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Abstract

There are a variety of causes of acute heart failure in children including myocarditis, genetic/
metabolic conditions, and congenital heart defects. In cases with a structurally normal heart
and a negative personal and family history, myocarditis is often presumed to be the cause,
but we hypothesise that genetic disorders contribute to a significant portion of these cases.
We reviewed our cases of children who presented with acute heart failure and underwent genetic
testing from 2008 to 2017. Eighty-seven percent of these individuals were found to have either a
genetic syndrome or pathogenic or likely pathogenic variant in a cardiac-related gene. None of
these individuals had a personal or family history of cardiomyopathy that was suggestive of a
genetic aetiology prior to presentation. All of these individuals either passed away or were listed
for cardiac transplantation indicating genetic testingmay provide important information regarding
prognosis in addition to providing information critical to assessment of family members.

Introduction

There are numerous aetiologies of heart failure including myocarditis, cardiomyopathy,
congenital heart defects, arrhythmias, premature coronary disease, infiltrative disease, and toxic
exposures.1–3 In children, the most common cause of heart failure in the absence of congenital
malformations is cardiomyopathy,3 and myocarditis-induced cardiomyopathy is often
suspected, especially in cases of acute onset. However, additional aetiologies should be consid-
ered because correctly identifying the aetiology can provide important information regarding
prognosis, treatments, extra-cardiac involvement, and risk for family members.3 Specifically,
patients with myocarditis have been shown to have lower rates of heart transplantation and
death compared to individuals with idiopathic cardiomyopathy.4

Despite our advances in imaging and laboratory analyses, correctly identifying the under-
lying mechanism of heart failure can be difficult. Myocarditis, especially, can be challenging
to diagnose. A definitive diagnosis requires an endomyocardial biopsy, which is often not a part
of routine practice.5 Therefore, in order to aid in accurate diagnosis of myocarditis, the
European Society of Cardiology created diagnostic criteria for clinically suspected myocarditis
which relies on imaging, clinical history, and laboratory results.6 However, these findings can be
seen in hereditary cardiomyopathies which can make it hard to differentiate between the two
aetiologies.6

Recently, it has been shown that 12% of children with acute myocarditis carried pathogenic
autosomal recessive variants in cardiac genes.7 These results suggest that either children with a
hereditary cardiomyopathy are often misdiagnosed with myocarditis, or genetic mutations
increase a child’s susceptibility to myocarditis, or both. Over the past few years, genetic testing
has been increasingly incorporated into our inpatient cardiology practice for cases of acute onset
heart failure. The purpose of this study is to describe the results and clinical implications of this
change in practice.

Materials and methods

Subjects and participants

Cardiovascular genetic testing has been incorporated into our inpatient services since 2008, but
the frequency has dramatically increased over the past few years as the field has become more
robust. To describe the utility of genetic testing in this setting, we conducted a review of admis-
sions of all children who presented in the Johns Hopkins’ Pediatric Intensive Care Unit with
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acute heart failure tentatively suspected to be acute myocarditis
from 2008 to June 2017 in which cardiac genetic consultation
was sought. Acute heart failure was defined based on the recent
European Society of Cardiology Guidelines which define it as a
rapid onset or worsening of heart failure. Heart failure was defined
as a symptomatic reduction of cardiac output.8 This review was
conducted under IRB protocol for retrospective studies of genetic
cardiomyopathies.

At the time of presentation, all probands underwent robust
clinical evaluations which included evaluation for myocarditis.
These evaluations typically involved an echocardiogram, electro-
cardiogram, cardiac MRI, clinical history, viral cultures, tropo-
nin-I levels, and pathological analysis of cardiac tissue.
However, not all of these tests were performed on every patient
due to clinical status and/or familial wishes. Electrocardiograms,
echocardiograms, and troponin-I levels were obtained within 48
hours of admission. Pathological analysis was performed on a tis-
sue biopsy, explanted heart or upon autopsy depending on the spe-
cific patient course.

For the cases where a genetic consult was sought, three-gener-
ation family histories were obtained by a genetic counsellor. When
feasible, a geneticist performed a physical examination on the
patients during their admission.

