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Abstract: Background: The spectrum of genetic variants and their clinical significance of Hypertrophic
cardiomyopathy (HCM) have been poorly studied in Asian patients. The objectives of this study
were to assess the spectrum of genetic variants and genotype—phenotype relationships within a
Korean HCM population. Methods: Eighty-nine consecutive unrelated HCM patients were included.
All patients underwent genotypic analysis for 23 HCM-associated genes. Clinical parameters including
echocardiographic and cardiac magnetic resonance (CMR) parameters were evaluated. A composite
of major adverse cardiac and cerebrovascular events was assessed. Results: Genetic variants were
detected in 55 of 89 subjects. Pathogenic variants or likely pathogenic variants were identified in
27 of HCM patients in MYBPC3, TNNI3, MYH7, and MYL7. Variants of uncertain significance were
identified in 28 patients. There were significant differences in the presence of non-sustained ventricular
tachycardia (p = 0.030) and myocardial fibrosis on CMR (p = 0.029) in the detected compared to
the not-detected groups. Event-free survival was superior in the not-detected group (p = 0.006).
Conclusion: Genetic variants in patients with HCM are relatively common and are associated with
adverse clinical events and myocardial fibrosis on CMR. Genotypic analysis may add important
information to clinical variables in the assessment of long-term risk for HCM patients.

Keywords: hypertrophic cardiomyopathy; genotype; phenotype; sarcomeric

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic heart disease with an estimated prevalence of
0.2% of the global population [1]. The clinical manifestations of HCM are highly variable and range
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from asymptomatic left ventricular (LV) hypertrophy to progressive heart failure and sudden cardiac
death (SCD).

Identification of disease-causing variants and their particular phenotypic expression and natural
history has been attempted in many molecular and clinical genetic studies yet much remains unclear.
To date, more than 1500 different variants in at least 14 genes have been reported in patents with
HCM [2,3]. However, the association between the genetic variants and phenotypic expression in
HCM remains controversial [4-6]. Recent guidelines advise the use of genotypic analysis in HCM
patients in clinical practice, but the prognostic significance of genetic testing is still under debate [7,8].
With advances in techniques for genotypic analysis and tools for clinical evaluation such as cardiac
magnetic resonance (CMR) imaging, which provides not only accurate information on LV morphology
but also information on the amount and pattern of myocardial fibrosis in HCM [9,10], novel approaches
for the evaluation of genotypic—phenotypic associations and risk evaluation in HCM are required.

The aims of this study were to understand the distribution of genetic variants among Korean
HCM patients and to link their clinical and imaging phenotypic characteristics by genotype status.

2. Materials and Methods

2.1. Subjects and Design of the Study

This study is based on subjects with HCM from the prospective HCM registry of the Samsung Heart
Vascular Stroke Institute, Seoul, Korea. Patients with diagnosis of HCM based on echocardiography
were consecutively enrolled. Inclusion criteria were (i) end-diastolic LV wall thickness of >15 mm in any
site or LV septal thickness:posterior wall thickness > 1.3 with the absence of any underlying condition
that may be associated with LV hypertrophy (i.e., long-standing uncontrolled systemic hypertension,
aortic or subaortic stenosis, and metabolic storage disease or inflammatory disease); (ii) end-diastolic
LV septal thickness:posterior wall thickness >1.5 in patients with systemic hypertension; or (iii) LV
hypertrophy confined to the LV apex (apical 4 segments and apical cap according to the 17-segment
guidelines of the American Society of Echocardiography) with maximal apical wall thickness of
>15 mm or a ratio of maximal apical to posterior wall thickness of >1.3 at end-diastole, regardless of
the presence of systemic hypertension [7,11-13].

We excluded subjects with poorly controlled hypertension, uncontrolled ventricular arrhythmias,
severe valvular diseases, and other concomitant systemic diseases including malignancy and
those who were contraindicated for cardiovascular magnetic resonance imaging (CMR) or had
poor echocardiographic windows for analysis. We also excluded those who were diagnosed on
echocardiography as having non-compaction cardiomyopathy, defined as the presence of prominent
trabeculation with an increased ratio of non-compacted to compacted LV segments.

All patients provided written informed consent, and Institutional Review Board approval was
obtained by the institutional review board of Samsung Medical Center, Sungkyunkwan University
School of Medicine (IRB No. 2015-06-076-001).

2.2. Genetic Testing and Data Analysis

Genomic DNA was extracted from peripheral blood leukocytes of each patient using MagNA
Pure 96 instrument (Product No. 6640729001, Roche Diagnostics, Mannheim, Germany) with MagNA
Pure 96 DNA and Viral NA Large Volume Kit (Product No. 6374891001, Roche Diagnostics, Mannheim,
Germany) following the manufacturer’s instructions. Of the 89 total patients, samples from 77 were
enriched using the TruSeq Custom Enrichment Kit and sequenced with a MiSeq (Illumina, Inc.,
San Diego, CA, USA), and the other 12 were enriched using the AmpliSeq custom panel (Thermo
Fisher Scientific) and sequenced with an Ion Torrent S5 XL (Thermo Fisher Scientific, Waltham, MA,
USA). Sequence reads were aligned to the Human Reference Genome (NCBI build GRCh37) using
Burrows-Wheeler Aligner (BWA) 0.7.12; duplicated reads were marked using by Picard Tools v1.130;
local-realignment, base quality recalibration, and variant calling were performed using the Genome
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Analysis ToolKit (GATK, Broad Institute, MA, USA) v3.4.0; and variant annotation and effect predictions
were performed using SnpEff v4.1g.

