Journal of Pediatric Cardiology and Cardiac Surgery 3(2): 63-79 (2019)

Review

Recognition and Management of Preclinical Cardiomyopathies

in Children: Special Focus on Duchenne Muscular Dystrophy

and Anthracycline Cardiotoxicity
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Heart failure is conventionally defined as a dynamic clinical syndrome where the cardiovascular system fails to
meet the metabolic demand of the peripheral tissues or can only do so at the expense of increased ventricular
filling pressure. Emerging new findings in biomedical research have enabled us to recognize the early preclinical
myocardial changes at the cellular and molecular levels before ventricular dysfunction becomes visible. These
preclinical changes have also become recognizable by advanced medical technology. Here, we introduce two
relatively common clinical entities that present with an asymptomatic preclinical stage in pediatrics, cardiomy-
opathies in Duchenne muscular dystrophy and anthracycline-induced cardiotoxicity. We will discuss underlying
pathobiology, early diagnosis by noninvasive imaging studies, and cardioprotective treatment of the preclinical
stage of progressive myocardial disease. The early recognition and treatment of the preclinical stage of heart fail-

ure may provide us with new perspectives in understanding this devastating disease.
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Introduction

Heart failure (HF) has traditionally been defined as a
hemodynamic abnormality in which the oxygen delivery
through the circulation does not meet the metabolic
demand of the peripheral organs or only does so at the
expense of increased ventricular filling pressure. Recent
advances in noninvasive imaging technology, most nota-
bly echocardiography and magnetic resonance imaging
(MRI), have enabled us to identify an asymptomatic,
early stage of HF with preserved ventricular systolic
function. The recognition of this pre-HF stage is import-
ant, as initiation of early treatment may result in better
outcomes than starting treatment when the disease is
clinically established.” Moreover, identifying the pre-

clinical stage before the emergence of visible ventricular
dysfunction may be of particular importance, as most
HEF patients present with an insidious stage followed by a
progressive and potentially lethal clinical course.

In the following review, we focus on the underlying
pathobiology of early evolution of HEF, the clinical signif-
icance of preclinical HF, the diagnosis of preclinical HF
with noninvasive imaging, and the treatment of preclin-
ical cardiomopathies, especially those seen in Duchenne
muscular dystrophy (DMD) and anthracycline-induced
cardiotoxicity (AIC). Heart failure in congenital heart
disease, valvular heart disease, and ischemic heart dis-
ease is not discussed.
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Clinical stages of heart failure (HF). Clinical syndrome of HF begins with a preclinical stage (or Stage A) that should be
acknowledged as a “disease”. ACEl: antiogensin ll-converting enzyme inhibitor, BNP: brain natriuretic peptide, CO: cardiac
output, E-C coupling: excitation-contraction coupling, HR: heart rate, LV: left ventricular, LVEDD: LV end-diastolic dimen-
sion, LVEDP: LV end-diastolic pressure, LVEF: LV ejection fraction, LVSF: LV shortening fraction, PVM: pulmonary vascular
markings, PVR: pulmonary vascular resistance, RR: respiratory rate, and Syst congestion: systemic congestion.

Recognition of Preclinical Cardiomyopathies

A classification of chronic HF in adults was published
in 2005 by the American Heart Association (AHA)/
American College of Cardiology (ACC)? (Table 1). In
this classification, Stage A was defined as a “preclinical”
stage, where certain functional deterioration at the cel-
lular level is present but is not enough to cause “visible”
morphological changes, including ventricular dysfunc-
tion or dilatation. This stage inevitably progresses to
Stage B, where tissue- or organ-level abnormality is
commonly detected as ventricular dysfunction or dila-
tation by non-invasive imaging studies but without HF
symptoms. Symptoms of HF arise once the low cardiac
output persists and/or ventricular filling is compromised
to induce venous congestion (Stage C) (Fig. 1). Multiple
organs, including kidney, lung, liver, brain, bone, and
skeletal muscles, are involved in worsening of clinically
overt HE suggesting that the advanced HF (Stage D) is
a disease of multiple organ failure as a consequence of
disrupted inter-organ biological crosstalk.>

In the field of pediatrics, we encounter two relatively
common patient populations with preclinical HF that
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Table 1 ACC/AHA 2005 Guideline Update for Diag-
nosis and Management of Chronic Heart
Failure in Adults?
Stage A At high risk of HFf
Structural heart disease® (—). Symptoms (—)
Stage B Structural heart disease® (+). Symptoms (—)

Stage C  Structural heart disease® (+). Symptoms (+)
Stage D Refractory CHF requiring specialized interventions

T Patients with hypertension, atherosclerosis, diabetes, obe-
sity, or metabolic syndrome or using cardiotoxins or FH of
CM. 5Ventricular dilatation or hypertrophy.

are programmed to develop overt HF in a chronic phase.
These include Duchenne muscular dystrophy (DMD)
and anthracycline-induced cardiotoxicity (AIC). These
two disorders recently have gained immense scientific
interest because they serve as an excellent human model
to understand the evolution of HF from preclinical to
advanced stages with the availability of experimental
animal models.>® The development of cardiomyopa-
thy and clinical symptoms of HF is insidious but may
progress to reach medically refractory HF (Stage D) in
late teens in DMD?® % and early to mid-adulthood in
AIC.11-13)

