with both skeletal and respiratory
muscle weakness our patient started seeing cardiology at age starting at 6 years of age with yearly visits
and echocardiogram. Early on, his visits included normal LV function by echocardiogram and no cardiac
symptoms. By age 14 years he developed mild ventricular dysfunction with a LVEF of 48% (down from 61%
a year ago) but denied any HF symptoms and started on lisinopril and visit interval decreased. His function
continued to decline despite escalating cardiac therapy including lisinopril, eplerenone and carvedilol (Fig
9). By age 16 years, his LV function was severe and a CMR confirmed diffuse areas of fibrosis wth an LVEF
of 25% and he was started on milrinone infusion therapy. He still denied HF symptoms besides general
fatigue and weakness. A follow-up CMR reported no change to his LVEF so he was placed on an LVAD at
age 18 years due to the inability to wean him off of milrinone. Over the last year his LVEF continue to be
around 20% and now his right ventricular function has become severe. Similar to this patient, a review of
our clinical DMD patients with abnormal LVEF, none reported classic HF symptoms and HF classification
using NYHA classification was not able to be applied due to skeletal and respiratory muscle weakness in the
majority of patients. This case scenario demonstrates the lack of HF symptoms despite advanced DMD-CM
and limited utility of TTE LVEF to detect early disease and potentially lead to delayed treatment. As such,
recent DMD cardiac care guidelines have attempted to address this issues and recommends using advance
cardiac imaging early in the disease process64, 65, 67.

CMR, a Proven Tool for Assessing DMD-CM

The increased use of CMR in DMD patients in the last 15 years have demonstrated occult cardiovascular
disease before 10 years of age with strain abnormalities and presence of LGE as young as 7.6 years of age.
There continues to be strain magnitude decline and LGE progression with age despite normal ejection. The
increase burden of LGE beyond a certain threshold ultimately results in decrease LVEF and despite severe
decline in LVEF, HF symptoms remain absence or vague33, 79. What is most alarming is that DMD-CM
continue to progress in the setting of standard HF therapy with angiotensin-converting enzyme inhibitors
(ACE-I) on top of steroid152. As such, one of the major causes of mortality in the second to third decade
of life remains from DMD-CM29. Novel therapy targeting a major cause of DMD-CM with the anti-fibrotic
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property of an aldosterone inhibitor has shown some promise, though only attenuation of disease progression
compared to placebo153. These studies have contributed to increase understanding of the natural history
of DMD-associated cardiomyopathy and resulted in increased used of CMR as the modality of choice for
assessing DMD-CM and has impacted on timing of treatment at our institution. Newer CMR techniques
with spatial mapping of longitudinal time constant (T1 mapping) used to detect diffuse myocardial fibrosis
has been shown to be abnormal prior to development of LGE and can provide further insight into DMD-CM
natural history 154, 155. Kierney et al., suggested that there is increase prevalence of cardiac cause of death
with improved respiratory care 29. However, hard outcomes measures including hospitalization and death
are challenging in pediatrics and worse in DMD as both occur as a result of multiple factors and teasing
out a primary cardiac cause is frequently not feasible 156. As such, surrogate biomarkers of cardiovascular
disease using LVEF, LGE, myocardial strain and potentially T1 mapping as well as ECV may overcome
the limitations of HF symptoms in DMD-CM patients. The ability to detect DMD-CM at an earlier stage
with good sensitivity and specificity by CMR should be use as a suitable surrogate endpoint of DMD-CM to
assess therapeutic efficacy both clinically and in therapeutic trials. Unlike this patient, our current standard
of practice is to utilized CMR early when sedation is no longer needed and when LGE is present cardiac
medication is initial and visit interval decrease. Increased in LGE results in increase therapy even if LVEF
remains normal and the patient is younger than 10 years of age.

Future directions

Routine use of CMR have become more common but continues to be limited by factors including wide
availability, cost and convenience to patients. Centers with dedicated CMR expertise have improved ac-
cess. Advances in both scanner technology and new rapid imaging techniques will improved efficiency and
decreased scanning time. New techniques may overcome the limitations of breath-holding which can be
challenging in DMD patients due to skeletal and respiratory muscle weakness will greatly benefit the DMD
population. However, the most important challenge is to demonstrate these surrogate markers of DMD-CM
can detect disease progression and changes when given an effective therapy.

Conclusion

The data generated by CMR beyond LVEF is a potent clinical and research tool to not only assess presence
or absence of disease but to define how severe the disease is and demonstrate continued change with disease
progression. When looking beyond LVEF and how well the heart squeezes, myocardial strain technique will
be vital in demonstration disease earlier and when used in conjunction with myocardial fibrosis by LGE will
allow earlier disease detection before decline in LVEF. In populations with NMD such as DMD it is vital
to have surrogate markers of cardiac disease because traditional HF signs and symptoms are not present
even in late stages of disease. The use of surrogate biomarker is not only vital but the only way to detect
disease and disease progression as well as response to current and future therapy. The use of CMR has
shifted the paradigm from rescue therapy when LVEF is abnormal to earlier treatment when only occult
cardiomyopathy is present with LGE but preserved LVEF. When testing novel cardiac therapy it is vital that
CMR surrogate marker be used to detect efficacy as HF symptoms do not appear even in late stages of DMD-
CM in the majority of patients. When present HF signs and symptoms are nonspecific and are often masked
by skeletal and respiratory muscle weakness limiting the utility of these symptoms and disease staging by
NYHA ineffective. It is clear if management of DMD patients is based on HF symptoms, many will not
receive treatment until late stages when the disease can no longer be rescue. A major barrier to treatment
and developing new therapy is a lack of a sensitive marker of disease. The use of CMR myocardial strain in
conjunction with LGE and LVEF will allow this barrier to be traverse and newer techniques may allow earlier
disease detection. NMD patients including BMD and DMD patients universally develop cardiomyopathy and
without therapy, there is only one outcome. Therapy offers hope and improve detection of cardiomyopathy
in conjunction with more novel therapy will offer the opportunity to alter the course of cardiomyopathy
as well as prolong and improved the lives of these patients. The heart is indeed the most important and
active muscle and DMD-associated cardiomyopathy is currently a leading cause of death. Treatment of DMD
patients without including the impact on the heart may not ultimately alter the course of the disease and in
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some cases may accelerate decline in cardiac function with increased burden and stress on the cardiac muscle
with increased demand due to improve ambulation. Future therapy need assess impact on the heart because
without it DMD-CM will continue to be the leading cause of death despite improvement in other areas.