Genetic testing

Genetic testing was performed on DNA extracted from whole
blood or cultured fibroblast cells at four commercial Clinical
Laboratory Improvement Amendments-certified laboratories.
The genetic testing panels selected depended on the tests and tech-
nology available at the time of presentation. Sequencing was per-
formed using Sanger sequencing or next-generation sequencing
with Sanger confirmation. Genetic test results were interpreted
by a certified genetic counsellor and cardiologist with expertise
in genetics using the 2015 American College of Medical
Genetics’ guidelines, 9 and variants were reclassified using these
criteria if results were from prior to 2015.

Results

Our retrospective review identified a series of eight patients who
were admitted to the Pediatric Intensive Care Unit with new onset
acute heart failure due to presumed myocarditis who underwent
genetic testing either as part of their evaluation or posthumously.
The demographics are listed in Table 1. Themajority of individuals
were female and either presented in infancy or adolescence. A

variety of ethnicities are represented. All of the children presented
with acute heart failure and two suffered cardiac arrests either prior
to or during evaluation at the Emergency Department. At the time
of presentation, none of the probands had a known personal or
family history of cardiac conditions nor dysmorphic features sug-
gestive of syndromic condition. The majority of patients (seven)
were referred for cardiac genetic evaluation between 2013 and
2017. Only one patient was referred between 2008 and 2012.

Myocarditis evaluation

At the time of presentation, all eight individuals were presumed to
have myocarditis due to the acute onset, apparent lack of a family
history and no significant medical history to suggest another
aetiology. All of the patients had decreased left ventricular systolic
function typically in association with left ventricular dilation, and
the probands all had elevated troponin-I levels. However, the
majority of patients did not have a clinical history of a recent viral
illness. Only Probands 4 and 8 had a positive viral culture and only
Proband 8 had a positive cardiac biopsy (Table 2). Two other
probands did reportedly have a history of viral illness.

Genetic evaluation and test results

A geneticist performed physical exams on six of the eight patients.
The rapid demise of the patient with Hurler syndrome prevented a
physical exam during the admission, but a geneticist reviewed her
X-rays and photographs posthumously and did not identify physi-
cal features suggestive of a lysosomal storage disorder. For the two
other patients, a genetics consult was not requested.

The majority of probands (n=6) had comprehensive cardiomy-
opathy panels which included sequencing and deletion and
duplication analysis of 51–81 cardiomyopathy associated genes.
However, for Proband 5, the diagnosis of Hurler syndrome was
based on information from parents. They underwent carrier
screening and were both identified with heterozygous pathogenic
variants in IDUA. Targeted post-mortem testing confirmed Hurler
syndrome due to compound heterozygous IDUA pathogenic
variants. When Proband 1’s sister presented with acute heart fail-
ure, which was not presumed to be due to myocarditis, sequence
analysis of 18 genes associated with dilated cardiomyopathy and
array comparative genomic hybridization were performed. Both
tests were uninformative. Therefore, whole exome sequencing
was pursued on the sister, and the two pathogenic variants were
confirmed in Proband 1 via post-mortem DNA analysis.

Table 1. Demographics and outcome data for patients who presented with acute heart failure and underwent genetic testing.

Proband Age at presentation Gender Ethnicity Presentation
Length of time from

admission to genetic testing

1 3 weeks Female Cambodian/Caucasian Acute heart failure Post-mortem

2 4 months Male African American Acute heart failure 2 weeks

3 3 months Female Caucasian Acute heart failure and tachypnea Postmortem

4 12 yo Female African American Acute heart failure and tachycardia 2 weeks

5 3 months Female Caucasian Acute heart failure and subsequent cardiac arrest 4 months

6 14 yo Female Caucasian Acute heart failure and tachypnea 2 weeks

7 12 yo Female African American Acute heart failure 3 weeks

8 8 yo Female Nigerian Cardiac arrest, acute heart failure 3 months
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Genetic testing was pursued in these eight patients for a variety
of reasons despite the presumed diagnosis of myocarditis.
Additional family members were diagnosed with cardiomyopathy
for probands 1 and 2, suggesting a genetic aetiology. Proband 8
failed to recover for months after her initial presentation sug-
gesting an additional aetiology to her heart failure. Finally,
Probands 3, 4, 6, and 7 underwent genetic testing due to growing
research suggesting hereditary aetiologies in myocarditis and after
a clinical review by a cardiologist who specialises in genetics.