Duchenne muscular dystrophy is an X-linked genetic
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disorder that causes progressive weakness and wasting
of skeletal muscle and myocardium in boys affecting
one in 3,600 to 9,300 live male birth due to mutation
of dystrophin.'#!® The structural integrity of each
individual skeletal and cardiac myocyte is significantly
compromised upon physical stress due to absence of
dytrophin,’®'® but the underlying mechanisms of
muscle wasting are more complex, involving multiple
different processes, including intracellular calcium
overload,'*?? alteration in the nitric oxide (NO) path-
way,?>29 increased reactive oxygen species (ROS)
and mitochondrial dysfunction,>?”) and extracellular
matrix remodeling and myocardial fibrosis.?$3" There
are certain other factors involved in the pathogenesis
of DMD cardiomyopathy, including epigenetic factors,
post-translational modification, telomere dysfunction,
and genetic modifiers.’>3» Dystrophin deficiency
perturbs physiological myocyte growth in response to
increased biomechanical stress as dystrophin serves as
a mechanosensor that regulates protein synthesis via
the NO pathway?¥ Pathological alteration of DMD
myocardium is heterogeneous®” and probably a com-
bined consequence of myocardial wasting (myocyte
loss or atrophy)®>3% and secondary geometric changes
(remodeling).>” The chamber dilatation and ventricular
wall thinning occur in combination with secondary fatty
infiltration and fibrosis upon myocyte death.3®3% The
earliest signs of cardiomyopathy in asymptomatic DMD
are either decreased systolic function” or resting sinus
tachycardia.*V) The mechanism of resting tachycardia is
not well understood, but it is thought to be secondary to
dysautonomia*? and/or decreased myocardial compli-
ance due to fibrosis.*" The early clinical manifestation
of HF is frequently overlooked, as most DMD patients
usually become non-ambulatory and reliant on a wheel-
chair by age 13 because of progressive muscle weakness
and wasting.’” Recent guidelines by American Heart
Association suggested early prophylactic treatment with
Angiotensin II-converting enzyme inhibitor (ACEi)
before age 10 years regardless of left ventricular (LV)
function.®?

Survivors of childhood cancer who received anth-
racycline therapy have a life-long risk of developing
HE.!144-48) Several risk factors are known to affect the
clinical course, including the cumulative dose of anthra-
cycline, female sex, younger age at treatment, radiation
therapy, genetic predisposition, and traditional risk

factors for adult heart disease (hypertension, diabe-
tes, smoking, hyperlipidemia, and obesity).*->" The
underlying mechanism of AIC is poorly understood
but is thought to be multifactorial with complex mutual
interactions,”>® including increased ROS produc-
tion,””°® intracellular calcium overload,”®® disrupted
sarcolemmal integrity,®) mitochondrial dysfunction due
to iron overload®® or enhanced autophagy,® damaged
DNA replication by topoisomerase 23,9 impairment of
cell survival pathways (neuregulin/ErbB signaling),¥
premature senescence,®>%”) and damage of cardiac stem
cells.” %) These process are responsible for cardiomyo-
cyte death and permanent myocardial injury through
a common pathway of calcium overload, lipid peroxi-
dation, and mitochondrial dysfunction,’® resulting in
ventricular wall thinning, increased wall stress, ven-
tricular dysfunction, and, eventually, DCM. Inadequate
ventricular mass with chronic afterload excess may
explain the persistent and progressive nature of AIC.1?
One big mystery is the temporal gap between initial
anthracycline exposure and initiation of cardiovascular
adverse effects.”?

Based upon the onset, AIC is classified as a) acute
(during or within 1 week of treatment: incidence <1%),
b) early chronic (<1 year after treatment: ~2%), and c)
late-onset chronic (> 1 year or a few decades after treat-
ment: 5 to 57%).*5) Acute cardiotoxicity is relatively
reversible, whereas late-onset chronic type is slowly
progressive and irreversible that commonly leads to
medically refractory HE. The incidence of cardiomyop-
athy in children who have received anthracycline-based
chemotherapy is estimated at 3.3% at 10 years and 4.8%
at 15 years,® but the incidence of adverse cardiovascular
events is higher with longer follow-up periods.* 3179
The majority of the affected children remain asymptom-
atic with normal ventricular function during childhood,
but the pathological process might have already been
initiated at the molecular and cellular levels. As most
of the late onset chronic cardiotoxicity presents during
early to middle adulthood, it rarely catches the attention
of pediatric medical providers unless there is an iden-
tifiable LV dysfunction. It is clear that detection of this
preclinical phase gives us the best opportunity to impact
the progression to the irreversible and life-threatening
end-stage disease, at which point medical treatment has
limited efficacy. The recommendations for primary sur-
veillance to detect occult cardiotoxicity were published

© 2019 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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Fig. 2 Pathobiology of cardiomyopathy (CM) in Duchenne muscular dystrophy (DMD) and anthracycline-induced

cardiotoxicity (AIC)

Note that there are certain similarities between the two and that significant cellular and molecular abnormalities take place
during Stage A heart failure (HF) in both conditions. In DMD, the progressive myocyte loss dominates over secondary
ventricular remodeling, whereas the disruption of paracrine crosstalk among the cells mitigates intrinsic compensatory
cardioprotective responses to biomechanical and ischemic stress in AIC. In DMD, ventricular remodeling (dilatation) does
always take place because absence of dystrophin perturbs myocyte hypertrophy in response to increased shear stress. CFs:

cardiac fibroblasts, CPCs: cardiac progenitor cells, DCM: dil
ROS: reactive oxygen species.