The number of candidate variants was filtered and prioritized using a four-step strategy. Initially,
we included variants over 10x depth of coverage. Based on HCM prevalence, the minor allele frequency
(MAF) below 5% in the Genome Aggregation Database (gnomAD) or Korean Reference Genome
Database (KRGDB) were included [14,15]. The third step was to prioritize variants which affect
protein coding region such as missense, nonsense, frameshift, or in-frame insertion/deletion variants
or consensus splice site variants. Finally, gene-specific analysis was performed with an in silico gene
panel consisting of 23 genes for HCM. These genes have been described in previous reports [5,16,17]
(Table 1).

Table 1. List of genes implicated in hypertrophic cardiomyopathy.

Gene Protein Location or Function Chrom.o.s omal MIM
Position Number
ACTC1 Actin, alpha, cardiac muscle 1 Sarcomere 15q14 102540
ACTN2 Actinin alpha 2 Z-disk 1q43 102573
ANKRD1 Ankyrin repeat domain 1 Z-disk 10q23.31 609599
CAV3 Caveolin 3 Sarcolemma 3p25.3 601253
CRYAB Crystallin alpha B Z-disk 11q23.1 123590
CSRP3 Cysteine and glycine rich protein 3 Z-disk 11p15.1 600824
JPH?2 Junctophilin 2 Intracellular calcium 20q13.12 605267
signaling
LDB3 LIM domain binding 3 Z-disk 10q23.2 605906
MYBPC3 Myosin binding protein C, cardiac Sarcomere 11p11.2 600958
MYH6 Myosin heavy chain 6 Sarcomere 14q11.2 160710
MYH7 Myosin heavy chain 7 Sarcomere 14q11.2 160760
MYL2 Myosin light chain 2 Sarcomere 12q24.11 160781
MYL3 Myosin light chain 3 Sarcomere 3p21.31 160790
MYLK2 Myosin light chain kinase 2 Phoslfi}g‘ﬁyclﬁzn“;y(’S‘“ 20q11.21 606566
MYOZ2 Myozenin 2 Z-disk 4q26 605602
NEXN Nexilin F-actin binding protein Z-disk 1p31.1 613121
Regulator of
PLN Phospholamban sarcoplasmic reticulum 6q22.31 172405
calcium
TCAP Titin-cap Z-disk 17q12 604488
TNNC1 Troponin C1, slow skeletal and Sarcomere 3p21.1 191040
cardiac type

TNNI3 Troponin I3, cardiac type Sarcomere 19q13.4 191044
TNNT2 Troponin T2, cardiac type Sarcomere 1g32.1 191045
TPM1 Tropomyosin 1 Sarcomere 15g22.2 191010
VCL Vinculin Z-disk 10q22.2 193065

2.3. Criteria for Evidence-Based Classification of Candidate Variants

Candidate variants were interpreted using the standards and guidelines of the American College
of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) [18].
These guidelines list five categories of variants: pathogenic variant (PV), likely pathogenic variant
(LPV), variant of uncertain significance (VUS), likely benign variant (LBV), and benign variant (BV).
These variants were categorized based on a combination of multiple weighted factors, such as the
population database, as well as functional and computational data. We used gnomAD and KRGDB to
check the frequency of each variant in the general population. Potential pathogenicity was assessed
using the Human Gene Mutation Database (HGMD) professional version, release January 2018 and
ClinVar, SIFT and Polyphen2 were used to predict the impact of missense changes [19-22].
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2.4. Data Collection

Baseline demographic and clinical data included age, sex, cardiovascular risk factors such as
presence of hypertension, diabetes mellitus or smoking history, and clinical presentations. Patients were
evaluated for first-degree familial history of HCM or SCD. Dyspnea was categorized with New
York Heart Association (NYHA) functional classification. Additionally, 24-h Electrocardiography
(ECG) monitoring and a symptom-limited treadmill test were performed to identify the risk of SCD.
Abnormal exercise blood pressure (BP) responses were defined as follows: (i) increase in systolic
BP (sBP) < 20 mmHg during or after exercise; (ii) decrease in sBP < 20 mmHg during or after exercise,
without an initial increase in sBP; (iii) decrease in sBP > 20 mmHg during exercise after initial rise;
or (iv) an initial increase in sBP with a subsequent fall of sBP > 20 mm Hg compared with peak
sBP [23-26].

2.5. 2D Echocardiography

Standard two dimensional (2D) echocardiographic images were acquired with standard methods
using a commercially available system (Vivid 7, GE Medical System, Horten, Norway). LV chamber size
and wall thickness were measured by M-mode echocardiography using the 2005 American Society of
Echocardiography (ASE) guideline and standards [27]. LV ejection fraction was estimated by modified
Simpson’s method from apical imaging planes. LV mass was calculated using the conventional cube
formula. LV outflow tract (LVOT) and mid-ventricular (MV) obstruction were defined as peak pressure
gradient >30 mmHg [11].

HCM were classified into four types according to the pattern and degree of LV hypertrophy under
the following criteria: (i) septal hypertrophy alone; (ii) septal and apical hypertrophy; (iii) concentric
hypertrophy involving the entire LV myocardium; and (iv) apical hypertrophy alone (Figure 1).

Figure 1. Sample illustration of imaging phenotypes of Hypertrophic cardiomyopathy (HCM) on

echocardiography: septal hypertrophy (A), septal and apical hypertrophy (B), concentric hypertrophy
(C), apical hypertrophy (D), and representative cardiac magnetic resonance (MR) images of HCM (E,F).
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2.6. Acquisition and Analysis of CMR Images

All study patients underwent CMR using an identical protocol ona 1.5T MR scanner (MAGNETOM
Avanto; Siemens Medical Solutions, Erlangen, Germany) (Figure 1). After localization, cine images
of the left ventricle (LV) were acquired using a steady-state free precession (SSFP) sequence on 4-,
3-, and 2-chambers and short-axis (SA) views for obtaining 8-10 contiguous SA slices to include the
entire LV with 6-mm slice thicknesses and 4-mm intersection gaps. Late gadolinium enhancement
(LGE) on CMR was performed 10 min after injection of 0.15 mmol/kg bodyweight of Gadobutrol
(Gadovist®; Bayer Healthcare, Berlin, Germany) using a multi-shot, turbo field echo, breath-hold
sequence with a phase-sensitive inversion recovery method. The inversion time (TI) was adjusted
using a Look-Locker-based TI scout sequence to determine the proper TI to null normal myocardium.

