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report a case of a young male athlete in whom a presumptive 

diagnosis of hypertrophic cardiomyopathy (HCM) was made 

following a near sudden cardiac death. Although his imag-

ing studies initially suggested HCM, a detailed clinical and 

genetic evaluation of the patient and his asymptomatic fa-

ther led to the diagnosis of arrhythmogenic right ventricular 

cardiomyopathy/dysplasia (ARVD) in both. DNA sequencing 

revealed that each individual was heterozygous for two rare 
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 Abstract 
 Most sudden cardiac deaths in young athletes are caused by 

previously undetected inherited cardiac diseases. Here, we 
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   Established Facts 

• Arrhythmogenic right ventricular dysplasia (ARVD), a common cause of sudden cardiac death in 
young people, is typically diagnosed based on right ventricular dilation/hypokinesia, characteristic 
ECG abnormalities, right ventricular fibrofatty infiltrate and characteristic arrhythmia.

 • Inherited cardiomyopathies can have variable presentations and can share common characteristics 
with other inherited cardiomyopathies. 

   Novel Insights 

 • We report two cases of ARVD in a father and son with a novel p.I109M variant of  DSC2  and a previ-
ously reported c2489+1A 1 G mutation of  PKP2 , two previously reported ARVD-associated genes 
with unknown pathogenic mechanisms. 

 • We highlight the critical role of familial, clinical and genetic evaluation in establishing a diagnosis of 
ARVD because the heterogeneity of ARVD presentations makes common clinical criteria insuffi-
cient. 
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variants in the  PKP2  and  DSC2  genes, both of which were pre-

viously shown to be associated with ARVD and to encode 

desmosomal proteins, i.e. the previously reported splicing 

variant c2489 + 1A 1 G in the  PKP2  gene and the novel p.

I109M variant in the  DSC2  gene. Imaging and electrophysi-

ologic studies further supported a diagnosis of ARVD in the 

father. This case highlights the importance of detailed clini-

cal evaluation and genetic testing of family members when 

dealing with sudden cardiac death or unexplained cardio-

myopathies in the young.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Arrhythmogenic right ventricular dysplasia (ARVD), 
also known as arrhythmogenic right ventricular cardio-
myopathy, is a common cause of sudden cardiac death in 
young people  [1, 2] . The pathognomonic hallmark of 
ARVD is the replacement of cardiomyocytes with fat and 
fibrous tissues, typically in the right ventricle  [1] . ARVD 
is an autosomal dominant genetic disorder affecting a 
number of genes encoding the components of the cardiac 
desmosome complexes that mediate cell-to-cell attach-
ments. The disease prevalence is estimated at 1 in 1,000–
5,000 individuals, but it may be higher because of under-
diagnosis and misdiagnosis. Complicating efforts to di-
agnose ARVD is the fact that the disease manifestation 
varies widely in terms of onset and severity of symptoms, 
even within an affected family. Furthermore, ARVD can 
present in an atypical fashion, often mimicking hyper-
trophic or dilated cardiomyopathy affecting the left ven-
tricle without overt evidence of the pathognomonic fatty 
fibrous replacement. Here, we present a case of a near 
sudden cardiac death in a young athlete which was ini-
tially attributed to hypertrophic cardiomyopathy (HCM), 
but further familial and genetic evaluation revealed the 
ultimate diagnosis of ARVD. 

  Case Report 

 A previously healthy 21-year-old male was transferred to our 
center following aborted sudden cardiac death while playing bas-
ketball. As recounted by witnesses, the patient felt suddenly quea-
sy while playing and collapsed while attempting to drink from a 
water fountain. Bystander CPR was not initiated. Upon arrival of 
emergency medical services within 5 min of the arrest, the patient 
was defibrillated 4 times and received intravenous epinephrine 
and lidocaine. Upon transfer to our center, the patient was unre-
sponsive with evidence of significant anoxic encephalopathy. The 
patient had no past medical history of hypertension. His only 

medication was Adderall XR (extended-release mixed amphet-
amine salts) for treatment of adult attention deficit disorder.

  The initial ECG showed sinus rhythm with J point elevation 
in V1 and inverted and biphasic T waves in V1 and V2 ( fig. 1 a). A 
complete metabolic panel, complete blood count and serum and 
urine toxicology screens were all negative. An urgent coronary 
angiogram revealed no epicardial coronary artery disease. 

