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Abstract: Myocyte disarray of >10% in the heart is broadly accepted as a diagnostic pitfall for
hypertrophic cardiomyopathy (HCM) at postmortem. The present study aims to propose an
additional diagnostic criterion of HCM. Heart specimens from 1387 serial forensic autopsy cases were
examined. Cases with myocyte disarray were extracted and applied to morphometric analysis to
determine the amount of myocyte disarray. Comprehensive genetic analysis by using next-generation
sequencing was subsequently applied for cases with myocyte disarray. Fifteen cases with myocyte
disarray were extracted as candidate cases (1.1%, 11 men and 4 women, aged 48–94 years). In terms of
the cause of death, only 2 cases were cardiac or possible cardiac death, and the other was non-cardiac
death. Six cases showed myocyte disarray of >10% and 3 cases showed myocyte disarray of 5% to
10%. The other 6 cases showed myocyte disarray of <5%. Nine rare variants in 5 HCM-related genes
(MYBPC3, MYH7, MYH6, PRKAG2, and CAV3) were found in 8 of 9 cases with myocyte disarray
of >5%. The remaining 1 and 6 cases with myocyte disarray of <5% did not have any such variant.
Myocyte disarray of >5% with rare variants in related genes might be an appropriate postmortem
diagnostic criterion for HCM, in addition to myocyte disarray of 10%.

Keywords: autopsy; diagnostic criteria; hypertrophic cardiomyopathy; myocytes disarray;
next-generation sequencing

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a common autosomal dominant genetic disorder, and is
characterized macroscopically through left ventricular hypertrophy [1]. The histological hallmark of
HCM is the triad of myocyte hypertrophy, myocyte disarray, and interstitial fibrosis. Myocyte disarray
is characterized by architectural disorganization of the myocardium in which adjacent hypertrophied
myocytes are aligned perpendicularity or obliquely to each other around the central core of collagen
in a pinwheel configuration. This is the most reliable finding for pathological diagnosis of HCM [2].
However, while myocyte disarray of >10% in the heart has been accepted as a point of consensus
for HCM, [2,3] the diagnostic significance of a lower percentage of myocyte disarray has not been
determined yet.
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The left ventricular hypertrophy in HCM may be symmetrical or asymmetrical, [4] and HCM may
affect any portion of the left ventricle. Such heterogeneity may lead to a wide variation in morphological
and clinical manifestations of HCM [4,5]. The typical classical anatomical form was initially shown by
Teare in 1958, who found that the heart showed narrowing of the left ventricular outflow tract due to
thickening of the basal anterior septum [6]. Furthermore, several studies have shown unusual and rare
morphological variants, including cases with a mid-ventricular obstructive form, [7] apical form, [8] or
even cases without left ventricular hypertrophy [9]. Therefore, a histopathological examination should
be essential for a definite diagnosis of HCM [2]. Previous autopsy studies have shown that there are
confusing cases with asymmetric exaggeration of the basal anterior septum due to hypertension and
aortic valve stenosis, and a physiological sigmoid septum occurs when the take-off of the ascending
aorta from the left ventricle is sharply angled [2,10,11].

The recent development of next-generation sequencing (NGS) has facilitated genetic testing of
multiple inherited cardiac disorder-associated genes, including channelopathy-, cardiomyopathy-,
or other heart disease-associated genes [12]. Some studies, including our study, showed that genetic
investigation using NGS had substantial potential for a correct postmortem diagnosis, regardless of
the macroscopic appearance of the heart or the clinical history of autopsied cases [13,14]. HCM is
frequently described as a disease of the sarcomere, with pathogenic variants detected in almost all
sarcomeric proteins [15].

The prevalence of HCM examined by echocardiographic analysis is 1:500 to 1:200 in the general
population of healthy young adults [16]. We previously showed that a large cohort of forensic autopsy
cases, without case selection, may be useful for examining the prevalence, and early clinical and
pathological manifestations of neurodegenerative disease [17,18]. In the current study, we examined
serial forensic autopsy cases, and performed a detailed pathological examination to detect cases with
myocardial disarray, and subsequently performed genetic analysis for detected cases. This study
aimed to investigate the prevalence of undiagnosed HCM in the Japanese population after establishing
postmortem diagnostic criteria of HCM. We also examined the pathological and genetic features of
such cases to discuss the phenotype–genotype correlation in undiagnosed HCM cases.

2. Methods

All autopsies performed in our department from January of 2010 to September of 2018 were
evaluated (n = 1506). Of these, heart specimens from 1387 autopsies (0–101 years old; males, 871;
females, 516; mean age, 63.1 ± 21.1 years) without severe injury or postmortem degradation were
examined. A natural cause of death was recorded for 339 cases (males, 245; females, 94), and 579 cases
(males, 389; females, 190) suffered from accidental traumatic death (e.g., fall, traffic accident, burning,
drowning, or hypothermia). Suicide or homicide accounted for 426 cases (males, 214; females, 212),
and there were 43 cases (males, 24; females, 19) with undetermined causes of death. The clinical
history of patients was obtained from their families and from police records. Toxicological screening
was applied to all cases and quantitative assessment was also performed as appropriate. The ethical
committee of Toyama University approved this study, which was performed in accordance with the
ethical standards established in the 1964 Declaration of Helsinki.

The hearts were excised and dissected free from the great vessels. Heart weight, including epicardial
coronary arteries and epicardial fat, was measured to the nearest gram. The right and left ventricles
were cut at 1 cm intervals parallel to the levels of the papillary muscle from the apex. Sections at the
level of the papillary muscle and the level just above the apex were subjected to a thorough histological
examination. The major epicardial coronary arteries and the left main, left anterior descending,
left circumflex, and right coronary arteries were cut transversely at 5 mm intervals. Hematoxylin–eosin
and Masson–Trichrome staining were applied for all specimens [13,14].

Cases that fulfilled the criteria of type Ia myocardial disarray/disorganization as defined by
Maron et al. were extracted [19]. The ventricle was divided into 5 areas, which were anterior, lateral,
and posterior of the left ventricle, the ventricular septum, and the right ventricle. The presence or
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absence of myocyte disarray in each case was recorded. The severity of interstitial fibrosis was scored
by an investigation of specimens that were stained with the Masson–Trichrome method. No interstitial
fibrosis was categorized as grade 0, mild interstitial fibrosis was grade 1, moderate interstitial fibrosis
was grade 2, and advanced interstitial fibrosis or replacement fibrosis was grade 3 (Supplemental
Figure S1). The relative amount of disarray in whole specimens at the level of the papillary muscle
was measured using a BX51 microscope (Olympus, Tokyo, Japan), which was equipped with a digital
camera (DP73; Olympus, Tokyo, Japan), and analyzed using Olympus cellSens imaging software
(version 1.7, Olympus, Tokyo, Japan). In the present study, disarrangement of myofibers at the junction
of the ventricular septum was considered as a physiological appearance [20]. Therefore, this finding
was not evaluated as myocyte disarray.