All imaging analysis was performed at the Samsung Medical Center CMR core laboratory with a
dedicated workstation (CAAS MRV version 1.0, Pie Medical Imaging B.V., Maastricht, The Netherlands).
The images were analyzed by two experienced CMR imaging specialists who were blinded to other
data, and discrepancies in interpretation were reconciled during consensus reading. Endocardial and
epicardial borders were traced manually on short-axis images at end-diastolic and end-systolic phases,
respectively. Papillary muscles and LV trabeculae were excluded from the endocardium and included
in the LV cavity volume. For quantification of fibrosis, LGE was defined as areas with a signal intensity
> 6 standard deviations (SD) above the mean signal intensity of remote normal myocardium.

LGE volume was calculated by summing areas with hyper-enhancement of all short-axis slices
and expressed as a volumetric proportion of LGE to the total LV myocardium (% LV).

2.7. Outcomes

Clinical outcomes were investigated by medical record review. Major adverse cardiac
and cerebrovascular events (MACCE) were defined as all-cause death, sudden cardiac death,
sustained ventricular tachycardia/ventricular fibrillation (VI/VF) with or without implantable
cardioverter defibrillator (ICD) implantation, hospitalization due to worsening of heart failure (HF) at
NYHA class III or IV, hospitalization due to new onset atrial fibrillation (AF), stroke, syncope, and
acute myocardial infarction (AMI).

2.8. Statistical Analysis

Categorical variables are presented as frequencies and percentages. The Chi-square test or Fisher’s
exact test was performed appropriately to compare categorical variables. Continuous variables are
presented as mean + SD to analyze the difference between numeric variables. The Student’s t-test
or Mann-Whitney test was performed to test for differences in continuous variables. All tests were
2-tailed, and a p value of less than 0.05 was considered significant. Pearson’s and Spearman’s correlation
coefficients were calculated to determine the relationship between two variables. The probability of
freedom-from-MACCE was estimated according to the Kaplan-Meier method and compared using the
log-rank test. Data were analyzed using SPSS statistical software (version 20.0 for windows, SPSS, Inc.,
Chicago, IL, USA).

Patients were categorized into two groups according to identification of their involved variants:
the detected group and the not-detected group. “Detected” was defined as the presence of at least one
variant classified as PV, LPV, or VUS.

3. Results

3.1. Study Population and Baseline Clinical Characteristics

Between March 2013 and February 2017, a total of 100 unrelated consecutive subjects with HCM
were included in this study. Among them, eight patients with absent or poor CMR image quality
and three patients with non-compaction were excluded. A total of 89 patients were finally analyzed.
Their mean age at diagnosis was 48.5 + 10.5 years, and 85.4% (n = 76) were male. Median follow-up
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duration was 47.3 months (range 2 to 106.3 months). Demographic and clinical characteristics of the
study population are summarized in Table 2, and prescribed medications are summarized in Table S1.

Table 2. Baseline demographic and clinical characteristics.

Detected (n = 55) Not Detected (n = 34)

Variables p-Value
Mean + SD or Number (%)
Age at diagnosis 48.69 + 10.8 48.34 +10.3 0.880
Sex, male 45 (81.8) 31(91.2) 0.225
Hypertension 12 (21.8) 11 (32.4) 0.270
Diabetes mellitus 50.1) 1(2.9) 0.261
Smoking 0.102
Current smoker 11 (20.0) 13 (38.2)
Ex-smoker 15 (27.3) 10 (29.4)
Familial history of HCM 9 (16.4) 5(14.7) 0.835
Familial history of SCD 14 (25.5) 5(14.7) 0.229
Chest discomfort/pain 13 (23.6) 15 (44.1) 0.060
Syncope 5(9.1) 4 (11.8) 0.684
Palpitation 19 (34.5) 5(14.7) 0.040 *
Dyspnea, NYHA class 0.457
I 43 (78.2) 24 (70.6)
I 11 (20.0) 10 (29.4)
111 1(1.8) 0 (0.0)
NT-proBNP (pg/mL) 568.9 + 619.6 449.8 + 493.2 0.188
ECG findings
Atrial fibrillation 50.1) 1(2.9) 0.261
T-wave inversion 45 (81.8) 29 (85.3) 0.670
LBBB 0 0
RBBB 2(3.6) 2 (5.9) 0.619
LVH 27 (49.1) 21 (61.8) 0.244
PR interval 1709 £ 24.7 161.7 £ 19.6 0.078
QRS duration 94.0 +£11.5 102.1 +11.9 0.002 *
QTc interval 4454 + 31.2 458.4 + 235 0.041*
NSVT on Holter ECG 13 (24.5) 2 (5.9) 0.030*

Abnormal BP response

23 (41.8)

12 (38.2)

0.546

Student’s t-test, Mann-Whitney test or x2-test for detected vs. not detected (* p-value < 0.05). BP: blood pressure,
ECG: electrocardiography, HCM: hypertrophic cardiomyopathy, LBBB: left bundle branch, LVH: left ventricular
hypertrophy, NSVT: non-sustained ventricular tachycardia, NT-proBNP: N-terminal prohormone of brain natriuretic
peptide, NYHA: New York Heart Association, RBBB: right bundle branch block, SCD: sudden cardiac death,

SD: standard deviation.