  The patient’s provisional diagnosis was nonobstructive HCM 
based upon the results of cardiac echocardiography and cardiac 
magnetic resonance (cMR) imaging studies. Cardiac echocar-
diography showed global, mild depression of left ventricular 
function with a left ventricular ejection fraction of 40%, a normal 
left ventricular internal diastolic diameter of 49 mm, mild, con-
centric left ventricular hypertrophy with a septal thickness of 12 
mm and a posterior wall thickness of 11 mm, no valvular abnor-
malities, no left ventricular outflow gradients, no intracardiac 
shunts and no diastolic abnormalities ( fig. 2 ). There was mild hy-
pokinesis and dilatation of the right ventricle. cMR showed a sym-
metrically hypertrophied heart with a septal thickness of 17 mm 
and a posterior wall thickness of 15 mm ( fig. 3 ). The left ventricu-
lar chamber size was normal with an end-diastolic diameter of 45 
mm and a left ventricular ejection fraction of 55%. Global right 
ventricular systolic function was normal. There was no systolic 
anterior motion of the mitral valve, and no other valvular or great 
vessel abnormalities were found. Subendocardial delayed gado-
linium enhancement was present globally throughout the left 
ventricle on the short axis view but not on orthogonal two-cham-
ber or four-chamber views due to the patient’s inability to hold his 
breath. 

  Over an ensuing 6-week hospitalization, the patient required 
a gastrostomy tube for feeding and extensive multidisciplinary 
rehabilitation. He made gradual but substantial recovery from 
anoxic encephalopathy. Cortical blindness and memory impair-
ment improved, and he regained significant motor control. A 
Medtronic Sprint Quatro Secure Internal Cardioverter Defibril-
lator (ICD) was implanted successfully given his improvement. 
Upon discharge to a rehab facility, the patient was able to follow 
simple commands, speak a word or two, feed himself, read and 
walk with assistance, with further sustained improvement in all 
arrest-related functional deficits. Given the provisional diagnosis 
of HCM in the patient at the time of the initial presentation, his 
blood sample was sent for HCM genetic screening (Harvard-
Partners Laboratory for Molecular Medicine). Eleven of the genes 
most commonly associated with HCM were sequenced  (ACTC, 
GLA, LAMP2, MYBPC3, MYH7, MYL2, MYL3, PRKAG2, 
TNNI3, TNNT2, TMP1),  but no pathologic mutations were de-
tected. 

  Following a prolonged convalescence, the patient (proband), 
along with the proband’s father, was referred to our Inherited 
Heart Disease Clinic. The proband’s 55-year-old father exercised 
regularly and denied syncope, chest pain, palpitations, light-
headedness or dyspnea. The father had no cardiac history and 
took only aspirin and simvastatin. The father’s family history was 
notable for another 26-year-old son who was alive and well, a 
59-year-old brother with S/P coronary artery bypass graft and 
ICD and a 61-year-old sister who died suddenly after an ICD had 
been implanted ( fig. 4 ). The remaining family members were alive 
and well in Iran. 

  The father’s ECG showed sinus bradycardia, normal intervals, 
an incomplete right bundle, an epsilon wave at the end of the QRS 
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a

b

  Fig. 1.  ECG of the proband and proband’s 
father.  a  The proband’s ECG is notable for 
J point elevation in V1 and inverted and 
biphasic T waves in V1 and V2.  b  The ECG 
of the proband’s father is notable for sinus 
bradycardia, an incomplete right bundle, 
an epsilon wave at the end of the QRS com-
plex in V1 and V2, borderline low voltage 
in the anterior leads and subtle ( ! 1 mm) 
ST elevation in V2–3 with wave inversions 
in V1–3. 

a b

  Fig. 2.  Echocardiograph of the proband. The parasternal short axis view ( a ) and parasternal long axis view ( b ) 
demonstrate global, mild depression of left ventricular function with concentric left ventricular hypertrophy 
and hypokinesis and dilatation of the right ventricle.  
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complex in V1 and V2, borderline low voltage in the anterior 
leads and subtle ( ! 1 mm) ST elevation in V2–3 with T wave in-
versions in leads V1–3 ( fig. 1 b). The father’s ECG was quite simi-
lar to the proband’s ECG. Since the ECGs of both the proband 
and his father were atypical for HCM, the proband’s father sub-

sequently underwent cMR, which showed normal left ventricle 
size and function, a dilated right ventricle, moderate right ven-
tricular hypokinesis and delayed enhancement along the entire 
right ventricular free wall without suggestion of fibrofatty re-
placement ( fig.  5 ). In aggregate, these ECG and cMR findings 
were highly suggestive of a clinical diagnosis of ARVD in the fa-
ther. 