2.1. Genetic Testing Using NGS

Genomic DNA was extracted from whole blood samples from autopsy cases with myocardial
disarray using a QIAamp DNA Mini Kit (Qiagen, Redwood City, CA, USA). We designed a custom
AmpliSeq panel of PCR primers (Life Technologies, Carlsbad, CA, USA) using Ion AmpliSeq Designer
software (Life Technologies, Carlsbad, CA, USA) to target all exons of 81 cardiovascular disorder-related
genes (Life Technologies, Carlsbad, CA, USA), which are listed in Supplemental Table S1 was performed
using an Ion PGM system (Life Technologies, Carlsbad, CA, USA). This custom panel, which consisted
of two separate PCR primer pools and produced a total of 2890 amplicons, was used to generate target
amplicon libraries. Genomic DNA samples were each PCR-amplified using the custom-designed
panel and Ion AmpliSeq Library Kit Plus (Life Technologies, Carlsbad, CA, USA) in accordance with
the manufacturer’s instructions. Various samples were distinguished using an Ion Xpress Barcode
Adapters Kit (Life Technologies, Carlsbad, CA, USA) and then pooled in equimolar concentrations.
Emulsion PCR and Ion Sphere Particle (ISP) enrichment were performed with an Ion PGM Hi-Q View
OT2 200 Kit (Life Technologies, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions.
ISPs were loaded on an Ion 318 Chip v2 and sequenced with an Ion PGM Hi-Q View Sequencing Kit
(Life Technologies, Carlsbad, CA, USA). Minimal coverage of 20 reads was defined as the cut-off value.

All variants derived from PGM sequencing were prioritized and then confirmed by Sanger
sequencing to validate the NGS results. For Sanger sequencing, the nucleotide sequences of the
amplified fragments were analyzed by direct sequencing in both directions using a BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and an ABI 3130xl automated
sequencer (Applied Biosystems, Foster City, CA, USA).

2.2. Variant Classification of Inherited Genetic Defects

The allelic frequency in the Genome Aggregation Database (gnomAD) was determined for all
detected variants and those with a minor allelic frequency of >0.1% in the general population were
removed [21]. Variants were then verified using Combined Annotation Dependent Depletion (CADD),
which is a tool for scoring variants, and variants with a score of <15 were filtered out [22]. We then
obtained functional or/and segregation analysis data on previously reported variants from both the
human genome mutation database [23] and the ClinVar disease mutation database [24]. We additionally
classified the remaining variants as one of the following: pathogenic, likely pathogenic, or variant of
uncertain significance, according to the American College of Medical Genetics and Genomics (ACMG)
consensus statement guidelines [25].

2.3. Statistical Analysis

Differences in the frequency of rare variants versus control variants archived in the Human Genetic
Variation Database [26] and the Integrative Japanese Genome Variation Database [27] were assessed
using Fisher’s exact test with p < 0.05 being statistically significant.
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3. Results

3.1. Autopsy Cases

Fifteen cases showed myocyte disarray in the left ventricle (11 men and 4 women, aged 48–94
years, 74.1 ± 13.9 years). A summary of the clinical characteristics of all the cases is provided in Table 1.
With regards to the cause of death, three cases died of illness (one died from aortic dissection, one from
congestive heart failure, and one from advanced esophageal cancer), nine died by accident (three
from drowning outdoors, one from drowning in a bathtub, one from hypothermia where the patient
had a history of advanced dementia, two were killed in traffic accidents as pedestrians, one died in
a house fire, and the remaining case died from a head injury after an accidental fall), and the other
three cases were suicides. No cases were diagnosed with HCM while alive. Five cases had a history
of hypertension, and four of these five cases were medicated. Arrhythmia was found in three cases;
one of these cases had paroxysmal supraventricular tachycardia, and the other two cases had atrial
fibrillation (Table 1).

3.2. Pathological Findings

A summary of all cases is described in Table 1. Three cases showed a heart weight >500 g.
Left ventricular thickness was >1.5 cm in 10 cases and asymmetric septal hypertrophy was found
in 2 cases (Figure 1). Myocyte disarray was found in the ventricular septum in 14 of 15 cases.
Myocyte disarray was also found in the anterior wall in 10 cases, in the lateral wall in 5 cases, in the
posterior wall in 2 cases, in the apical region in 2 cases, and in the right ventricle in 2 cases (Figure 2,
Supplemental Figure S2). The extent of myocyte disarray in the whole specimen at the level of
the papillary muscle was >10% in 6 cases, between 5% and 10% in 3 cases, and <5% in 6 cases.
While interstitial fibrosis was found in all cases and the degree varied, the severity tended to increase
with an increase in cardiac weight. One case showed old myocardial infarction with advanced coronary
artery disease and another one case had transthyretin-positive mild senile amyloidosis. Three cases
had narrowing of the coronary artery due to atherosclerosis, and 1 of the 3 cases showed healed
plaque disruption and old myocardial infarction of the left ventricle. Fatal acute aortic dissection and
advanced prostatic carcinoma with extensive lung metastasis and advanced esophageal cancer was
found in one case each. Acute myocardial necrosis, myocarditis, and advanced valvular disease were
not evident. Four cases showed advanced neurodegenerative diseases.
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Figure 1. Gross appearance of the heart. A; Marked concentric left ventricular hypertrophy in Case
1. B; Asymmetric septal hypertrophy in Case 1. C; Marked concentric hypertrophy in Case 2. D;
Moderate left ventricular hypertrophy in Cases 5 (D) and 6. E, F; Mild hypertrophy of the left ventricle
in the hearts of Cases 7 (E) and 8 (F). The left lateral wall in Case 7 was ruptured by a traffic accident.



J. Clin. Med. 2019, 8, 463 5 of 12
J. Clin. Med. 2019, 8, x FOR PEER REVIEW 5 of 13 

 

 
Figure 2. Histological appearance of the heart. A; Myocardial scar in Case 1 (Masson–trichrome). B; 
Myocyte disarray with hypertrophy of myocytes in Case 1 (hematoxylin–eosin). C; Myocyte disarray 
with severe interstitial fibrosis in Case 2 (Masson–trichrome). D; Myocyte disarray with mild myocyte 
hypertrophy in Case 7 (hematoxylin–eosin). E; Myocyte disarray with mild interstitial fibrosis in Case 
8 (hematoxylin–eosin). F; Amyloidosis in Case 6 (hematoxylin–eosin). Scale bar = 2 mm (A), 200 µm 
(B-E). 