3.2. Variant Profile of HCM Patients

Among the 89 HCM patients, 55 (61.7%) were found to carry at least one rare variant. PV or LPV
were identified in 27 (30.3%) patients, and 28 VUSs were identified in 28 (31.5%) patients. Within the
detected group, most of the changes mapped to sarcomeric loci (92.7%, n = 51), including alterations
of MYBPC3 (MIM: 160781) (43.6%), MYH7 (MIM: 160760) (18.2%), TNNI3 (MIM: 191044) (10.9%),
MYH6 (MIM: 160710) (7.3%), and TNNT2 (MIM: 191045) (3.6%), in order of decreasing frequency.
Thick filament genes were found to be 18.0%, intermediate filament genes were 27.0%, thin filament
genes were 10.1%, and non-sarcomeric genes were 4.5%. The distribution of identified variants for
each analyzed gene is shown in Figure 2 and Table 3. Among the detected variants, overlapping ones
were identified in MYBPC3, MYH7, TNNI3, and TPM1 genes (Figure 3).
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Table 3. Pathogenic variants, likely pathogenic variants, and variants of uncertain significance in 23 sarcomeric and non-sarcomeric genes of hypertrophic

cardiomyopathy patients.

. . ACMG gnomAD

Case No. Gene Refseq Nucleotide Change Protein Change Interpretation 2 gnomAD ALL East Asian KRGDB Polyphen-2 SIFT
01-001-017 MYBPC3 NM_000256.3 ¢.1000G>A p-(Glu334Lys) LPV 2.54 x 107 355x1073  4.00x 1073 dzfrslzlgbilgg Deleterious
01-001-018 TNNT2 ~ NM_001001430.2 c.785A>G p.(Asn262Ser) VUS 476 x 1076 0 N/A Benign Tolerated
01-001-026  MYBPC3 NM_000256.3 c.86delT p.(Phe29Serfs*10) LPV N/A N/A N/A N/A N/A
01-001-041 TNNI3 NM_000363.4 c433C>T p.(Argl45Trp) PV 407 x 107 0 N/A gﬂ;ﬂgﬁyg Deleterious
01-001-043  MYBPC3 NM_000256.3 ¢.2833_2834delCG p-(Arg945Glyfs*105) PV 410x107 586 x107 N/A N/A N/A
01-001-046  MYBPC3 NM_000256.3 .1483C>T p.(Arg495Trp) VUS N/A N/A N/A dzifiﬁfg Deleterious
01-001-047  MYBPC3 NM_000256.3 c2164G>T p-(Glu722*) LPV N/A N/A N/A N/A N/A
01-001-049 MYOZ2 NM_016599.4 c147T>A p.(His49GIn) VUS N/A N/A N/A dz‘r’flzgzg Tolerated
01-001-061 ACTN2 NM_001103.3 cA440C>T p.(Ser147Leu) VUS 406x107°  580x 107 N/A (Eﬂ;ag‘ﬁé Deleterious
01-001-062 MYH7 NM_000257.2 €.2069T>A p.(Met690Lys) VUS N/A N/A N/A dz‘r’szgg’g Deleterious
01-001-064 MYH7 NM_000257.2 .2608C>T p.(Arg870Cys) LPV 203x107°  580x107°  800x 1074 dz‘r’rslzgg'g Deleterious
01-001-064 TNNI3 NM_000363.4 cA434G>A p.(Arg145Gln) LPV 163x107% 116 x 107 N/A gr‘r’gaglg Tolerated
01-001-068 MYH7 NM_000257.2 €.2189T>C p.(1e730Thr) VUS N/A N/A N/A dszl:;bilzg Deleterious
01-001-069  MYBPC3 NM_000256.3 €.2833_2834delCG p.(Arg945Glyfs*105) PV 410x107  5.86x 107 N/A N/A N/A
01-001-069 MYH6 NM_002471.3 c.5476_5477delinsAA p-(Gly1826Asn) VUS N/A N/A 1.60 x 1073 Benign Tolerated
01-001-071 MYL3 NM_000258.2 ¢.505G>C p.(Vall69Leu) VUS N/A N/A N/A Benign Deleterious
01-001-072 MYH7 NM_000257.2 ¢.400T>C p-(Tyr134His) Vus N/A N/A N/A dl;(r)li?;ilg’g Deleterious
01-001-074 MYH7 NM_000257.2 .2608C>T p-(Arg870Cys) LPV 203x107°  580x107°  8.00x107* dz:?;lgg Deleterious
01-001-083  MYBPC3 NM_000256.3 €.2273G>A p.(Gly758Asp) vUS 323x107°  617x1074 N/A dz‘;;zggg Deleterious
01-001-085 MYH6 NM_002471.3 c.3413G>A p.(Arg1138His) vUS 431x10°  610x 107 N/A dziizglgg Deleterious
01-001-086  MYBPC3 NM_000256.3 ¢.1358_1359delCT p.(Pro453Argfs*2) LPV N/A N/A N/A N/A N/A
01-001-088  MYBPC3 NM_000256.3 c2164G>T p.(Glu722*) LPV N/A N/A N/A N/A N/A
01-001-090  MYBPC3 NM_000256.3 €.2441_2443delAGA p.(Lys814del) LPV 6521075 0 N/A N/A N/A
01-001-091 TNNI3 NM_000363 4 cA434G>A p.(Arg145Gln) LPV 1.63x107° 116 x 107 N/A Probably Tolerated