by Armenian and colleagues, optimizing the opportuni-
ties for collaborative research.”V

The underlying pathobiology of cardiomyopathy
in DCM and AIC is summarized in Fig. 2. There are
similarities between the two as myocyte death and sub-
sequent wall thinning comprise a primary pathogenesis
of both cardiomyopathies. In DMD cardiomyopathy,
dysautonomia frequently causes persistent tachycardia,
which increases myocardial oxygen demand. Because
progressive myocyte loss and deficient LV mass predom-
inates in DMD cardiomyopathy, ventricular dilatation
may not be always evident even in the advanced stage.
On the other hand, in AIC, cytotoxic effects target not
only cardiomyocytes but also non-myocytes including
endothelial cells, cardiac fibroblasts, and cardiac pro-
genitor cells.!) Cardioprotective vascular development
in response to ischemic injury and/or increased biome-
chanical stress may be mitigated, in part, due to disrup-
tion of paracrine crosstalk between the cells that plays a
protective role against the adverse remodeling, responsi-
ble for an early onset of ischemic heart disease.®

J Pediatr Cardiol Card Surg Vol. 3, No. 2 (2019)

ated cardiomyopathy, ECs: endothelial cells, NO: nitric oxide,

Diagnosis of Preclinical HF in Children
Echocardiography

Detecting subtle ventricular dysfunction and subclin-
ical HF is a diagnostic challenge. Left ventricular systolic
function can be assessed with measurement of shorten-
ing fraction (SF) on two-dimensional (2D) or M-mode
short axis parasternal images. Shortening fraction sim-
ply reflects a change in LV chamber dimension during
the cardiac cycle.

SF % = (LVEDD—-LVESD)/LVEDD X100

The Children’s Oncology Group adopted SF as a way
of assessing the effect of chemotherapy on the heart.
Shortening fraction is, however, limited in several
ways: 1) it is obtained in one view and does not reflect
motion of all of the cardiac segments; 2) it is unreliable in
the setting of regional wall motion abnormalities, most
notably changes in septal motion, which are common;
and 3) it is affected both by preload and afterload.” 7>

Ejection fraction (EF) has played a central role in the
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assessment of LV function in numerous adult clinical
trials. Initial EF measurements were performed using
gated radionuclide scans. Low EF measured with this
technology was shown to correlate with increased mor-
tality following myocardial infarction.”® Ejection frac-
tion describes the change in volume during the cardiac
cycle and is calculated as follows:

EF %
= (LV end diastolic volume [LVEDV]
—LV end systolic volume [LVESV])/LVEDV
X100

The numerator measures stroke volume (SV), which
varies directly with EE The denominator assesses the
degree of dilation, which varies inversely with EF. Sev-
eral formulas have been developed, taking into account
the ellipsoid shape of the LV and using the linear cham-
ber diameter, as measured for SE to then calculate an
estimate of EE7>73) One of the more commonly utilized
approaches is the Teichholz method, which uses this
equation:

Volume [V]=7/(2.4+diameter [D])xD3

Volume is measured with this formula at end-diastole
and end-systole, allowing calculation of SV and EE

Currently, the American Society of Echocardiography
(ASE) and the European Association of Cardiovascular
Imaging (EACVI) recommend using the biplane Simp-
son’s method of multiple discs to calculate LV volumes
and EF in adults.”” To accomplish this calculation, the
LV endocardial border is traced in two orthogonal planes
(typically apical four-chamber and apical two-chamber
views or the equivalent transesophageal echocardio-
graphic [TEE] views) at end-diastole and end-systole. A
computer algorithm then divides the traced area into 20
discs of equal height and sums the volume of each disc.
The endocardial tracing is performed automatically on
most current generation echocardiography machines.
Manual adjustment of the borders remains important
to consistently exclude trabeculations, exclude noise in
the near field (apex), and assess for fairly uniform wall
thickness. The biplane Simpson's EF does correlate with
outcomes and mortality in adults.”® Limitations include
poor endocardial definition due to limited acoustic win-
dows, diminished reliability in the setting of arrhythmia
and difficulty defining end-systole and end-diastole
when there is significant dyssynchrony.”

In pediatric patients, SF and EF have been shown
to be associated with prognosis in DCM. In a study of
1,426 children with DCM undertaken between 1996
and 2003, independent risk factors for subsequent death
or transplantation included older age, congestive HE
cause of DCM, and lower LVSF z score (p<<0.001 for
all).””? A meta-analysis of pediatric DCM by Alvarez
et al. indicated that higher LV EF and SF at diagnosis
were predictive of better prognosis across multiple
articles. Younger age at diagnosis and the presence of
myocarditis as the etiology were also associated with
better prognosis.”® The outcomes of 1953 children with
DCM over two decades by the Pediatric Cardiomyopa-
thy Registry demonstrated that worse LV SF at diagnosis
independently predicted death.”” Echocardiographic
parameters of LVSF z score and LVEDD z score pre-
dicted a higher risk of sudden death in 289 children with
DCM, HCM, LV noncompaction cardiomyopathy, and
arrhythmogenic cardiomyopathy.®® While these mea-
sures are very useful in overt HE, they are not sufficiently
sensitive to detect preclinical myocardial dysfunction.
This is particularly true in pediatric patients given the
challenges with reproducibility.