3.3. Genetics 

In 7 (46.7%) of the 15 cases, no potential pathogenic mutation was identified. In 8 (72.7%) cases, 
a total of 8 rare variants in 5 different genes were identified; MYBPC3 was the most frequently 
involved (4 variants in 4 cases, 2 variants in 1 case) and the remaining 4 genes (CAV3, PRKAG2, 
MYH6, MYH7, 4 cases, 4 variants) accounted for a lower frequency. All variants were missense. 
According to ACMG guidelines [25], 2 of the 8 rare variants were classified as pathogenic or likely 
pathogenic rare variants in 3 (20.0%) cases. These variants were MYBPC3_p.Arg470Gln and 
MYBPC3_p.Thr1046Met. The remaining 6 variants were classified as potentially pathogenic variants. 
Two rare heterozygous variants were found in 1 of the 15 (6.7%) cases (Table 1). We also found many 
rare missense variants of TTN (Supplemental Table 1). We evaluated these variants as benign in the 
present study because the actual pathogenic role of these TTN missense variants remains unknown. 
While Lopes et al. [28] found 219 TTN rare variants and 209 of them were novel missense variants, 
this cohort of individuals potentially had a sarcomeric gene mutation that likely caused HCM [28]. 
The details of detected rare variants are listed in Supplemental Table S2. 

3.4. Phenotype–Genotype Correlation 

In 6 cases with myocyte disarray of >10%, 5 (83.4%) had HCM-related rare variants. While all 3 
cases with myocyte disarray of 5% and 10% had a rare variant, both cases with <5% of myocyte 
disarray did not have any such variants. The rate of cases with rare variants in those with myocyte 
disarray >5% was 86.7%. In 4 cases with MYBPC3 variants, the cardiac weight, the amount and 
distribution of myocyte disarray, the degree of fibrosis, and thickness of the left ventricular wall were 
all varied.

Figure 2. Histological appearance of the heart. A; Myocardial scar in Case 1 (Masson–trichrome). B;
Myocyte disarray with hypertrophy of myocytes in Case 1 (hematoxylin–eosin). C; Myocyte disarray
with severe interstitial fibrosis in Case 2 (Masson–trichrome). D; Myocyte disarray with mild myocyte
hypertrophy in Case 7 (hematoxylin–eosin). E; Myocyte disarray with mild interstitial fibrosis in Case
8 (hematoxylin–eosin). F; Amyloidosis in Case 6 (hematoxylin–eosin). Scale bar = 2 mm (A), 200 µm
(B–E).

3.3. Genetics

In 7 (46.7%) of the 15 cases, no potential pathogenic mutation was identified. In 8 (72.7%) cases,
a total of 8 rare variants in 5 different genes were identified; MYBPC3 was the most frequently involved
(4 variants in 4 cases, 2 variants in 1 case) and the remaining 4 genes (CAV3, PRKAG2, MYH6, MYH7,
4 cases, 4 variants) accounted for a lower frequency. All variants were missense. According to
ACMG guidelines [25], 2 of the 8 rare variants were classified as pathogenic or likely pathogenic rare
variants in 3 (20.0%) cases. These variants were MYBPC3_p.Arg470Gln and MYBPC3_p.Thr1046Met.
The remaining 6 variants were classified as potentially pathogenic variants. Two rare heterozygous
variants were found in 1 of the 15 (6.7%) cases (Table 1). We also found many rare missense variants of
TTN (Supplemental Table S1). We evaluated these variants as benign in the present study because
the actual pathogenic role of these TTN missense variants remains unknown. While Lopes et al. [28]
found 219 TTN rare variants and 209 of them were novel missense variants, this cohort of individuals
potentially had a sarcomeric gene mutation that likely caused HCM [28]. The details of detected rare
variants are listed in Supplemental Table S2.

3.4. Phenotype–Genotype Correlation

In 6 cases with myocyte disarray of >10%, 5 (83.4%) had HCM-related rare variants. While all
3 cases with myocyte disarray of 5% and 10% had a rare variant, both cases with <5% of myocyte
disarray did not have any such variants. The rate of cases with rare variants in those with myocyte
disarray >5% was 86.7%. In 4 cases with MYBPC3 variants, the cardiac weight, the amount and
distribution of myocyte disarray, the degree of fibrosis, and thickness of the left ventricular wall were
all varied.
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Table 1. Summary of clinical and autopsy findings.

Case
Age
(y) Sex

BMI
(kg/m2) Cause of Death Clinical History HW

(g) ASH
LV

(cm)

Distribution of Myocyte Disarray
Area of

Disarray (%) Fib Other Pathology
Variant

A L P S Ap RV Pathogenic/likely
Pathogenic

Uncertain
Significance

1 53 M 25.9 Head injury
(suicide) HT, PSVT (5 y) 726 + 2.5 + - + + + + 8.5 3 CA (50% in the

RCA and LAD) MYBPC3_p.T1046M -

2 71 F 27.7 Aortic dissection Brain injury (25 y) 550 + 2.5 + + - + - - 15.2 3 Aortic dissection MYBPC3_p.R470Q -

3 94 M 25.9 CHF HT, dementia,
prostatic cancer, 490 - 2.2 + - - + - - 13.1 3

CA (60% in the
LMT), Alzheimer’s
disease

- -

4 74 M 20.9 Drowning
(accident) af, gait disorder 481 - 2.0 - - - + - + 14.2 2

CA (healed plaque
rupture in the
LAD), OMI, PSP

- MYH6_p.D629N

5 72 M 20.6 Drowning
(accident) HT (20 y) 476 - 2.0 + + - + - - 18.1 2 NS - PRKAG2_p.G75A

6 94 F 20.6 Drowning in the
bathtub Hyperuricemia 423 - 1.6 + - - + - - 12.5 2 Cardiac

amyloidosis(senile) MYBPC3_p.T1046M MYBPC3_p.R1138C

7 78 M 18.0 Multiple injuries
(traffic accident) NS 330 - 1.3 + + + + - - 13.7 1

Prostatic cancer
with pulmonary
metastasis

- CAV3_p.R148Q

8 48 M 20.1 Multiple injuries
(traffic accident) NS 320 - 1.2 + + - - - - 7.0 1 NS - MYBPC3_p.E334K

9 69 M 25.2 Head injuries
(accident) NS 624 - 1.8 - - - + + - 7.8 3 NS - MYH7_p.941H

10 75 M 18.1 Drowning (suicide) Depression 450 - 1.8 + - - + - - 2.4 1 PSP - -
11 86 F NE Burn (accident) NS 300 - 1.3 - - - + - - 1.8 1 NS - -

12 78 F 20.8 Drowning

HT,
hypercholeste-rolaemia,
angina pectoris,
dementia

376 - 1.5 + - - + - - 1.6 1 Chronic
pancreatitis - -

13 83 M 27.1 Hypothermia dementia 568 - 1.5 + - - + - - 1.5 1 Esophageal cancer - -
14 81 M 26.0 CHF Esophageal cancer 373 - 1.5 - - - + - - 2.1 1 Lewy body disease - -