damaging
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Table 3. Cont.
. . ACMG gnomAD
Case No. Gene Refseq Nucleotide Change Protein Change Interpretation * gnomAD ALL East Asian KRGDB Polyphen-2 SIFT
01-001-092 MYBPC3 NM_000256.3 .3316G>A p.(Asp1106Asn) VUS 269%x10°  186x107*  1.60 x 1073 dz‘r’flzgzg Deleterious
01-001-093 MYBPC3 NM_000256.3 .2459G>A p.(Arg820GIn) PV 127 x 1075 0 N/A dzﬁzglgg Deleterious
01-001-096 MYBPC3 NM_000256.3 .3799delC p-(Arg1267Alafs*64) LPV N/A N/A N/A N/A N/A
01-001-097 MYH7 NM_000257.2 ¢1350G>T p.(Lys450Asn) VUS N/A N/A N/A dz‘r’flzgg’g Deleterious
01-001-099 MYH7 NM_000257.2 .1988G>A p-(Arg663His) PV 8.12 x 1076 0 N/A dI;‘r’E?gbillfg Deleterious
01-001-102 TPM1 NM_001018005.1 c.376G>A p.(Gly126Ser) VUS N/A N/A N/A dzf;jl‘;’ilzg Tolerated
01-001-104 CSRP3 NM._003476.4 €229G>A p.(Ala77Thr) VvUS 2.03 x 1075 1.74 x 10~ N/A gﬂ;ﬁl}é Deleterious
01-001-111 MYBPC3 NM_000256.3 1091-8G>A p.?) VUS 849%x10°  118x107*  8.00x 1074 N/A N/A
.1624_1624+1delinsAG ~ p.(Glu542_GlIn1274de

01-001-115 MYBPC3 NM_000256.3 CTOAT insSerSer) VUS N/A N/A N/A N/A N/A
01-001-118 JPH2 NM_020433.4 ¢1306C>T p.(Arg436Cys) vUS 164x1075  234x10%  240x 1073 Oﬁrﬂ;z;zg Deleterious
01-001-119 MYBPC3 NM_000256.3 €.2833_2834delCG p.(Arg945Glyfs*105) PV 410x10° 586107 N/A N/A N/A
01-001-125 TNNI3 NM_000363.4 cA34G>A p-(Arg145Gln) LPV 1.63x107° 116 x 107 N/A f;&i}ﬂyg Tolerated
01-001-126 MYBPC3 NM_000256.3 €2067+1G>A p-?) PV N/A N/A 1.60 x 1073 N/A N/A
01-001-128 TNNI3 NM_000363.4 cA34G>A p-(Arg145Gn) LPV 1.63x107° 116 x 107 N/A g;t;ag‘ﬁé Tolerated
01-001-129 MYBPC3 NM_000256.3 .2459G>A p-(Arg820Gln) PV 1.63x107°  580x107° N/A dz‘r’flzgzg Deleterious
01-001-130 MYH6 NM_002471.3 .5026G>A p-(Val1676Met) VUS 203x10° 580107 N/A dzﬁzgfg Deleterious
01-001-131 TNNT2  NM_001001430.2 c.853G>A p.(Gly285Arg) VUS 293%x10°  591x 1075 N/A di‘r’izgﬁ’g Deleterious
01-001-137  MYBPC3 NM_000256.3 .2459G>A p.(Arg820Gln) PV 163x10° 580 x 107 N/A dz‘r’flzggg Deleterious
01-001-139 MYBPC3 NM_000256.3 c3626A>G p-(Lys1209Arg) VUS N/A N/A N/A ;:;;Z{gbilgg Deleterious
01-001-141 MYBPC3 NM_000256.3 C.2273G>A p-(Gly758Asp) VUS 323%x10°  6.17x 107 N/A dzf;:‘gbilzg Deleterious
01-001-144 MYH7 NM_000257.2 c1477A>G p-(Met493Val) VUS N/A N/A N/A Benign Deleterious
01-001-145 MYH7 NM_000257.2 ¢4130C>T p-(Thr1377Met) LPV 4.06 x 1076 0 N/A gg};ﬁ;ﬁl}; Deleterious
01-001-148 TNNI3 NM_000363.4 c434G>A p-(Arg145Gn) LPV 1.63 x 1075 116 x 1074 N/A Probably Tolerated

damaging
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10 of 18

. . ACMG gnomAD

Case No. Gene Refseq Nucleotide Change Protein Change Interpretation * gnomAD ALL East Asian KRGDB Polyphen-2 SIFT
01-001-155 MYL3 NM_000258.2 c.170C>G p-(Ala57Gly) LPV 7.31 x 1075 290x107*  1.60x 1073 Benign Deleterious
01-001-159 TPM1 NM_001018005.1 c791A>G p.(Lys264Arg) vUS N/A N/A N/A Benign Tolerated
01-001-180 MYBPC3 NM_000256.3 €2067+1G>A 6 PV N/A N/A N/A N/A N/A
01-001-180 MYH7 NM_000257.2 c.2972A>G p-(Lys991Arg) Vus 4.06 x 107° 0 N/A Benign Deleterious
01-001-181 MYBPC3 NM_000256.3 .2833_2834delCG p.(Arg945Glyfs*105) PV 410 x 1076 5.86 x 1075 N/A N/A N/A
01-001-181 MYH6 NM_002471.3 €2079C>A p.(His693GIn) vUS 4.06 %1076 0 N/A C{;‘ﬂ:ﬂg‘g Deleterious
01-001-184 MYH7 NM_000257.2 ¢1350G>T p.(Lys450Asn) vUS N/A N/A N/A ;;;zﬁlyg Deleterious
01-001-187 TPM1 NM_001018005.1 c791A>G p.(Lys264Arg) vUS N/A N/A N/A Benign Tolerated
01-001-190 VCL NM_014000.2 c.3247G>A p.(Glu1083Lys) vUS 470 x 1076 0 N/A g;zagki’zs Tolerated
01-001-190 MYH6 NM_002471.3 ¢5071C>T p-(Arg1691Cys) VUS 122x10°  174x10™* 580 x 1074 ;ar;l:;i’;yg Deleterious
01-001-200 MYH7 NM_000257.2 .1426C>T p.(Leu476Phe) vUS N/A N/A N/A g;zzz% Deleterious
01-001-207 MYBPC3 NM_000256.3 .3313_3314insGG p.(Ala1105Glyfs*85) LPV N/A N/A N/A N/A N/A
01-001-223 MYH7 NM_000257.2 ¢.5560-8G>A p.(2) vUS 0.00 x 109 0 N/A N/A N/A
01-001-228 TNNI3 NM_000363.4 .235C>T p-(Arg79Cys) VUS 446x107%  581x1073  500x1073 (E;zag?% Deleterious

gnomAD, Genome Aggregation Database; KRGDB, Korean Reference Genome Database; LPV, likely pathogenic variant; N/A, not applicable; PV, pathogenic variant; VUS, variant of
uncertain significance; ? Identified variants were classified according to the standards and guidelines of the American College of Medical Genetics and Genomics and the Association for