Assessment of diastolic function is important but chal-
lenging, particularly in children.®? Diastolic dysfunction
typically accompanies overt systolic dysfunction but
can occur independently in the setting of hypertrophic
cardiomyopathy (HCM), restrictive cardiomyopathy
(RCM), or in patients with HF preserved EF (HFpEF).?
Changes in diastolic function can also precede systolic
dysfunction. Echocardiography is an important means
of assessing diastolic dysfunction and utilizes the follow-
ing parameters:

1) Transmitral Doppler inflow pattern: Early fill-
ing (E wave) and late filling (A wave) velocities
are measured in an apical four chamber view,
and E/A ratio is calculated. Moving to an apical
five-chamber view and placing the sample vol-
ume midway between the mitral leaflet tips and
the LV outflow tract, isovolumic relaxation time
(IVRT), acceleration time (AT), and deceleration
time (DT) are measured from the Doppler trac-
ing.

2) Pulmonary venous Doppler flow pattern: The
flow pattern at the right upper pulmonary vein is
characterized by an initial S wave during systole,
a D wave during diastole and an A wave, repre-

© 2019 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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senting reversal of flow from the left atrium into
the pulmonary veins during atrial systole.

3) Tissue Doppler imaging (TDI): TDI assesses
myocardial motion rather than blood flow. The
sample volume is placed within the myocardial
tissue immediately adjacent to the septal and
lateral hinge-points of the mitral valve. Early (E")
and late (A’) velocities can be measured. A ratio
of the mitral inflow E velocity to the tissue Dop-
pler E’ velocity is typically calculated (E/E’ ratio).

4) Color M-mode flow propagation velocity (Vp):
This measurement is obtained by placing the
M-mode cursor through the center of the mitral
inflow jet in an apical four-chamber view. The
velocity of propagation is the slope of the first
aliasing velocity during early filling or the slope of
the line where there is a transition from no color
to color.

In children, the adult guidelines for assessment of
diastolic function do not perform as well. In a 2013
study, three highly-respected investigators, Dragulescu,
Mertens, and Friedberg, each measured parameters of
diastolic function in 175 children, including patients
with DCM, HCM, RCM and a control group. Despite
elevated filling pressures in half of the patients, echocar-
diographic parameters were abnormal in only 14% of the
HCM group and in none of the DCM and RCM groups.
There was poor interobserver agreement on grading
of the diastolic dysfunction using the adult algorithm.
Using pediatric reference data rather than the adult data
yielded slightly better results, classifying all of the con-
trols as normal, but diastolic dysfunction was detected
in only a small proportion of the patients despite severe
disease.®?

The myocardial performance index (MPI), or Tei index,
assesses global ventricular function.®® It is obtained by
dividing the sum of the isovolumic contraction time
(ICT) plus isovolumic relaxation time (IVRT) by the
ejection time (ET). In practice, it is easier to measure
the interval from cessation to onset of mitral inflow (a)
minus the ET (b) as a substitute for ICT +IRT (Fig. 3).
The MPI can be measured on the mitral or tricuspid
inflow Doppler or can be measured on tissue Dop-
pler tracings. Compared with Doppler-derived MPI,
TDI-derived measurements have the advantage of being
less affected by loading conditions and heart rate and
more sensitive to diastolic function. In one small study

J Pediatr Cardiol Card Surg Vol. 3, No. 2 (2019)
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Fig. 3 Schematic presentation of myocardial perfor-

mance index (Tei index)

ET: ejection time, ICT: isovolumic contraction time,
and IRT: isovolumic relaxation time. For detail, please
see the text.

of 25 pediatric patients with HF, TDI-derived septal MPI
was inversely correlated with SF and reflected severity
of disease. As with SF and EF, MPI is most useful in
patients with overt HF and less useful in detection of
early or subclinical ventricular myocardial changes.
A prospective study in 2010 compared the E/E’ ratio
and MPI to near-simultaneous catheter derived hemo-
dynamic parameters in post-transplant children. The
correlations were poor.?>

A Dbreakthrough in the ability to assess subtle ven-
tricular dysfunction came with the development of
strain echocardiography.®®%”) Strain is based on speck-
le-tracking technology, which follows a point on the
myocardium as it moves through the cardiac cycle. This
technology highlights the complexity of myocardial
deformation; the ventricle shortens, thickens and twists
during systole to eject blood. This angle-independent
technique allows quantification of segmental and global
ventricular function. Strain can be measured in longitu-
dinal, circumferential and radial planes. The vast major-
ity of data thus far are focused on global longitudinal
strain (GLS), which is measured in apical four-chamber,
three-chamber, and two-chamber views. Normal values
for GLS range from —19% to —20%. In the adult litera-
ture, GLS is a valuable prognostic tool and an indepen-
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dent predictor of all-cause mortality in HF patients.’® In
multiple studies of adult patients who have undergone
chemotherapy, changes in GLS consistently precede
significant changes in EF* and predict cardiotoxicity.”?
In a longitudinal study of 737 adult patients, lower (less
negative) baseline GLS values predicted mortality in
asymptomatic patients with primary mitral regurgita-
tion and preserved EEV