M, male; F, female; BMI, body mass index; HW, heart weight; ASH, asymmetric septal hypertrophy; LV, thickness of the left ventricle; A, left anterior wall; L, left lateral wall; P, left posterior
wall; S, ventricular septum; RV, right ventricle; Fib, grade of fibrosis; HT, hypertension; PSVT, paroxysmal supraventricular tachycardia; CA, narrowing of the coronary artery; RCA,
right coronary artery; LAD, left anterior descending artery; CHF, congestive heart failure; LMT, left main trunk; af, atrial fibrillation; OMI, old myocardial infarction; PSP, progressive
supranuclear palsy; NS, not significant; NE, not examined.
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4. Discussion

With few exceptions, many forensic autopsies in Japan are performed under the Criminal Code.
These autopsies are typically performed when the cause of death is suspected to be unnatural or is
possibly linked to a crime [17]. We speculate that many unusual deaths, as examined in the present
study, have not been investigated in previous clinical and/or pathological studies on detecting HCM
without antemortem diagnosis. However, our forensic autopsy case series may not accurately represent
the general Japanese population, but might be close to such a population. The present study might be
useful for establishing the correct prevalence of undiagnosed HCM in the Japanese general population,
and may be useful for showing the clinicopathological appearance of such undiagnosed HCM.

When investigating an autopsy cohort targeting HCM, careful pathological investigation of a
certain area of the ventricular wall may be essential for confirming the presence or absence of myocyte
disarray. This is because myocyte disarray in individuals with HCM tends to be regional [2]. Previous
investigations have shown myocyte disarray not only in the hearts of individuals with congenital
heart disease, [29] but also in normal adult hearts [30]. However, extensive myocyte disarray is
considered to be a highly sensitive and specific marker for diagnosing HCM because of mild myocyte
disarray in normal hearts [30,31]. Some previous studies have suggested there is myocyte disarray
of at least 5% in the heart of HCM [32]. Davies then proposed that myocardial disarray of 10% is
required for diagnosis [3]. However, Rose also suggested that myocardial disarray of 5% is too low a
value for accurate diagnosis of HCM and may lead to a false positive diagnosis in a small number
of patients [33]. According to these studies, 5 of 10 cases with myocyte disarray of >10% can be
pathologically diagnosed as HCM.

Integration of genetic testing into autopsy is a recent advancement [34,35]. This technology
represents major progress in the ability to rapidly analyze a large panel of HCM-related genes with the
spread of NGS in clinical practice and autopsy [15,36]. Such advances require more specific expertise
for appropriate interpretation of genetic results because a considerable number of sequence variants
of unknown clinical or pathological significance was detected unexpectedly [37]. Previous genetic
investigations showed that 35% to 60% of cases of clinically diagnosed HCM carried mutations in
1 of the sarcomere protein genes, [38–40] mainly MYBPC3 and MYH7 variants (70% of identified
mutations) [15]. Furthermore, non-sacromeric genetic variants have been observed in approximately
25% of children with HCM [41]. While “background noise” of human genetic variation has increased
with variants of uncertain significance by comprehensive genetic investigation using NGS, [42] the
number of genes involved in HCM has increased with progress in genetic investigation [15,36].
Coincidence between phenotype and genotype may be important for exploring the pathogenicity for a
rare variant with uncertain significance.

Eight HCM-related variants that were detected in the present study could be interpreted as
pathogenic because of the association with a certain amount of myocyte disarray in the heart. Among
the three variants found in cases 1, 8, and 9 with myocyte disarray between 5%-10%, MYBPC3_p.T1046M
was identified as pathogenic according to the ACMG guidelines. Although the other two variants
(found in cases 8 and 9) were of uncertain significance according to the ACMG guidelines, these variants
were classed as likely pathogenic by either ClinVar or HGMD. However, 6 cases with myocyte disarray
of <5% did not have any possible pathogenic variant. On the basis of previous pathological studies
on myocardial disarray [3,29,30] and the results of the present study, we propose that coexistence of
myocyte disarray of >5% and HCM-related rare variants may be diagnosed as HCM in postmortem
investigations, as well as cases with myocyte disarray of 10%. If we applied this diagnostic index, 9 of
15 cases (Cases 1 to 9, 7 men and 2 women, aged 48-94 years, 75.0 ± 14.7 years) could be diagnosed with
HCM, and the prevalence of HCM in the present autopsy cohort study was 0.65%. The relatively higher
prevalence of HCM in the present case series than in previous clinical cohort studies (0.16–0.29%) [36]
might be due to extraction of cases with myocyte disarray, despite lacking significant left ventricular
hypertrophy in our autopsy cohort. Detection of HCM-related rare variants may enable HCM to be
missed in postmortem examinations, especially when the clinical history and/or typical pathology of
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HCM pathology is not evident. Concomitant administration between pathological examinations and
genetic investigations may increase the rate of accurate diagnosis of HCM at postmortem.

Clinical manifestations of HCM widely vary. Large cohorts of patients with HCM have clinically
demonstrated a nearly normal life. The prevalence of death due to HCM may not be higher than
expected, especially in older cases, [43] and only a minority of patients experience sudden cardiac
death (SCD) [44]. Approximately, 5% to 10% of patients with HCM progress to end-stage disease
with inherited systolic function and dilatation [15]. In the present study, 9 HCM cases did not include
those with a younger onset or severe clinical signs possibly related to HCM. Only 1 case showed
cardiac symptoms while alive, and possible HCM-related death was only found in 2 cases (Case 3
with congestive heart failure and Case 6 with sudden death in the bathtub). However, these 2 cases
were older than 90 years, and each had additional disease, such as mild senile cardiac amyloidosis
and advanced cancer as an additional contributing factor for their death. Therefore, these 9 cases
may be late-onset or mildly progressive HCM. Retrospective analysis of pathological and genetic
manifestations of our detected cases might show the clinicopathological and genetic profile of late-onset
or modest HCM.

Clinicopathological correlations in HCM have not been well investigated yet. The extent
of myocardial hypertrophy and left ventricular outflow obstruction do not predict SCD [1,45].
Dimitrow and Dubiel showed through detail echocardiographic investigation that a significant
morphological imbalance between hyperprophied ventricular septum with reversed curvature and
narrowed left ventricle allowed identification of a subgroup of patients with HCM who have an
increased risk of SCD [46]. While some studies have shown that myocardial scarring may be
associated with an increased risk of ventricular arrhythmia [47,48], myocardial scarring is common in
asymptomatic or mildly symptomatic patients with HCM [49]. The guidelines for HCM diagnosis
proposed by the European Society of Cardiology use a sudden cardiac death score to predict the
5-year risk of sudden cardiac death; both myocardial thickness and the left ventricular outflow tract
gradient are taken into consideration in the score [50]. Notably, there have been cases of SCD due to
HCM without major pathology other than myocyte disarray [9]. Although our examined cases were
limited, the pathological appearance of the present undiagnosed HCM cases, including heart weight,
thickness of the left ventricle and degree of fibrosis, also varied. Additionally, 3 cases showed marked
advanced myocardial hypertrophy with a cardiac weight >500 g and microscopic disorganization of
the myocardium, similar to clinically diagnosed HCM cases as shown by previous investigations [2,20].
The clinicopathological diversity in the present study suggests the need for distinct pathological
diagnostic criteria for HCM.