Molecular Pathology [18].
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3.3. Differences in Baseline Clinical Characteristics between HCM Patients in Detected vs. Not-Detected Groups

Mean age and sex ratio were not significantly different between the detected and not-detected
groups. The presence of CV risk factors such as presence of hypertension, diabetes mellitus, and history
of smoking also did not differ. There were no statistical differences in patient history of syncope or
familial history of HCM or SCD. NYHA functional class status was similar between the two groups,
which corresponded with similar mean levels of plasma N-terminal prohormone of brain natriuretic
peptide (NT-proBNP).

In the detected group, palpitation was more frequent, (p = 0.040) and non-sustained ventricular
tachycardia (NSVT) was more commonly present on 24-h ECG monitoring (24.5% vs. 5.9%; p = 0.030).

Abnormal hemodynamic response to exercise was observed in 39.3% of patients, with no statistical
difference between the groups. Other ECG findings such as the presence of T wave inversion,
atrial fibrillation, or the distribution of the pattern of HCM were also similar.

3.4. Imaging Phenotypes of HCM Patients in Detected vs. Not Detected Groups

The average maximal LV wall thickness was 17.14 + 4.0 mm, and mean LV mass index (LVMI)
was 123.0 + 37.8 (g/m?). LV geometry such as LV wall hypertrophy, LV volumes, LV mass, and LV
ejection fraction as assessed by both echocardiography and CMR were similar between the two groups.
Echocardiographic and CMR findings are summarized in Table 4.

Table 4. Distribution of echocardiographic and cardiac magnetic resonance imaging findings.

Variables Detected (n = 55) Not Detected (n = 34) p-Value

Mean + SD or Number (%)

Echocardiographic findings

Maximal wall thickness (mm) 184 +43 175 +4.2 0.328
LVEDD (mm) 479 +54 49.0+5.7 0.380
LVESD (mm) 26.7 + 6.8 285+ 3.5 0.102

IVSd (mm) 15.8 +4.9 14.7 £ 4.6 0.299
LVPWd (mm) 9.1+23 9.6 +£2.5 0.351
LV mass index (g/m?) 125.9 +31.9 118.2 + 46.1 0.367
Relative wall thickness 0.385 = 0.10 0.385 +0.12 0.604
LVEF (%) 66.67 + 6.5 65.31 + 6.76 0.353
LAVI (ml/m?) 425+17.2 37.8 +10.3 0.119
E (m/sec) 0.62 +0.25 0.63 £0.23 0.822
A (m/sec) 0.62 +0.26 0.60 = 0.17 0.717
Septal E” (m/sec) 0.061 + 0.022 0.057 +0.018 0.448
E/septal E’ 15.6 + 28.1 12.1 +£4.31 0.659
RV involvement 9 (16.4) 5(14.7) 0.543
LVOT obstruction 10 (18.2) 6 (17.6) 0.592
MV obstruction 8 (14.5) 5(14.7) 0.606
LV gradient (mmHg) 22.1+37.0 21.8 £26.2 0.263
SAM 10 (18.2) 6 (17.6) 0.592
HCM subtype 0.547
Septal 24 (43.6) 12 (35.3)
Apical 7 (12.7) 8 (23.5)
Concentric 3(5.5) 2(5.9)
Septal/Apical 19 (34.5) 12 (35.3)
Other 2 (3.6) 0
CMR findings
LVEDV (mL) 156.6 + 185.7 186.1 +225.5 0.034
LVESV (mL) 414 +12.0 485 +22.1 0.052
LVEF (%) 68.4 + 8.3 68.2+7.6 0.891
Stroke volume (mL) 90.9 +23.7 99.4 +16.8 0.070
Cardiac output (L) 6.16 + 1.64 6.58 +1.21 0.197
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Table 4. Cont.

Detected (n = 55) Not Detected (n = 34)

Variables p-Value
Mean + SD or Number (%)
LV mass (g) 161.1 +484 183.4 + 64.6 0.138
LV mass index (g/mz) 90.0 +£23.5 100.1 +35.3 0.145
Presence of LGE 51 (92.7) 26 (76.5) 0.029 *
LGE volume (mL) 134 +£125 11.0 +11.7 0.159
LGE volume percent (%) 9.12 £ 6.7 6.06 = 4.9 0.021 *

Student’s t-test, Mann-Whitney test or x2-test for detected vs. not detected (* p-value < 0.05). CMR: cardiac
magnetic resonance, HCM: hypertrophic cardiomyopathy, IVSd: interventricular septum thickness at end diastole,
LGE: late gadolinium enhancement, LAVI: left atrial volume index, LV: left ventricular, LVEDD: LV end-diastolic
dimension, LVEDV: LV end-diastolic volume, LVEF: LV ejection fraction, LVESD: LV end-systolic dimension, LVESV
LV end-systolic volume, LVOT: LV outflow tract, LVPWd: LV posterior wall at end diastole, MV: mid ventricular,
RV: right ventricular, SAM: systolic anterior motion of mitral valve, SD: standard deviation.