  Given the father’s ECG and cMR findings suggestive of ARVD 
and the proband’s ECG features that were atypical for HCM, the 
ARVD genetic screening test was performed on the proband. The 
ARVD screening panel (Harvard-Partners Laboratory for Molec-
ular Medicine), which examines the coding sequence and splice 
sites of 5 genes most commonly associated with ARVD  (PKP2, 
DSG2, DSP, DSC2, TMEM43),  identified two rare sequence vari-
ants. The proband was heterozygous for the previously reported 
pathologic splice site mutation c.2489 + 1G 1 A in intron 12 of the 
desmosomal protein plakophilin-2 gene  PKP2  ( fig. 6 )  [3–5] . The 
mutation is predicted to cause abnormal RNA splicing, resulting 
in abnormal plakophilin-2. In addition, the proband was hetero-
zygous for the c.327A 1 G (p.I109M) variant in exon 3 of the des-
mosomal protein desmocollin-2 gene  DSC2.  Although this vari-
ant has not been previously reported in the literature or detected 
by the reference lab, its pathogenicity could not be determined at 
this time. 

  The proband’s father was then evaluated for risk of sudden car-
diac death from possible ARVD. The father’s ARVD screen showed 
the exact same mutations in  PKP2  and  DSC2.  The father was seen 
in consultation with an electrophysiologist (J.N.R.), who felt that 
the diagnosis of ARVD was secure in the father. Implantation of 
an ICD was discussed with the father, who, given considerable fi-
nancial constraints, was not able to render a final decision.

  Fig. 3.  Short axis cMR of the proband. The cMR was notable for a 
symmetrically hypertrophied heart and global subendocardial 
delayed gadolinium enhancement of the left ventricle (arrow).     

ARVD CABG

ICD

ICD

ARVD

Resuscitated cardiac arrest

ICD

  Fig. 4.  Pedigree of the proband and his family. Solid symbols rep-
resent individuals with ARVD. Open symbols represent unaffected 
or undiagnosed relatives. CABG = Coronary artery bypass graft.     

  Fig. 5.  cMR of the proband’s father demonstrated a dilated right 
ventricle, moderate right ventricular hypokinesis and delayed en-
hancement along the entire right ventricular free wall with some 
degree of fibrosis but without fibrofatty replacement.     
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  Discussion 

 Plakophilin-2 
 Previous studies have implicated plakophilin-2 and 

desmocollin-2 in the pathogenesis of ARVD  [6–10] . 
Among patients with ARVD, up to 25–45% harbor muta-
tions in  PKP2   [1, 3, 5, 7–9, 11–13] . Plakophilin-2 binds 
desmosomal transmembrane proteins and desmoplakin, 
which anchors cytosolic intermediate filaments to the 
desmosome  [1, 14] . Plakophilin-2 belongs to the arma-
dillo subfamily of proteins, which consist of an amino-
terminal head group and 10 related, short amino acid re-
peat units (arm units) and a carboxy-terminal domain 
 [14] . The c.2489 + 1G 1 A mutation in intron 12 of  PKP2  
detected in both patients ( fig. 6 ) is predicted to cause a 
splice site mutation that extends the mRNA transcript by 
71 base pairs  [6, 13] . Although mechanistic studies exam-
ining the pathogenicity of this mutation in  PKP2  have not 
been reported, the added amino acids probably interfere 
with the structure of the repeat arm units such that the 
mutant plakophilin-2 protein has weakened binding to 
other desmosomal proteins. A weakened cardiac desmo-
somal unit could predispose an individual to cardiomy-
opathy, as cardiac myocardium loses the ability to sustain 
stretch forces.

  Desmocollin-2 
 Several studies of patients with ARVD have revealed 

multiple pathologic mutations in  DSC2  with a frequency 
ranging from 0 to 7%  [8–11, 15, 16] . Desmocollin-2 is a 
desmosomal transmembrane protein and the exclusive 
desmocollin isoform expressed in cardiac tissue  [1, 6] . 
Even though the pathologic mutation in  PKP2  was suf-
ficient to support the diagnosis of ARVD, gene sequenc-
ing revealed that the patient also harbored a novel mis-
sense mutation in  DSC2.  The c.327A 1 G mutation ob-

served in the patient is predicted to cause an I109M 
nonsynonymous amino acid substitution in the propep-
tide region of desmocollin-2  [6, 7] . Although the patho-
logical significance of this novel variant remains unclear, 
this conservative amino acid substitution in the propep-
tide region could alter processing of desmocollin-2 to its 
mature form or inhibit proper targeting of desmocollin-2 
to the desmosome. This notion of altered processing is 
supported by one study in neonatal rat cardiomyocytes 
demonstrating reduced plasma membrane localization of 
a desmocollin-2 with a missense mutation in the propep-
tide region  [15] . Furthermore, plakophilin-2 and desmo-
collin-2 are predicted to bind on the cytosolic side of the 
desmosome  [1, 14] . Decreased desmocollin-2 localization 
to the desmosome could contribute to a dominant nega-
tive effect on the integrity of the desmosome, which may 
explain the observed trend toward exacerbated disease 
severity in patients with multiple desmosomal mutations 
 [8, 9, 11] . Thus, the c327A 1 G (I109M) mutation could 
function as a modifier that exacerbates the ARVD disease 
phenotype.