Cardiac MRI

Cardiac MRI (CMRI) is currently the reference stan-
dard imaging modality for the quantification of ventric-
ular volumes, mass, and EE?>) It has high temporal
and spatial resolution in the assessment of RV and LV
volume, systolic function, and mass with high interob-
server and intraobserver reproducibility.®**® In contrast
to echocardiography, CMRI can obtain high-resolution
cine images of the heart in any imaging plane without
the limitations of acoustic windows. Normal values are
now available on RV and LV volume, mass, and EF for
different age groups in males and females, including
children.”” Steady-state free precession (SSFP) cine
imaging is the current standard method for measur-
ing volumetry in CMRI, replacing cine gradient echo
sequences. Cardiac MRI is increasingly used for eval-
uation, management, and prognosis of patients with
HE2>%) The method of discs is used for quantification of
RV and LV end diastolic and end systolic volumes, and
EF can be calculated without making geometric assump-
tions; this makes CMRI suitable even with dilated and
remodeled ventricles.”® In adult patients with HE, EF
is a well-recognized factor in the long-term prognosis
and survival.®” In the pediatric population, limited data
have shown that indices of LV systolic performance
such as EF and SF are major determinants of prognosis,
in addition to age, presence of congestive HE, and LV
dimension z score.!%0)

Late gadolinium enhancement (LGE) is an MRI
sequence that uses gadolinium (Gd) contrast to evaluate
for fibrosis in the ventricular myocardium. Gadolinium
distributes into the extracellular space of the myocar-
dium but not into the normal myocardial cells.!?"192) In
areas of myocardial cell necrosis, there is an increase in
Gd distribution into the cells with loss of cell membrane
integrity and into the expanded extracellular matrix.!%
The increased Gd results in shortened T1 values of the
affected areas that results in increased signal intensity on

special T1-weighted MRI sequences, such as inversion
recovery gradient echo images.'*¥ In adult patients with
nonischemic DCM, Assomull et al. showed that midwall
fibrosis was present in about 35% of patients and was a
predictor of death or hospitalization for cardiovascular
events (hazard ratio 3.4) in addition to sudden cardiac
death and ventricular tachycardia (hazard ratio 5.2),
independent of other factors such as EE!0”

More recent and newer CMRI techniques have
emerged to quantify fibrosis in cardiomyopathies in
addition to providing a more accurate volume assess-
ment than echocardiogram. These techniques exam-
ine the tissue characteristics of the myocardium and
quantify the extracellular volume, which is increased in
myocardial fibrosis. One such method is T1 mapping
of the myocardium both before and after the use of Gd
contrast. Animal models'® and patients post-heart
transplant and with DCM!'Y” showed correlation
between T1 mapping and myocardial fibrosis. Another
technique used in CMRI is strain measurement. One
such sequence uses MRI tagging, where a grid is created
by MR pulses and the deformation measured in systole,
but the principal image tracking method is different
between CMRI and echocardiography.!®®

Diagnostic Applications by Non-Invasive Imaging
Studies
Duchenne Muscular Dystrophy

The primary pathological process in DMD cardiomy-
opathy is progressive myocyte loss with perturbed com-
pensatory growth response and resultant myocardial
fibrosis (Fig. 2). Significant changes in SF and EF tend
to occur during adolescence in DMD patients. With
the advancement in respiratory support of this group of
patients and their longer survival, cardiomyopathy has
become the leading cause of death.!” Due to limited
mobility of DMD patients, overt symptoms of conges-
tive HF are not recognized until the advanced stages of
cardiomyopathy.

Ryan et al. measured SF and circumferential strain
by transthoracic echocardiogram in a group of young
(<8 years of age) patients with DMD and a control
group and reported significant changes in the circum-
ferential strain values in the DMD group compared
with the control group at mid-ventricular anteroseptal,
inferior, and infero-lateral segments, which could be a
marker of subclinical cardiac disease in this group of

© 2019 Japanese Society of Pediatric Cardiology and Cardiac Surgery
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patients starting in the first decade of life.''® Markham
et al. compared diastolic function parameters between
patients with DMD (<{15 years of age with no HF)
and controls. They assessed different diastolic function
parameters, including Doppler-derived mitral E/A
ratio, tissue Doppler-derived E'/A’ ratio, E/E’ ratio,
IVRT, and mitral valve deceleration time. In this study,
DMD had significantly worse findings overall on their
diastolic function indices; patients who developed HF
at follow-up had even worse diastolic function param-
eters at initial assessment compared with those who
continued to have no manifestations of HE signifying
the importance of diastolic function abnormalities as a
marker for future development of HF in young DMD
patients.''V) Another study by Spurney et al. showed
that patients with DMD had significantly higher mitral
A-wave velocities, lower E/A ratios, and lower Doppler
tissue imaging mitral lateral E' velocities when com-
pared with the age-matched control subjects, indicating
impaired diastolic function. In addition, the same study
revealed that speckle-tracking derived myocardial strain
and strain rate values (both longitudinal and circumfer-
ential) were significantly different in the DMD group
compared with controls. The differences were notably
significant, even in patients younger than 13 years with
normal SF and normal MPI values.!'?)

Strain analysis in 19 DMD patients and 16 controls
revealed significantly lower global circumferential strain
(GCS) (—14.7%£4.7 vs —23.1%2.9, p=0.001) and GLS
(—13.6*£5 vs —18.8%=3, p=0.001) than the controls,
suggesting that occult cardiovascular dysfunction was
present.!'¥ Circumferential strain was reduced in DMD
patients compared with controls, even at a young age
when other systolic function parameters were still nor-
mal, and worse strain values were noted in patients with
decreased EE!'® Similar results were obtained by Ash-
ford et al. in DMD patients.!'> Hagenbuch et al. studied
circumferential strain in DMD patients over a mean
period of 15 months and found progressive decrease
in strain values over time in all patients.!'® Strain and
strain rate have also detected early changes in cardiac
function in adolescent patients with type 1 diabetes, in
asymptomatic children with LV noncompaction and
normal EE and in heart transplant patients during an
episode of rejection.!’”-11*) While strain is clearly prom-
ising for the detection of subclinical and mild myocar-
dial dysfunction, challenges include reproducibility of
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measurements and intervendor differences.!??)