Genetic testing revealed pathogenic (n=5) or likely pathogenic
(n=2) variants in seven of the eight probands (87%). None of the
patients who underwent genetic testing had negative test results.
Only Proband 6 had inconclusive results that revealed a variant
of uncertain significance. Results are listed in Table 3. Two of
the infants were subsequently determined to have hereditary
genetic syndromes: Hurler syndrome and Alström syndrome.
The five other patients with positive results had a pathogenic or
likely pathogenic variant in a cardiac gene (62.5%).

Outcome

Patients with a pathogenic or likely pathogenic variant tended to
have severe outcomes. None of the patients with pathogenic or
likely pathogenic variants had hearts that were able to recover.
Two infants died and the other five individuals either underwent
cardiac transplant or are currently listed for transplant.

Discussion

Clinical cardiomyopathy genetic testing revealed pathogenic or
likely pathogenic variants in seven of the eight probands (87%)
in our study with 62.5% as non-syndromic cases. Given that only
one case had a definitive diagnosis of myocarditis, the high preva-
lence of positive genetic test results indicates that often cases,
which are initially presumed to be myocarditis, are instead genetic
in origin. Specifically, the two cases, which were determined to be
due to genetic syndromes, were unlikely to be related to

Table 2. Myocarditis evaluations at the time of presentation.

Proband

Recent
viral
illness

Elevated
troponin

Acute
onset

Findings of
myocarditis on MRI Viral testing

Findings suggestive of
myocarditis on biopsy/autopsy

1 No Yes Yes Yes Negative Explanted heart: focal fibrosis, myocyte necrosis

2 No Yes Yes Not performed due to VAD Negative Not performed

3 No Yes Yes Not performed Negative Autopsy: endocardial fibroelastosis

4 No Yes Yes Not performed Epstein-Barr Virus Biopsy: mild fibrosis, borderline lymphocytic myocarditis,
myocyte hypertrophy

Explanted heart: chronic inflammation, no fibrosis

5 No Yes Yes Not performed Negative Explanted heart: focal necrosis with mild inflammatory
infiltrate

6 Yes Yes Yes Yes Negative Biopsy: Pericardial fibrosis, mild inflammatory cell infiltrate
Explanted heart: fibrofatty replacement in RV

7 Yes Yes Yes Not performed Negative Moderate fibrosis, moderate myocyte hypertrophy

8 Yes Yes Yes Not performed due to VAD Influenza A Myocyte necrosis and lymphocytic myocarditis

RV = right ventricle; VAD = ventricular assist device.

Table 3. Positive genetic test results were identified in the majority of patients. Individuals with positive results tended to have poor
outcomes.

Proband Genetic test results Variant classification Outcome

1 c.1111_11134del19 and c.1794_1801dup8 ALMS1
(Alström syndrome)

Pathogenic Cardiac transplant

2 p.Glu542Gln MYBPC3 Pathogenic Deceased

3 p.Pro28826fs TTN Likely pathogenic Cardiac transplant

4 p.Lys210del TNNT2 Pathogenic Cardiac transplant

5 p.Trp402* and p.Gln70* IDUA
(Hurler syndrome)

Pathogenic Deceased

6 p.Pro1075Leu LAMA4 VUS Cardiac transplant

7 p.Arg21747Ter TTN
p.Pro342Thr RBM20, p.Val218Ile DMD

TTN: Pathogenic
RBM20 and DMD: VUS

Listed for cardiac transplant

8 p.Arg1898His SCN5A
p.Arg443His PRDM16

p.Ala314SerfxX24 MIB1
p.Asp347Asn DTNA

SCN5A: likely pathogenic
PRDM16: VUS
MIB1: VUS
DTNA: VUS

Deceased

VUS = variant of uncertain significance.
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myocarditis. However, it cannot be ruled out that the pathogenic or
likely pathogenic variants in cardiac genes lead the heart to bemore
susceptible to cardiac decompensation with viruses. This theory
may be the case for Proband 8 who had definitive myocarditis
and a likely pathogenic variant in SCN5A. Previously, Belkaya
et al. found a significant proportion of children with myocarditis
were carriers for rare genetic variants in cardiac-related genes, sup-
porting this idea of genetic mutations increasing an individual’s
susceptibility to myocarditis.7