Septal hypertrophy (40.4%) was the most common morphological subtype, followed by septal
and apical (34.8%), apical (16.9%), and concentric (5.6%) subtypes, and no statistical difference was
detected in the distribution of morphological subtypes between the groups.

LV cavity obstruction was found in 27 patients (30.3%), with LVOT obstruction in 16 patients, MV
obstruction in 13 patients, and systolic anterior motion of mitral valve (SAM) in 16 patients (18.0%).
In particular, LVOT obstruction and SAM were most commonly found in the septal type of HCM
(75.0%, p = 0.008, and 62.5%, p = 0.083, respectively). However, no differences were demonstrated in
the presence of LV cavity obstruction or SAM between the detected and not-detected groups.

LGE on CMR was detected in 86.5% of patients with HCM, and the amount of LGE
showed significant correlation with maximal wall thickness (p < 0.001) and LVMI (p < 0.001) on
2D echocardiography.

LGE was present more frequently in the detected group than in the not-detected group (92.7%
vs. 76.5%; p = 0.029). Accordingly, the volume percent of LGE was greater in the detected group
(9.12% =+ 6.7% vs. 6.06% + 4.9%; p = 0.021).

3.5. Clinical Outcomes

During the follow-up period, 25 patients experienced a composite MACCE, including 4 cases
of sustained VT/VF, 7 cases of new onset AF, 7 cases of HF aggravation, 2 cases of stroke, 4 cases of
syncope, and 1 case of AMI. No mortality occurred during the follow-up period.

The incidence of composite events was higher in the detected group than in the not-detected
group (38.2% vs. 11.8%, p = 0.008). Interventions such as ICD implantation, septal myectomy, and heart
transplantation were more frequently performed in patients in the detected group, but the difference
was not statistically significant (16.4% vs. 2.9%, p = 0.082). Distribution of MACCE and interventions
are summarized in Table 5.

Overall event-free survivals were 94.4%, 88.6%, 78.1%, and 67.7% at 1, 3, 5, and 10 years,
respectively. Notably, the not-detected group had better event-free survival than the detected group
(5-year survival rate 84.7% vs. 61.1%, p = 0.012). Kaplan-Meier event-free survival curves for MACCE
are shown in Figure 4.
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Table 5. Major adverse cardiac and cerebrovascular events and interventions during follow-up.

Detected (n = 55) Not detected (n = 34)
Variables p-Value
Mean + SD or Number (%)
MACCE 21 (38.2) 4 (11.8) 0.008 *
All cause death 0 0
Sudden cardiac death 0 0
Sustained VT/VF 4(7.3) 0
Worsening HF driven
hospitalization 506.1) 2(59)
New onset AF driven
hospitalization 7(12.7) 0
Stroke 1(1.8) 1(2.9)
Syncope 3(5.5) 1(2.9)
AMI 1(1.8) 0
Interventions 9 (16.4) 1(2.9) 0.082
ICD implantation 4(7.2) 0
Septal myectomy 6 (10.9) 1(2.9)
Heart transplantation 1(1.8) 0

Student’s t-test or x2-test for detected vs. not detected (* p-value < 0.05). AF: atrial fibrillation, AMI: acute myocardial
infarction, HF: heart failure, ICD: implantable cardioverter defibrillator.

= Variant detected

=== Vatiant not-detected
1.00-
Log rank P =0.006

0.754

0.504 I—

0.254

Median survival = 98.7 months
Hazard Ratio 3.079 (95% Cl 1.390-6.817)
5 yr Event free survival = 84.7 % vs 61.1 % (P=0.006)

0-00 L L] L] L] L) L] L L]
0 12 24 36 48 60 72 84 926

Time (months)

Cumulative event-free survival rate

No of patients at risk
Variant detected 55 43 39 31 23 16 10 10 6
Variant non-detected 34 33 29 26 20 11 9 7 7

Figure 4. Cumulative event-free survival curves stratified by the variant detected or not-detected
groups: Event-free survival was significantly different between the two groups (p = 0.006). CI:
confidence interval.

4. Discussion

In this single-center prospective registry, we investigated the distribution of genetic variants in
Korean HCM patients and associated differences in clinical and imaging phenotypic characteristics.
Patients with significant variants showed higher frequencies of poor prognostic factors such as NSVT
on 24-h ECG and LGE in CMR as well as worse prognosis during a mid-range follow-up period.
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Since the first genetic variant in HCM was documented, many additional variants have been
identified over the last 30 years [28-30]. In the current study of Korean HCM patients, we found
that more than 60% of patients had identified variants when a comprehensive gene panel (23 genes)
was used. The majority of variants were located at the sarcomeric loci, which accounted for 92.7% of
variant detected cases, and most were present in MYBPC3 (43.6%) and MYH?7 (19.2%), followed by
other variants of TNNI3 (10.9%), MYH6 (7.3%), and MYL3 (MIM: 160790) (3.6%). This distribution of
variants according to gene location was similar to previous studies on sarcomeric variants, in which
the prevalence of variants in MYBPC3 and MYH?7 account for 75-80% of the genetic basis of HCM [3,6].

Non-sarcomeric variants might be causal variants, but data confirming pathogenicity are lacking.
There are few studies concerning non-sarcomeric variants, and reported locations include ACTN2
(MIM: 102573), ANKRD1 (MIM: 609599), CALR3 (MIM: 611414), CAV3 (MIM: 601253), CRYAB (MIM:
123590), CSRP3 (MIM: 600824), DES (MIM: 125660), JPH2 (MIM: 605267), LDB3 (MIM: 605906), MYLK2
(MIM: 606566), MYOZ2 (MIM: 605602), MYPN (MIM: 608517), NEXN (MIM: 613121), PLN (MIM:
172405), TCAP (MIM: 604488), and VCL (MIM: 193065) [31,32]. In our gene panel, 13 out of the 23
genes consisted of non-sarcomeric loci: ACTN2, ANKRD1, CAV3, CRYAB, CSRP3, [PH2, LDB3, MYLK2,
MYOZ2, NEXN, PLN, TCAP, and VCL. Non-sarcomeric variants accounted for only 7.2% of the total
detected variants, making it difficult to interpret their influence on disease phenotype. The low
prevalence of non-sarcomeric variants in the current study is similar to a recent meta-analysis by Walsh
etal. [31].