The diagnostic value of CMRI has been emphasized
in detection of preclinical HF in DMD. In a small study
involving 10 patients (ages 7 to 18 years) with DMD or
Becker muscular dystrophy (BMD), Silva et al. investi-
gated myocardial fibrosis by LGE-CMRI. Fibrosis was
found in 70% of the patients tested, and those patients
with fibrosis had significantly lower LVEF and higher
LVESV.*) Of note, only two patients had abnormal find-
ings on echocardiogram, signifying the importance of
LGE in early detection of cardiomyopathy in muscular
dystrophy. Soslow et al. compared T1 values after Gd
contrast administration between patients with DMD
and controls and found that DMD patients had shorter
post-contrast T1 values compared with controls, even
those patients without LGE or reduced EE'?V In a larger
study on patients with DMD, Tanden et al. retrospec-
tively reviewed the association of LGE to LVEEF, rate of
decline of EF, and effect of treatment with steroids.'??
This study included 98 patients with DMD who had four
or more CMRI studies finding that the age of onset of
LV dysfunction was variable. This study showed that the
rate of decline of LVEF in these patients increased after
development of fibrosis on LGE imaging, and EF decline
correlated with number of segments affected. They also
found that longer duration of steroid treatment may
decrease the rate of new onset fibrosis.!?? Studies in
adults with ischemic heart disease showed that LGE on
CMRI is a better predictor of inducible monomorphic
ventricular tachycardia than EF'? and development
of major cardiac events and cardiac mortality.!¥ More
studies are needed to evaluate the impact of LGE in
DMD on prognosis and outcome. The limitations of
LGE include the semiquantitative nature of the sequence
and limited ability to assess for scarring in the presence
of diffuse myocardial fibrosis.

Anthracycline-Induced Cardiotoxicity

Among those who survive their malignancy, car-
diotoxicity is the third leading cause of morbidity and
mortality, following relapse of primary malignancy and
occurrence of secondary cancer.!?” Central pathogenesis
of AIC may be outlined by direct cardiomyocyte impair-
ment causing myocardial thinning and ventricular dys-
function and premature senescence affecting endothelial
cells and other cell types (Fig. 2). Cardinale et al. showed,
in an adult study of AIC, that earlier treatment of HF is
associated with a more favorable response to HF therapy
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and lower rate of cardiac complications.!?® Earlier stud-
ies showed that pediatric patients who received anthra-
cycline chemotherapy demonstrated acute decrease of
systolic and diastolic function measurements immedi-
ately after chemotherapy; although the values remained
within normal limits.!?”) However, the decline in LV
systolic function is not a sensitive or reliable marker for
early myocardial deterioration by AIC.!?® It is essen-
tial to detect AIC in the preclinical stage to prevent
long-term irreversible adverse cardiomyopathy.
Mavinkurve-Groothuis et al. showed that all myocar-
dial strain parameters decreased during chemotherapy
and the degree of decrease was proportional to the
cumulative anthracycline dose despite normal SF in
these patients. The changes in the strain parameters
persisted when other biomarkers of cardiac damage such
as troponin T level did not predict abnormalities in the
strain.!?) In one study, 71 children exposed to anthracy-
cline chemotherapy were found to have diminished lon-
gitudinal and circumferential echocardiographic strain
and particularly diminished diastolic strain rate despite
having normal SE'® Cetin and colleagues measured
conventional echocardiographic parameters and strain
in 45 childhood anthracycline-treated cancer survivors
and age-matched controls. Both groups had normal EE
SE, and brain natriuretic peptide levels; the anthracycline
group had significantly lower longitudinal and radial
strain values.’® Poterucha et al. compared two-di-
mensional speckle-tracking echocardiography-derived
longitudinal peak systolic strain (LPSS) values in ado-
lescent patients receiving anthracycline chemotherapy
and demonstrated small but significant changes in LPSS
values at 4 and 8 months post-chemotherapy, compared
with pre-chemotherapy and controls, that preceded the
decline in EE'3? Comprehensive echocardiographic
assessment, including three-dimensional (3D) LVEE
global longitudinal and circumferential myocardial
strain, and diastolic function in 1820 adult survivors
of childhood cancer, revealed that abnormal GLS and
diastolic function were more prevalent than reduced 3D
LVEE!?®) However, current guidelines for AIC surveil-
lance are heavily dependent upon 2D echocardiographic
assessment of LV systolic performance as a primary
method.”" 133 The advanced echocardiographic meth-
ods may be incorporated into these guidelines.
Toro-Salazar et al. demonstrated that CMRI-derived
abnormal myocardial characteristics and abnormal