Although the presence of diseases causing gene mutations is related to a worse prognosis, [51] the
variants found in the present HCM cases should be evaluated as important, but modest, pathogenic
variants. Information on the genotype–phenotype correlation of HCM, including clinical appearance
and outcomes, is limited. An example of this situation is that although the MYH7 mutation was
initially related to a worse outcome than the MYBPC3 mutation, [52] recent studies failed to show
a significant difference in phenotype between these 2 groups [40,53]. Additionally, the MYBPC3
mutation is associated with late onset, mild hypertrophy, a low incidence of SCD, and a relatively
benign clinical course [53–55]. However, a recent investigation of Japanese patients showed that
HCM cases with the MYBPC3 mutation may have a high frequency of ventricular arrhythmia and
syncope [56]. The diversity of clinicopathological manifestation of HCM suggests that the clinical
course of each patient, including the prognosis, cannot usually be determined only by genetic analysis.
The morphological, histological, and clinical phenotype of HCM is considered to be the consequence
of complex interactions among a large number of determinants, ranging from causal genetic mutations
to environmental factors [36]. The differences in pathological appearance, other than myocyte disarray
between Cases 1 and 6 that commonly had MYBPC3_p.T1046M, strongly support this hypothesis.
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Limitations

The number of HCM cases in the present study was limited. Therefore, we cannot determine
whether cases with myocyte disarray of <5% can be completely ruled out from the diagnosis of HCM,
especially when such cases have HCM-related pathogenic variants. Additionally, a causal role in HCM
of PRKAG2, CAV3, and MYH6, which were detected in the present study, has not been well investigated
because of the low prevalence of corresponding cases [36]. However, pathological changes in 3 cases
showed that these variants are high and are possibly HCM-related pathogenic variants. Investigation
for one case that a disease causing variant could not be found will be also needed. In the future, a study
targeting the effect of overlapping common variants [57] or copy number variants, [55] which has been
recently observed as a disease-causing factor, may also be required.

5. Conclusions

The resent study showed that cases with a certain amount of myocardial disarray (>5% in the
heart) frequently had pathogenic HCM-related rare variants (8/9 cases, 88.9%). Therefore, these cases
may be diagnosed as HCM, despite the presence or absence of clinical and/or pathological signs that
are suggestive of HCM. The prevalence of undiagnosed HCM cases in the Japanese general population
was 0.65% under our proposed postmortem diagnostic criteria. Many detected genetic variants in the
present cases might have lower pathogenicity than the variants found in SCD or in other cases with
severe clinical symptoms. Performing pathological investigations of a more extensive area in the heart
and more advanced genetic investigation methods might enable a more definite diagnosis of HCM,
and may clarify phenotype–genotype correlations in HCM more clearly.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/4/463/s1,
Figure S1: Grading of fibrosis in the heart., Figure S2: Distribution of myocyte disarray; Table S1: List of the
inherited cardiac disease genes analyzed in this study. Table S2; Pathogenic, likely pathogenic and possibly
pathogenic rare variants in the study.

Author Contributions: All authors have made substantial contribution to the conception or design of the work; or
the acquisition, analysis, or interpretation of data; or have drafted the work or substantively revised it. All authors
have approved the submitted version and agree to be personally accountable for the author’s own contributions
and for ensuring that questions related to the accuracy or integrity of any part of the work, even ones in which the
author was not personally involved, are appropriately investigated, resolved, and documented in the literature.
Individual contribution: Y.H., N.N.; study design, Y.H., K.H., Y.Y.; data collection, Y.H., S.I., Y.O., F.I.; data analysis,
Y.H., K.H., F.I.; data interpretation, Y.H., S.I., N.N.; literature search, Y.H., K.H., Y.Y., Y.O.; generation of figures,
Y.H., F.I., N.N.; writing of the manuscript.

Funding: This work was supported in part by JSPS KAKENHI grant numbers JP18K10119 to Y.H and JP17k09263
to N.N.

Acknowledgments: The authors thank Ms. Tamae Sasakura, Mr. Noboru Onozuka, Ms. Syuko Matsumori,
and Mr. Osamu Yamamoto for their technical assistance. We thank Ellen Knapp, PhD, from Edanz Group
(www.edanzediting.com/ac) for editing a draft of this manuscript.

Conflicts of Interest: None declared.

References

1. Maron, B.J. Hypertrophic cardiomyopathy: A systematic review. JAMA 2002, 287, 1308–1320. [CrossRef]
[PubMed]

2. Hughes, S.E. The pathology of hypertrophic cardiomyopathy. Histopathology 2004, 44, 412–427. [CrossRef]
3. Davies, M.J. The current status of myocardial disarray in hypertrophic cardiomyopathy. Br. Heart J. 1984, 51,

361–363. [CrossRef]
4. Davies, M.J.; McKenna, W.J. Hypertrophic cardiomyopathy–pathology and pathogenesis. Histopathology

1995, 26, 493–500. [CrossRef] [PubMed]
5. Wigle, E.D.; Sasson, Z.; Henderson, M.A.; Ruddy, T.D.; Fulop, J.; Rakowski, H.; Williams, W.G. Hypertrophic

cardiomyopathy. The importance of the site and the extent of hypertrophy. A review. Prog. Cardiovasc. Dis.
1985, 28, 1–83. [CrossRef]

6. Teare, D. Asymmetrical hypertrophy of the heart in young adults. Br. Heart J. 1958, 20, 1–8. [CrossRef]

http://www.mdpi.com/2077-0383/8/4/463/s1
www.edanzediting.com/ac
http://dx.doi.org/10.1001/jama.287.10.1308
http://www.ncbi.nlm.nih.gov/pubmed/11886323
http://dx.doi.org/10.1111/j.1365-2559.2004.01835.x
http://dx.doi.org/10.1136/hrt.51.4.361
http://dx.doi.org/10.1111/j.1365-2559.1995.tb00267.x
http://www.ncbi.nlm.nih.gov/pubmed/7665141
http://dx.doi.org/10.1016/0033-0620(85)90024-6
http://dx.doi.org/10.1136/hrt.20.1.1


J. Clin. Med. 2019, 8, 463 10 of 12

7. Fighali, S.; Krajcer, Z.; Edelman, S.; Leachman, R.D. Progression of hypertrophic cardiomyopathy into a
hypokinetic left-ventricle—Higher incidence in patients with midventricular obstruction. J. Am. Coll. Cardiol.
1987, 9, 288–294. [CrossRef]