It should be noted that Belkaya et al’s yield (12%) and the
40–50% yield identified in other studies of non-ischemic cardio-
myopathy10,11 were lower than our yield of 62.5% for non-
syndromic forms. This discrepancy may be due to a variety of
factors including sample size and study design. While patients
in our sample were not specifically selected due to suspicion of
a genetic aetiology, we cannot rule out the possibility of a selection
bias. It is also possible that our high positive result rate may simply
be due to our sample size. Of note, while Belkaya et al’s study
utilised exome sequencing which is typically considered a compre-
hensive test, it does not include deletion/duplication analysis
which was performed in our samples.

Of note, a negative or uninformative genetic test result does
not eliminate the possibility of a genetic aetiology. Current
clinical genetic testing detects a genetic aetiology in around
40% of individuals with dilated cardiomyopathy.10 There are
most likely undiscovered genes and pathological variants in dis-
covered genes that cannot be detected using our current tech-
nology. Of note, even though proband 6’s genetic test results
were inconclusive, her pathology revealed fibrofatty infiltrate
suggestive of arrhythmogenic right ventricular cardiomyopa-
thy. Thus, in this case especially, an undetected genetic cause
cannot be ruled out.

Identifying patients with genetic conditions or predispositions
has important implications for these children and their family
members’management. Our results support the evidence that chil-
dren with a hereditary cardiomyopathy who present in acute heart
failure tend to have poorer outcomes compared to patients with
idiopathic cardiomyopathy.12 Of note, our study and previous
research have not compared mutation-negative, familial cases
compared to mutation-positive cases, and this would be of interest
for further study. Furthermore, identifying patients who have
genetic syndromes allows the health care team to provide appro-
priate anticipatory guidance to the family and appropriate medical
care for the additional sequela that may develop.

In addition, determining a genetic aetiology provides clinical
information to family members to undergo clinical cardiac screen-
ing and potentially begin interventions earlier than otherwise.
These interventions may slow down the progression of the condi-
tion and could prevent sudden death.13 Overall, recognising
genetic aetiologies provides key information in prognosis and fam-
ilial risk for the family and care team.

There are a few limitations to our study. Most significantly this
was a small, retrospective study, and not all patients who presented
to the Pediatric Intensive Care Unit with acute heart failure from
2008 to 2017 underwent genetic testing. Therefore, we are unable
to accurately assess the frequency of genetic aetiologies in the cases
in which testing was not performed. Consequently, referral and
selection bias cannot be excluded. Finally, the genetic testing per-
formed was limited by technology available at the time of presen-
tation, and it cannot be excluded that patients who had smaller
cardiomyopathy panels may have had additional findings if a
larger cardiomyopathy panel had been analysed.

Conclusion

Our findings suggest that genetic testing should be considered in
children presenting with acute heart failure. This testing should be
considered even in cases with negative personal and family histor-
ies and in cases where a physical exam performed by a geneticist
did not reveal syndromic features. Our results also indicate that
even in cases of confirmed myocarditis, there may be a contribut-
ing genetic factor and genetic testing could be considered. We do
advise that while genetic testing should be implemented as routine
workup in these cases, it is important that genetic tests are ordered
and interpreted by clinicians with expertise in genetics given their
possible complexity. The findings in this group of patients suggest
that a prospective investigation should be conducted to identify
genetic mutations in children with new onset acute heart failure
using cardiomyopathy panel genetic testing or whole exome
sequencing. The Pediatric Cardiomyopathy Registry is employing
whole exome sequencing for evaluation of genotype–phenotype
correlations and new gene discovery,14 and their results in the sub-
section of patients with acute heart failure may help answer this
question.