regional myocardial function were detected in pediatric
cancer survivors with normal LV systolic function, sug-
gesting that CMRI parameters, LV peak circumferential
strain, T1 mapping-derived relaxation time, and extra-
cellular volume (ECV), were effective in detecting occult
AIC. In comparison with echocardiogram, CMRI
not only demonstrated higher incidence of reduced EF
among 114 adult survivors of childhood cancer, but also
more frequently identified preclinical LV dysfunction in
previously undiagnosed survivors.’*» Tham et al. studied
late cardiotoxic effects in 30 pediatric cancer survivors
(age 153 years) and demonstrated that myocardial T1
values and ECV correlated well with cumulative anthra-
cycline dosage, exercise capacity, and LV remodeling.!*®
On the other hand, in 91 adult cancer survivors with
reduced EF (35*8%), CMRI-derived indexed LV mass
showed strong correlation with the total anthracycline
dosage and the incidence of major adverse cardiovas-
cular events, but the incidence of myocardial fibrosis by
LGE was infrequent in this study.'®” Further studies are
warranted to reliably identify the preclinical stage of AIC

by noninvasive imaging modalities.

Management of Preclinical HF

Preclinical HF in the pediatric population has not
been well studied and unfortunately is not recognized
until it progresses to an advanced stage with clinically
overt symptoms. Guidelines from both European and
United States cardiology societies do not provide spe-
cific recommendations for management of preclinical
HE.13% 139 The ultimate goal of HF therapy is to improve
hemodynamics, prevent disease progression, maintain
quality of life, and allow optimal growth and develop-
ment in these children, but currently available conven-
tional HF therapy has very limited capacity. Most of the
current recommendations are extrapolated from adult
guidelines, as we commonly see in pediatrics. Within
the field of pediatric HE angiotensin-converting enzyme
inhibitors (ACEi) are considered first-line of therapy
and B-blockers are second-line. Anti-mineralocorticoids
are also accepted in the treatment of pediatric HE4?
whereas diuretics are recommended only to be used to
achieve a euvolemic status.!*V

Duchenne Muscular Dystrophy
Cardiac dysfunction is a well-known and import-
ant complication of some neuromuscular disorders,
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especially in DMD.? 43142145 The cardiac status of
DMD patients is difficult to assess clinically given their
musculoskeletal and respiratory limitations. A study
published in 2005 evaluated the effect of perindopril
in patients with DMD with normal baseline EF, which
demonstrated that early treatment, before the presence
of symptoms and between the ages of 9 and 13 years, can
delay the onset and progression of clinically-apparent
LV dysfunction in children with DMD.!#® Thus, recog-
nition of the preclinical stage and early treatment appear
critical for favorable outcome.

Cardioprotective treatment of preclinical cardiomy-
opathy in DMD has been widely advocated in recent
years.!% 147 Previous studies have shown some benefit
from ACEi in patients with DMD.!8 149 A study led
by Viollet showed overall improvement in LV function
in patients treated, but there was no significant differ-
ence between patients treated with an ACEi alone or in
combination with a S-blocker.® A small, randomized,
double-blind trial of lisinopril or losartan in 22 patients
showed equal effectiveness in improving LVEF over a
year of observation by echocardiogram.’®V f3-blockers
are reported to be beneficial when used in combination
with ACEi.'*? Despite the lack of strong evidence, the
International Society of Heart and Lung Transplantation
(ISHLT) expert panel recommended on their guidelines
that ACEi therapy should be considered for DMD unless
there is a specific contraindication'>®; although the opti-
mal age of institution of therapy is not clearly delineated.

Since the benefit of preventive therapy has not been
clearly proven, it is challenging to decide the timing to
initiate cardiac pharmacotherapy in this complex and
heterogeneous population.’* On the other hand, oral
corticosteroids are commonly prescribed early with
the goal of preserving skeletal muscle strength and
pulmonary function.!’® Multiple mechanisms have
been proposed for the beneficial biological role of ste-
roids in DMD myopathy, including nuclear effect via
activation of calcineurin/nuclear factor of activated T
cells (NF-AT) pathway, enhancement of proliferation of
myogenic precursor stem cells, reduction in the rate of
muscle breakdown, and direct transcriptional modifiers
to increase synergistic molecules, i.e., utrophin.’*® A
study evaluating 462 boys with DMD concluded that
patients treated with corticosteroids can have a delayed
onset of cardiac dysfunction and up to a 20% lower like-
lihood of developing cardiomyopathy compared with

J Pediatr Cardiol Card Surg Vol. 3, No. 2 (2019)

untreated patients.””) Schram et al. demonstrated a pos-
itive impact of steroids in mitigating the development of
DCM and mortality in 87 patients (mean age 9.1+3.5
years) followed for more than a decade.’® However,
significant adverse effects of steroids need to be closely
monitored.

A comprehensive and multidisciplinary approach is
required to provide patients with optimal prevention,
monitoring, and treatment strategies. Currently, a ran-
domized, multi-center, placebo-controlled clinical trial
has been initiated in the United Kingdom to investigate
whether the introduction of ACEi (perindopril) and
B-blocker (bisoprolol) before the onset of identifiable LV
systolic dysfunction can attenuate the development of
cardiomyopathy in DMD patients aged 5 to 14 years.!>”

Anthracycline-Induced Cardiotoxicity

Chemotherapy-induced cardiotoxicity, most com-
monly caused by anthracyclines, can be silent initially
but take years or decades to manifest as cardiomyop-
athy, HE, myocardial infarction, myocarditis, or other
significant clinical cardiac dysfunction.”® %9 There is no
consensus regarding prevention or treatment of asymp-
tomatic patients with AIC, and patients with cancer are
often excluded from large HF trials.'®" The underlying
mechanisms of AIC are poorly understood, but there are
a number of pathological processes proposed by multi-
ple investigators, as discussed earlier.