8. Yamaguchi, H.; Ishimura, T.; Nishiyama, S.; Nagasaki, F.; Nakanishi, S.; Takatsu, F.; Nishijo, T.; Umeda, T.;
Machii, K. Hypertrophic nonobstructive cardiomyopathy with giant negative t waves (apical hypertrophy):
Ventriculographic and echocardiographic features in 30 patients. Am. J. Cardiol. 1979, 44, 401–412. [CrossRef]

9. McKenna, W.J.; Stewart, J.T.; Nihoyannopoulos, P.; McGinty, F.; Davies, M.J. Hypertrophic cardiomyopathy
without hypertrophy: Two families with myocardial disarray in the absence of increased myocardial mass.
Br. Heart J. 1990, 63, 287–290. [CrossRef]

10. Goor, D.; Lillehei, C.W.; Edwards, J.E. The “sigmoid septum”. Variation in the contour of the left ventricular
outt. Am. J. Roentgenol. Radium Ther. Nucl. Med. 1969, 107, 366–376. [CrossRef]

11. Dalldorf, F.G.; Willis, P.W. Angled aorta (“sigmoid septum”) as a cause of hypertrophic subaortic stenosis.
Hum. Pathol. 1985, 16, 457–462. [CrossRef]

12. Tester, D.J.; Medeiros-Domingo, A.; Will, M.L.; Haglund, C.M.; Ackerman, M.J. Cardiac channel molecular
autopsy: Insights from 173 consecutive cases of autopsy-negative sudden unexplained death referred for
postmortem genetic testing. Mayo Clin. Proc. 2012, 87, 524–539. [CrossRef] [PubMed]

13. Hata, Y.; Kinoshita, K.; Mizumaki, K.; Yamaguchi, Y.; Hirono, K.; Ichida, F.; Takasaki, A.; Mori, H.; Nishida, N.
Postmortem genetic analysis of sudden unexplained death syndrome under 50 years of age: A next-generation
sequencing study. Heart Rhythm 2016, 13, 1544–1551. [CrossRef] [PubMed]

14. Hata, Y.; Yoshida, K.; Kinoshita, K.; Nishida, N. Epilepsy-related sudden unexpected death: Targeted
molecular analysis of inherited heart disease genes using next-generation DNA sequencing. Brain Pathol.
2017, 27, 292–304. [CrossRef] [PubMed]

15. Sabater-Molina, M.; Perez-Sanchez, I.; Hernandez Del Rincon, J.P.; Gimeno, J.R. Genetics of hypertrophic
cardiomyopathy: A review of current state. Clin. Genet. 2018, 93, 3–14. [CrossRef] [PubMed]

16. Semsarian, C.; Ingles, J.; Maron, M.S.; Maron, B.J. New perspectives on the prevalence of hypertrophic
cardiomyopathy. J. Am. Coll. Cardiol. 2015, 65, 1249–1254. [CrossRef]

17. Nishida, N.; Yoshida, K.; Hata, Y.; Arai, Y.; Kinoshita, K. Pathological features of preclinical or early clinical
stages of corticobasal degeneration: A comparison with advanced cases. Neuropathol. Appl. Neurobiol. 2015,
41, 893–905. [CrossRef] [PubMed]

18. Yoshida, K.; Hata, Y.; Kinoshita, K.; Takashima, S.; Tanaka, K.; Nishida, N. Incipient progressive supranuclear
palsy is more common than expected and may comprise clinicopathological subtypes: A forensic autopsy
series. Acta Neuropathol. 2017, 133, 809–823. [CrossRef] [PubMed]

19. Maron, B.J.; Wolfson, J.K.; Roberts, W.C. Relation between extent of cardiac-muscle cell disorganization and
left-ventricular wall thickness in hypertrophic cardiomyopathy. Am. J. Cardiol. 1992, 70, 785–790. [CrossRef]

20. Kuribayashi, T.; Roberts, W.C. Myocardial disarray at junction of ventricular septum and left and right
ventricular free walls in hypertrophic cardiomyopathy. Am. J. Cardiol. 1992, 70, 1333–1340. [CrossRef]

21. Genome Aggregation Database (gnomAD). Available online: http://gnomad.broadinstitute.org (accessed on
25 February 2019).

22. Kircher, M.; Witten, D.M.; Jain, P.; O’Roak, B.J.; Cooper, G.M.; Shendure, J. A general framework for estimating
the relative pathogenicity of human genetic variants. Nat. Genet. 2014, 46, 310–315. Available online:
https://cadd.gs.washington.edu (accessed on 25 February 2019). [CrossRef] [PubMed]

23. ClinVar disease mutation database. Available online: http://www.ncbi.nlm.nih.gov/clinvar (accessed on
25 February 2019).

24. Human genome mutation database (HGMD). Available online: http://www.hgmd.cf.ac.uk (accessed on
25 February 2019).

25. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.;
Spector, E.; et al. Standards and guidelines for the interpretation 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. [CrossRef] [PubMed]

26. Higasa, K.; Miyake, N.; Yoshimura, J.; Okamura, K.; Niihori, T.; Saitsu, H.; Doi, K.; Shimizu, M.;
Nakabayashi, K.; Aoki, Y.; et al. Human genetic variation database, a reference database of genetic
variations in the japanese population. J. Hum. Genet. 2016, 61, 547–553. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0735-1097(87)80377-7
http://dx.doi.org/10.1016/0002-9149(79)90388-6
http://dx.doi.org/10.1136/hrt.63.5.287
http://dx.doi.org/10.2214/ajr.107.2.366
http://dx.doi.org/10.1016/S0046-8177(85)80082-4
http://dx.doi.org/10.1016/j.mayocp.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22677073
http://dx.doi.org/10.1016/j.hrthm.2016.03.038
http://www.ncbi.nlm.nih.gov/pubmed/27005929
http://dx.doi.org/10.1111/bpa.12390
http://www.ncbi.nlm.nih.gov/pubmed/27135274
http://dx.doi.org/10.1111/cge.13027
http://www.ncbi.nlm.nih.gov/pubmed/28369730
http://dx.doi.org/10.1016/j.jacc.2015.01.019
http://dx.doi.org/10.1111/nan.12229
http://www.ncbi.nlm.nih.gov/pubmed/25708668
http://dx.doi.org/10.1007/s00401-016-1665-7
http://www.ncbi.nlm.nih.gov/pubmed/28064358
http://dx.doi.org/10.1016/0002-9149(92)90560-L
http://dx.doi.org/10.1016/0002-9149(92)90771-P
http://gnomad.broadinstitute.org
https://cadd.gs.washington.edu
http://dx.doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pubmed/24487276
http://www.ncbi.nlm.nih.gov/clinvar
http://www.hgmd.cf.ac.uk
http://dx.doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://dx.doi.org/10.1038/jhg.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/26911352


J. Clin. Med. 2019, 8, 463 11 of 12

27. Nagasaki, M.; Yasuda, J.; Katsuoka, F.; Nariai, N.; Kojima, K.; Kawai, Y.; Yamaguchi-Kabata, Y.; Yokozawa, J.;
Danjoh, I.; Saito, S.; et al. Rare variant discovery by deep whole-genome sequencing of 1070 japanese
individuals. Nat. Commun. 2015, 6, 8018. [CrossRef] [PubMed]