Abbreviation List

CMR = Cardiac magnetic resonance imaging

DMD = Duchenne muscular dystrophy

DMD-CM = Duchenne Muscular Dystrophy-Associated Cardiomyopathy

ε = Myocardial Strain
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LGE = Late gadolinium enhancement

LVEF = Left ventricular ejection fraction

NMD = Neuromuscular Disease

NYHA = New York Heart Association

TTE = Transesophageal Echocardiogram
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Figure Legends

Figure 1a-h. Example of TTE and CMR Images. TTE images in the 4-chamber (A) and mid-ventricular
short axis (B) with suboptimal images due to poor acoustic windows. CMR LGE images in the 4-chamber
(C) and short axis (D) with LGE (bright areas delineated by red arrows) in the same patients at later stage
of DMD-CM. Cine Images in the 4-chamber (E) and short axis (F) with good quality images by CMR despite
poor TTE acoustic windows. Tagged images for myocardial strain in the 4-chamber (G) and short axis (H).

Figure 2. Scatter Plot of DMD Patients by Age and LVEF. LVEF abnormality (define as <55% delineated
by red dotted horizontal line) is uncommon before age 10 years (highlighted transparent red rectangular
box) and incidence increases with age.

Figure 3. Plot of Percentage of DMD Patients with LVEF <55% by Age. The percent of DMD patients
with LVEF below 55% is uncommon before 10 years of age and increased with Age.

Figure 4. Plot of Percentage of DMD Patients with LGE by Age. The percent of DMD patients with LGE
increased with age and starts as early as 7 years.

Figure 5. Concept of Myocardial Strain. Displacement and Velocity measures motion as the heart empties
and fill. Myocardial strain analysis detects myocardial contractility. Positive strain is stretching of the
myocardium (radial direction visualized as thickening of the myocardium, yellow oval and increased thickness
of the rectangle). Negative strain is contraction of the myocardium (can occur in the longitudinal along the
long axis of the heart or circumferential in the oblique axis of the heart, red oval) follows the direction of
the myocardial fiber.

Figure 6a-h. LGE Pattern in DMD is Unique. Normal myocardium remain dark after giving contrast agent
as shown in 4-chamber (A) and short axis (B). In patients with heart attack or myocardial infarction the
area that is injured or has scar remains bright and is typically in the subendocardial region (inner part of
the muscle) encircled by the dashed red lines and delineated by the white areas from the base to the apical
sections of the heart (C-D respectively). Similarly the fibrosis in DMD is white after contrast as encircled
by pink dashed and highlighted by pink arrows and in contrast it is in the outer surface of the heart or
subepicardium (F-H).

Figure 7a-h. LGE Burden Increased with Age. Normal subject with no LGE (all black delineated by yellow
arrows) in the 4-chamber (A) and short axis (B). Young DMD patient with small area of LGE (bright area
delineated by red arrows) in 4-chamber (C) and short mid-ventricular short axis (D). Older DMD patient
with increased LGE (bright area delineated by red arrows) with preserved LVEF in 4-chamber (E) and short
mid-ventricular short axis (F). Older DMD patient with late stage DMD-CM with dilated chamber and
extensive LGE involving nearly full thickness of the myocardium in multiple segments including the septum
(bright area delineated by red arrows) in 4-chamber (G) and short mid-ventricular short axis (H).

Figure 8a-l. LGE and T1 Mapping by CMR. T1 is abnormal in DMD and increased with age. Normal
patient with no LGE (no bright areas, yellow arrows) in the 4-chamber (B), short axis (A) and normal T1 of
1155 millisecond. Young DMD patient with no LGE in the 4-chamber (B), short axis (A) and with slightly
increased T1 of 1180 millisecond. Younger DMD patient with LGE (bright areas delineated by red arrows)
in the 4-chamber (B), short axis (A) and with elevated increased T1 of 1230 millisecond. Older DMD patient
with extensive LGE including the septum (bright areas delineated by red arrows) in the 4-chamber (B), short
axis (A) and with very elevated increased T1 of 1355 millisecond.

Figure 9. Case Example of Progressive DMD-CM. Patient followed at age 5 years with yearly with normal
LVEF (blue arrow) with no cardiac therapy. LVEF declined to 48% at age 14 years (yellow arrow) and
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despite escalation of care LVEF continued to decline including milrinone infusion (red arrows) resulting in
placement of a left ventricular assist device with continued severe LV dysfunction (red arrows) and now right
ventricular dysfunction.
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