Acknowledgements. We are grateful to the patients and their families who
allowed us to be part of their medical care.

Financial Support. This research received no specific grant from any funding
agency, commercial or not-for-profit sectors.

Conflicts of Interest. Emily Brown is a consultant for Color Genomics andMy
Gene Counsel. Daniel P. Judge has received payments as a scientific advisor
from Alnylam, Pfizer, and GlaxoSmithKline Pharmaceuticals and clinical trial
support from Eidos Therapeutics. All other authors declare that they have no
conflicts of interest.

Ethical Standards. The authors assert that all procedures contributing to
this work comply with the ethical standards of the relevant national guidelines
on human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008, and has been approved by the Johns Hopkins institutional
committees.

References

1. Hsu DT, Pearson GD. Heart failure in children. Circ: Heart Fail 2008; 2:
480–488.

2. Nandi D, Rossano JW. Epidemiology and cost of heart failure in children.
Cardiol Young 2015; 25: 1460–1468.

3. Rossano JW, Shaddy RE. Heart failure in children: etiology and treatment.
J Pediatr 2014; 165: 228–233.

4. Foerster SR, Canter CE, Cinar A, et al. Ventricular remodeling and survival
are more favorable for myocarditis than for idiopathic dilated cardiomyopa-
thy in childhood an outcomes study from the Pediatric Cardiomyopathy
Registry. Circ: Heart Fail 2010; 3: 688–687.

5. Canter CE, Simpson KE. Diagnosis and treatment of myocarditis in
children in the current era. Circulation 2014; 128: 115–128.

6. Caforio AL, Pankuwiet S, Arbustini E, et al. Current state of knowledge on
aetiology, diagnosis, management, and therapy of myocarditis: a position
statement from the Heart Failure Association of the European Society of
Cardiology Working Group on myocardial and pericardial diseases.
Euro J Heart Fail 2013; 34: 2636–2648.

7. Belkaya S, Kontorovich AR, Byun M, et al. Autosomal recessive cardiomy-
opathy presenting as acute myocarditis. J Am Coll Card 2017; 68:
1653–1665.

8. Ponikowski P, Voors AA, Anker SD, et al. 2016 ESC guidelines for the diag-
nosis and treatment of acute and chronic heart failure: the task force for the
diagnosis and treatment of acute and chronic heart failure of the European
Society of Cardiology (ESC) developed with the special contribution of the

920 E. E. Brown et al.

https://doi.org/10.1017/S1047951119001124 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951119001124


Heart Failure Association (HFA) of the ESC. Euro J Heart Fail 2016; 27:
2128–2200.

9. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpre-
tation of sequence variants: a joint consensus recommendation of the
American College of Medical Genetics and Genomics and the Association
for Molecular Pathology. Genet Med 2015; 17: 405–424.

10. Morales A, Hershberger RE. The rationale and timing of molecular
genetic testing for dilated cardiomyopathy. Can J Cardiol 2015; 31:
1309–1312.

11. Ellepola CD, Knight LM, Fischbach P, et al. Genetic testing in pediatric
cardiomyopathy. Pediatr Cardiol 2018; 39: 491.

12. Rusconi P,Wilkinson JD, Sleeper LA, et al. Outcomes in children with fam-
ilial dilated cardiomyopathy compared to children with idiopathic dilated
cardiomyopathy (abstract). Circulation 2010; 122: A16092.

13. Hershberger RE, Siegfried JD. Update 2011: clinical and genetic issues in
familial dilated cardiomyopathy. J Am Coll Card 2011; 57: 1641–1648.

14. Wilkinson JD, Westphal JA, Bansal N, et al. Lessons learned from the pediatric
cardiomyopathyregistry(PCMR)studygroup.CardiolYoung 2015;25:140–153.

Cardiology in the Young 921

https://doi.org/10.1017/S1047951119001124 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951119001124

	Genetic aetiologies should be considered in paediatric cases of acute heart failure presumed to be myocarditis
	Introduction
	Materials and methods
	Subjects and participants
	Genetic testing

	Results
	Myocarditis evaluation
	Genetic evaluation and test results
	Outcome

	Discussion
	Conclusion
	References