28. Lopes, L.R.; Zekavati, A.; Syrris, P.; Hubank, M.; Giambartolomei, C.; Dalageorgou, C.; Jenkins, S.;
McKenna, W.; Uk10k, C.; Plagnol, V.; et al. Genetic complexity in hypertrophic cardiomyopathy revealed by
high-throughput sequencing. J. Med. Genet. 2013, 50, 228–239. [CrossRef] [PubMed]

29. Maron, B.J.; Sato, N.; Roberts, W.C.; Edwards, J.E.; Chandra, R.S. Quantitative analysis of cardiac muscle cell
disorganization in the ventricular septum. Comparison of fetuses and infants with and without congenital
heart disease and patients with hypertrophic cardiomyopathy. Circulation 1979, 60, 685–696. [CrossRef]

30. Tanaka, M.; Fujiwara, H.; Onodera, T.; Wu, D.J.; Hamashima, Y.; Kawai, C. Quantitative analysis of myocardial
fibrosis in normals, hypertensive hearts, and hypertrophic cardiomyopathy. Br. Heart J. 1986, 55, 575–581.
[CrossRef] [PubMed]

31. van der Bel-Kahn, J. Muscle fiber disarray in common heart diseases. Am. J. Cardiol. 1977, 40, 355–364.
[CrossRef]

32. Maron, B.J.; Roberts, W.C. Quantitative analysis of cardiac muscle cell disorganization in the ventricular
septum of patients with hypertrophic cardiomyopathy. Circulation 1979, 59, 689–706. [CrossRef]

33. Rose, A.G. Evaluation of pathological criteria for diagnosis of hypertrophic cardiomyopathy. Histopathology
1984, 8, 395–406. [CrossRef]

34. Jimenez-Jaimez, J.; Alcalde Martinez, V.; Jimenez Fernandez, M.; Bermudez Jimenez, F.; Rodriguez Vazquez
Del Rey, M.D.M.; Perin, F.; Oyonarte Ramirez, J.M.; Lopez Fernandez, S.; de la Torre, I.; Garcia Orta, R.; et al.
Clinical and genetic diagnosis of nonischemic sudden cardiac death. Rev. Esp. Cardiol. (Engl. Ed.) 2017, 70,
808–816. [CrossRef] [PubMed]

35. Lahrouchi, N.; Raju, H.; Lodder, E.M.; Papatheodorou, E.; Ware, J.S.; Papadakis, M.; Tadros, R.; Cole, D.;
Skinner, J.R.; Crawford, J.; et al. Utility of post-mortem genetic testing in cases of sudden arrhythmic death
syndrome. J. Am. Coll. Cardiol. 2017, 69, 2134–2145. [CrossRef]

36. Marian, A.J.; Braunwald, E. Hypertrophic cardiomyopathy: Genetics, pathogenesis, clinical manifestations,
diagnosis, and therapy. Circ. Res. 2017, 121, 749–770. [CrossRef]

37. Lopes, L.R.; Murphy, C.; Syrris, P.; Dalageorgou, C.; McKenna, W.J.; Elliott, P.M.; Plagnol, V. Use
of high-throughput targeted exome-sequencing to screen for copy number variation in hypertrophic
cardiomyopathy. Eur. J. Med. Genet. 2015, 58, 611–616. [CrossRef] [PubMed]

38. Elliott, P.; McKenna, W.J. Hypertrophic cardiomyopathy. Lancet 2004, 363, 1881–1891. [CrossRef]
39. Seidman, J.G.; Seidman, C. The genetic basis for cardiomyopathy: From mutation identification to mechanistic

paradigms. Cell 2001, 104, 557–567. [CrossRef]
40. Weissler-Snir, A.; Hindieh, W.; Gruner, C.; Fourey, D.; Appelbaum, E.; Rowin, E.; Care, M.; Lesser, J.R.;

Haas, T.S.; Udelson, J.E.; et al. Lack of phenotypic differences by cardiovascular magnetic resonance
imaging in myh7 (beta-myosin heavy chain)- versus mybpc3 (myosin-binding protein c)-related hypertrophic
cardiomyopathy. Circ. Cardiovasc. Imaging 2017, 10, e005311. [CrossRef]

41. Colan, S.D.; Lipshultz, S.E.; Lowe, A.M.; Sleeper, L.A.; Messere, J.; Cox, G.F.; Lurie, P.R.; Orav, E.J.; Towbin, J.A.
Epidemiology and cause-specific outcome of hypertrophic cardiomyopathy in children: Findings from the
pediatric cardiomyopathy registry. Circulation 2007, 115, 773–781. [CrossRef] [PubMed]

42. Kapplinger, J.D.; Tester, D.J.; Alders, M.; Benito, B.; Berthet, M.; Brugada, J.; Brugada, P.; Fressart, V.;
Guerchicoff, A.; Harris-Kerr, C.; et al. An international compendium of mutations in the scn5a-encoded
cardiac sodium channel in patients referred for brugada syndrome genetic testing. Heart Rhythm 2010, 7,
33–46. [CrossRef] [PubMed]

43. Maron, B.J.; Casey, S.A.; Poliac, L.C.; Gohman, T.E.; Almquist, A.K.; Aeppli, D.M. Clinical course of
hypertrophic cardiomyopathy in a regional united states cohort. JAMA 1999, 281, 650–655. [CrossRef]
[PubMed]

44. Geske, J.B.; Ommen, S.R.; Gersh, B.J. Hypertrophic cardiomyopathy: Clinical update. JACC Heart Fail. 2018,
6, 364–375. [CrossRef] [PubMed]

45. Maron, B.J.; Roberts, W.C.; Epstein, S.E. Sudden death in hypertrophic cardiomyopathy: A profile of 78
patients. Circulation 1982, 65, 1388–1394. [CrossRef] [PubMed]