  ARVD – A Disease of Junctions 
 ARVD has been characterized as a disease of cardiac 

desmosomes because up to 50% of ARVD patients harbor 
mutations in genes encoding desmosomal proteins  [1, 
6–10, 12, 16] . The pathogenesis of these mutations re-
mains largely uncharacterized. However, mutations in 
desmosomal proteins could contribute to weakened car-
diac desmosomes through reductions in protein-protein 
binding affinities or reductions in protein targeting re-
sulting in fewer complete desmosomes. These desmo-
somal mutations could predispose individuals to reduced 
cardiac capacity to sustain stretch forces. The mechanism 
by which these desmosomal abnormalities contribute to 
clinical characteristics of this disease, such as fibrofatty 

A/C A G G U CNUGAuP A G G

Splice
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Intron 12
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Splice site 
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Putative causal mutation

  Fig. 6.  The c.2489 + 1G 1 A variant in intron 12 of the  PKP2  gene is predicted to cause abnormal RNA splicing. 
The variant, found in both the proband and his father, is predicted to disrupt splicing since the substituted gua-
nine (G) adjacent to the splice donor site is absolutely conserved.     
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infiltration in the right ventricle or conduction abnor-
malities, remains largely uncharacterized. Although the 
frequency of desmosomal mutations in patients with 
ARVD is suggestive of a disease of cellular structure, 
some studies suggest that ARVD could be a disease of cell 
signaling, because plakophilin-2 has been implicated in 
Wnt/ � -catenin signaling  [14, 17] . 

 The Critical Importance of ‘Familial Phenotyping’ 
 In the case reported here, the key to the diagnosis of 

ARVD in this family was the comparative ‘clinical pheno-
typing’ of the father and son by ECG and MRI. Although 
the son’s ECG was not classic for HCM, his MRI was most 
suggestive of HCM. MRI in the father was obtained to 
confirm the provisional diagnosis of HCM in the son. 
However, the similarity of the ECGs of the son and father, 
coupled with the father’s MRI, which strongly suggested 
ARVD, and the son’s negative HCM genetic screen, 
prompted further molecular diagnostic evaluation. Had 
the father not been ‘clinically phenotyped’, the diagnosis 
of ARVD would likely not have been established. 

  In the present case, both the proband and his father 
carried rare variants in  PKP2  and  DSC2.  The c.2489 + 
1G 1 A splice site variant of the  PKP2  gene is likely patho-
genic on its own. However, the impact of the p.I109M 
 DSC2  variant, either alone or in combination with the 
 PKP2  variant, cannot be determined at this time. Conse-
quently, while familial ARVD is typically inherited in an 
autosomal dominant manner, the probability of trans-
mitting ARVD to future offspring is unclear. In this re-
gard, it will be very illuminating to examine the geno-
types and phenotypes of additional family members.

  MRI of the proband did not reveal typical features of 
ARVD. It is possible that sudden death from the ARVD 
may have preceded the typical anatomic and functional 
findings because of synergistic contributions of concur-
rent medications such as Adderall and physical activity, 
or because variable expressivity may be present and these 
changes will not evolve in the proband. This case report 
raises an important clinical management question, 
namely whether all young victims of sudden cardiac 
death should be genetically screened for ARVD in cases 
where clinical findings are equivocal and the molecular 
HCM screening studies are normal. 

  This case also illustrates the lack of predictable pheno-
type-genotype correlations in families with inherited 
cardiomyopathies. While variable penetrance of a disease 
phenotype among family members harboring identical 
mutations has long been recognized, it is increasingly rec-
ognized that distinct phenotypes may result from an 

identical pathogenic mutation  [18] . For example, geno-
types classically associated with HCM have been report-
ed in dilated cardiomyopathy phenotypes  [19] . Further-
more, a genetic variant classically associated with dilated 
cardiomyopathy has also been reported in first-degree 
relatives with dilated cardiomyopathy, HCM and nondi-
lated restrictive cardiomyopathy phenotypes  [20] . Given 
the potential for variable clinical presentations within 
families, additional diagnostic genetic testing should be 
pursued if testing for genes traditionally associated with 
the proband phenotype is negative in the proband. 

  Due to the variability in the presentation of ARVD, 
especially within this family, ICD implantation was rec-
ommended for the patient’s father as a prophylactic mea-
sure, but the offsetting factor of prolonged survival with-
out symptoms of arrhythmia was also presented. This 
clinical recommendation of ICD implantation based on 
the genetic sequence of the disease genes  PKP2  and  DSC2  
is one of the hallmarks of individualized medicine. Simi-
lar decisions may be guided by a patient’s genome se-
quence as more genetic studies identify additional patho-
logic mutations and clarify genotype-phenotype correla-
tion in disease.
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