Various agents have been proposed for the prevention
of cardiomyopathy due to AIC.*® A meta-analysis by
Kalam et al. showed that different agents such as dex-
razoxane, statins, ACEi, and -blockers may all have a
cardioprotective effect.'®? Dexrazoxane prevents AIC
not only by chelating redox-active iron and subse-
quently reducing ROS formation, but also by reducing
anthracycline-induced DNA damage via topoisomerase
2-a and topoisomerase 2-$.1%3) Cardinale et al. reported
the benefits of ACEi in patients treated with anthracy-
clines.!?% 19 In adult patients with acute myocardial cell
injury after high-dose chemotherapy, early treatment
with ACEi demonstrated significant protective effects
against LV systolic dysfunction (LVEF: 62.4*3.5% and
48.3+9.3% in ACEi and non-treated group, respec-
tively).1*¥ Complete recovery of the LV systolic function
was observed in 64% of the patients when ACEi was
initiated soon after therapy, whereas the cardioprotec-
tive effect was significantly diminished after 12 months
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of the chemotherapy.’?® A well-designed double-blind,
placebo-controlled study was conducted with the aim
to test if ACEi would decrease the LV end-systolic wall
stress (LVESWS) and therefore improve or prevent
cardiac dysfunction.’®® The study showed decreased
LVESWS by ACEi, but the reduction was not associated
with significant changes on LVEF or LVSE and there
were more side effects in the treated than the untreated
group. The most recent pediatric HF guidelines from
ISHLT have no specific reccommendation for ACE:i ther-
apy in stage A HE, whereas they recommend routine use
of ACEi for the treatment of asymptomatic LV dysfunc-
tion (HF Stage B) unless there is a specific contraindi-
cation.'® The decision to extrapolate these results and
routinely treat patients with subclinical HF with ACEi
requires careful consideration given possible side effects
that could outweigh potential benefits.

Initial studies have shown that -blockers can provide
a significant cardioprotective effect on both LV sys-
tolic and diastolic function.!%¢16”) The cardioprotective
effects of 3-blockers are thought to be due to increased
pro-survival signaling via recruitment of S-arrestin and
transactivation of epidermal growth factor receptor
(EGFR), mitigation of oxidative stress, and prevention
of myocardial calcium overload, resulting in enhanced
lusitropy,®® in addition to reduction of myocardial
workload through negative chronotropic and inotropic
effects. Carvedilol, a non-selective f3-blocker, has been
used to treat cardiotoxicity and has improved LV func-
tion and mortality in adults. The evidence in pediatrics
is much more limited. A small prospective randomized
control trial, called the OVERCOME trial showed an
absolute difference of 3.1% in LVEF in patients being
treated with carvedilol and enelapril compared with pla-
cebo.!%®) Other studies have shown a similar protective
effects in patients treated with B-blockers.!!1%) One
could recommend a slow titration of this therapy, but the
evidence remains limited.

There is still no clear evidence to define whether
prophylactic cardioprotection is effective in prevent-
ing progression of cardiomyopathy in pediatric cancer
survivors, or whether healthy life style and exercise can
help prevent myopathic changes in the heart. Although
there are no published large human clinical trials,
evidence from numerous animal studies suggests that
aerobic exercise training is protective against AIC.17% 171
In a small prospective study in 21 long term childhood

acute lymphoblastic leukemia survivors with normal
EE home-based exercise improved diastolic function
indicated by TDI and peak circumferential systolic and
diastolic strain rates.'’? Aerobic exercise may modulate
cardiotoxicity by mitigating oxidative stress, pro-apop-
totic signaling, ultrastructural changes secondary to cal-
cium overload, and energy metabolism alteration, and
by enhancing protein synthesis.!”> 179 While counseling
healthy lifestyle for these patients is warranted, there is a
need for new trials that assess the effects of healthy diet,
exercise, and prophylactic cardiac medical therapies on
cardiac morbidity and mortality in this high-risk popu-

lation.

Future Perspectives

The study of preclinical HF in the pediatric popula-
tion has been limited, primarily because the patients
are asymptomatic and because traditional assessment
of ventricular function misses the early changes. Car-
dio-oncology is a new but under-recognized field in the
pediatric cardiology that warrants further endeavor in
understanding of epidemiology, screening, prevention,
and treatment of the disease.!”® Furthermore, conven-
tional HF therapies may improve symptoms but not
cure the underlying pathologic processes. This paradigm
needs to change in light of recent advances in technology
that make this previously “invisible” phenomenon “vis-
ible”. At the same time, evolution of scientific research
has helped us understand the cellular and molecular
level of myocyte pathobiology and the numerous com-
munications between cardiomyocytes, fibroblasts, endo-
thelial cells, circulating monocytes, and cardiac stem
cells. A broad concept of HF should be classified into
further specific subgroups based upon the underlying
pathobiology, and the treatment of HF should follow
accordingly. The concept of “precision medicine” needs
to be introduced in pediatric HE'7® Duchenne muscular
dystrophy and AIC provide excellent human models to
study the evolution of HF from the preclinical to the
advanced stage. Enhanced collaborative efforts between
clinical medicine and basic science research are essen-
tial to understand the very mechanism of pathological
transformation of myocardial tissue and to determine

strategies to effectively halt or slow the progression.
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