46. Dimitrow, P.P.; Dubiel, J.S. Echocardiographic risk factors predisposing to sudden cardiac death in
hypertrophic cardiomyopathy. Heart 2005, 91, 93–94. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms9018
http://www.ncbi.nlm.nih.gov/pubmed/26292667
http://dx.doi.org/10.1136/jmedgenet-2012-101270
http://www.ncbi.nlm.nih.gov/pubmed/23396983
http://dx.doi.org/10.1161/01.CIR.60.3.685
http://dx.doi.org/10.1136/hrt.55.6.575
http://www.ncbi.nlm.nih.gov/pubmed/3718796
http://dx.doi.org/10.1016/0002-9149(77)90157-6
http://dx.doi.org/10.1161/01.CIR.59.4.689
http://dx.doi.org/10.1111/j.1365-2559.1984.tb02352.x
http://dx.doi.org/10.1016/j.rec.2017.04.024
http://www.ncbi.nlm.nih.gov/pubmed/28566242
http://dx.doi.org/10.1016/j.jacc.2017.02.046
http://dx.doi.org/10.1161/CIRCRESAHA.117.311059
http://dx.doi.org/10.1016/j.ejmg.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26455666
http://dx.doi.org/10.1016/S0140-6736(04)16358-7
http://dx.doi.org/10.1016/S0092-8674(01)00242-2
http://dx.doi.org/10.1161/CIRCIMAGING.116.005311
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.621185
http://www.ncbi.nlm.nih.gov/pubmed/17261650
http://dx.doi.org/10.1016/j.hrthm.2009.09.069
http://www.ncbi.nlm.nih.gov/pubmed/20129283
http://dx.doi.org/10.1001/jama.281.7.650
http://www.ncbi.nlm.nih.gov/pubmed/10029128
http://dx.doi.org/10.1016/j.jchf.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29655825
http://dx.doi.org/10.1161/01.CIR.65.7.1388
http://www.ncbi.nlm.nih.gov/pubmed/7200406
http://dx.doi.org/10.1136/hrt.2003.030353
http://www.ncbi.nlm.nih.gov/pubmed/15604346


J. Clin. Med. 2019, 8, 463 12 of 12

47. Adabag, A.S.; Maron, B.J.; Appelbaum, E.; Harrigan, C.J.; Buros, J.L.; Gibson, C.M.; Lesser, J.R.; Hanna, C.A.;
Udelson, J.E.; Manning, W.J.; et al. Occurrence and frequency of arrhythmias in hypertrophic cardiomyopathy
in relation to delayed enhancement on cardiovascular magnetic resonance. J. Am. Coll. Cardiol. 2008, 51,
1369–1374. [CrossRef] [PubMed]

48. Amado, L.C.; Lima, J.A. Myocardial scar as arrhythmia risk in patients with hypertrophic cardiomyopathy.
Curr. Opin. Cardiol. 2010, 25, 276–281. [CrossRef] [PubMed]

49. Choudhury, L.; Mahrholdt, H.; Wagner, A.; Choi, K.M.; Elliott, M.D.; Klocke, F.J.; Bonow, R.O.; Judd, R.M.;
Kim, R.J. Myocardial scarring in asymptomatic or mildly symptomatic patients with hypertrophic
cardiomyopathy. J. Am. Coll. Cardiol. 2002, 40, 2156–2164. [CrossRef]

50. O’Mahony, C.; Jichi, F.; Pavlou, M.; Monserrat, L.; Anastasakis, A.; Rapezzi, C.; Biagini, E.; Gimeno, J.R.;
Limongelli, G.; McKenna, W.J.; et al. Hypertrophic Cardiomyopathy Outcomes Investigators. A novel
clinical risk prediction model for sudden cardiac death in hypertrophic cardiomyopathy (HCM Risk-SCD).
Eur. Heart J. 2014, 35, 2010–2020. [CrossRef]

51. van Velzen, H.G.; Schinkel, A.F.L.; Oldenburg, R.A.; van Slegtenhorst, M.A.; Frohn-Mulder, I.M.E.; van der
Velden, J.; Michels, M. Clinical characteristics and long-term outcome of hypertrophic cardiomyopathy in
individuals with a mybpc3 (myosin-binding protein c) founder mutation. Circ. Cardiovasc. Genet. 2017,
10, e001660. [CrossRef]

52. Viswanathan, S.K.; Sanders, H.K.; McNamara, J.W.; Jagadeesan, A.; Jahangir, A.; Tajik, A.J.; Sadayappan, S.
Hypertrophic cardiomyopathy clinical phenotype is independent of gene mutation and mutation dosage.
PLoS ONE 2017, 12, e0187948. [CrossRef]

53. Charron, P.; Dubourg, O.; Desnos, M.; Bennaceur, M.; Carrier, L.; Camproux, A.C.; Isnard, R.; Hagege, A.;
Langlard, J.M.; Bonne, G.; et al. Clinical features and prognostic implications of familial hypertrophic
cardiomyopathy related to the cardiac myosin-binding protein c gene. Circulation 1998, 97, 2230–2236.
[CrossRef]

54. Biagini, E.; Olivotto, I.; Iascone, M.; Parodi, M.I.; Girolami, F.; Frisso, G.; Autore, C.; Limongelli, G.;
Cecconi, M.; Maron, B.J.; et al. Significance of sarcomere gene mutations analysis in the end-stage phase of
hypertrophic cardiomyopathy. Am. J. Cardiol. 2014, 114, 769–776. [CrossRef]

55. Mademont-Soler, I.; Mates, J.; Yotti, R.; Espinosa, M.A.; Perez-Serra, A.; Fernandez-Avila, A.I.; Coll, M.;
Mendez, I.; Iglesias, A.; Del Olmo, B.; et al. Additional value of screening for minor genes and copy number
variants in hypertrophic cardiomyopathy. PLoS ONE 2017, 12, e0181465. [CrossRef]

56. Chida, A.; Inai, K.; Sato, H.; Shimada, E.; Nishizawa, T.; Shimada, M.; Furutani, M.; Furutani, Y.; Kawamura, Y.;
Sugimoto, M.; et al. Prognostic predictive value of gene mutations in japanese patients with hypertrophic
cardiomyopathy. Heart Vessel. 2017, 32, 700–707. [CrossRef]

57. Jabbari, R.; Jabbari, J.; Glinge, C.; Risgaard, B.; Sattler, S.; Winkel, B.G.; Terkelsen, C.J.; Tilsted, H.H.;
Jensen, L.O.; Hougaard, M.; et al. Association of common genetic variants related to atrial fibrillation and
the risk of ventricular fibrillation in the setting of first st-elevation myocardial infarction. BMC Med. Genet.
2017, 18. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jacc.2007.11.071
http://www.ncbi.nlm.nih.gov/pubmed/18387438
http://dx.doi.org/10.1097/HCO.0b013e3283383d1d
http://www.ncbi.nlm.nih.gov/pubmed/20224393
http://dx.doi.org/10.1016/S0735-1097(02)02602-5
http://dx.doi.org/10.1093/eurheartj/eht439
http://dx.doi.org/10.1161/CIRCGENETICS.116.001660
http://dx.doi.org/10.1371/journal.pone.0187948
http://dx.doi.org/10.1161/01.CIR.97.22.2230
http://dx.doi.org/10.1016/j.amjcard.2014.05.065
http://dx.doi.org/10.1371/journal.pone.0181465
http://dx.doi.org/10.1007/s00380-016-0920-0
http://dx.doi.org/10.1186/s12881-017-0497-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Genetic Testing Using NGS 
	Variant Classification of Inherited Genetic Defects 
	Statistical Analysis 

	Results 
	Autopsy Cases 
	Pathological Findings 
	Genetics 
	Phenotype–Genotype Correlation 

	Discussion 
	Conclusions 
	References