Current risk estimation for sudden cardiac death for HCM is based on clinical features, including
age, familial history of SCD, maximal wall thickness, left atrial diameter, maximal LVOT gradient,
NSVT on 24-h ECG, and unexplained syncope [33]. In the present study, we investigated most of the
alleged risk factors, and the frequency of NSVT was significantly higher in patients with detected
variants. This finding is in accord with a previous study by Farbod et al., in which the frequency of VT
was significantly higher in patients with an MYH?7 variant compared to the variant negative group [34].

In our study, LV myocardial fibrosis on CMR was significantly more severe and prevalent in
patients with detected variants. CMR has been reported to be superior to standard echocardiography
in the detection of subtle evidence of disease and early information of myocardial deformation in
patients with sarcomeric variants [35]. Meanwhile, LV morphological and functional status assessed
by echocardiography failed to demonstrate distinct characteristics according to genotypic status in this
study. This result is consistent with previous reports, where LV geometry and LV systolic function were
not associated with genotypic status [36,37]. The fact that the difference was detected only by CMR
and not by echocardiography may be accounted for by the superior resolution and capability of tissue
characterization in CMR, highlighting the need for newer studies on genotypic—phenotypic association.

In the current study, patients with detected variants were at increased risk of occurrence of
MACCE, and event-free survival was higher in the not-detected group compared to the detected group,
accordingly. There have been varying reports on the prognostic significance of genotypic analysis in
HCM, with some studies showing poor prognosis in sarcomeric variant-positive patients, including
increased risk for cardiac death and progression to NYHA class III or IV HF and stroke [29,38], while
others show no prognostic significance of genetic variations [39,40]. In our study, as stated above,
genetic variants showed associations with multiple alleged risk factors of HCM, especially the presence
and amount of myocardial fibrosis. This may be related to the higher frequency of NSVT on 24-h ECG
monitoring in the same group, which in previous studies has been reported to be associated with
myocardial fibrosis as well [41,42]. These findings may partially explain the higher event rate in the
detected group. As reports on the genotypic—phenotypic relationship in HCM based on CMR are
scarce at this time but will likely be pursued more aggressively in the future [43,44], we predict that
findings similar to ours will be found in larger studies in the near future.

It is also interesting to note that, among the events on follow-up, hospitalization associated with
new-onset atrial fibrillation was especially more frequent in the detected group. As atrial fibrillation
is gaining more attention as a problem of morbidity and an initiating cause of heart failure and
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stroke in HCM [45,46], more studies will be needed to address the association of genetic variants and
atrial fibrillation.

There are several limitations in this study. First, a relatively small number of patients were included
and the frequency of adverse events was low, resulting in limited statistical power. In addition, the
properties of the non-sarcomeric variants that we included in this study may have affected the clinical
phenotype of the detected group along with the sarcomeric variants, complicating the interpretation
of how genetic status influences clinical prognosis. Control studies are needed for a more rigorous
evaluation of the genotype-phenotype association in HCM. Lastly, there were only 23 genes included
in the gene panel, which suggests that selection bias could exist in the not-detected population.

5. Conclusions

Nonetheless, our findings suggest that clinical presentation and prognosis are significantly worse
in patients with HCM who possess pathogenic sarcomeric variants. As the risk stratification in HCM is
highly problematic due to the genetic and clinical heterogeneity of the disease, incorporating both
genotype and clinical phenotype analysis in assessment may be crucial in future studies of HCM and
its consequences.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/6/1671/s1,
Table S1: Medication prescribed during follow-up.

Author Contributions: Conceptualization, S.-C.L.; methodology, E.-S.J. and J.-W.K.; validation, YH.C.;
formal analysis, SM.K. and J.-W.K,; investigation, C.-S.K; data curation, H.Y.K. and J.E.P.; writing—original
draft preparation, H.Y.K. and J.E.P.; writing—review and editing, S.-C.L. and K.H.K,; Visualization, YK.O.;
supervision, S.-C.L.; project administration, S.-C.L.; funding acquisition, S.-C.L. All authors have read and agree
to the published version of the manuscript.

Funding: This study was supported by the Research Program funded by the Korea Centers for Disease Control
and Prevention (#4800-4860-306) and the Heart Vascular and Stroke Institute of Samsung Medical Center.

Acknowledgments: We thank Myung Jin Park and Ji Min Seo for their devoted efforts and excellent contributions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Maron, B.J.; McKenna, W.J.; Danielson, G.K.; Kappenberger, L.J.; Kuhn, H.J.; Seidman, C.E.; Shah, PM.;
Spencer, W.H., 3rd; Spirito, P.; Ten Cate, EJ.; et al. American College of Cardiology/European Society of
Cardiology clinical expert consensus document on hypertrophic cardiomyopathy. A report of the American
College of Cardiology Foundation Task Force on Clinical Expert Consensus Documents and the European
Society of Cardiology Committee for Practice Guidelines. |. Am. Coll. Cardiol. 2003, 42, 1687-1713. [PubMed]

2. Bos, ].M.; Towbin, J.A.; Ackerman, M.]. Diagnostic, prognostic, and therapeutic implications of genetic
testing for hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2009, 54, 201-211. [CrossRef] [PubMed]

3.  Burns, C; Bagnall, RD.; Lam, L.; Semsarian, C.; Ingles, ]J. Multiple Gene Variants in Hypertrophic
Cardiomyopathy in the Era of Next-Generation Sequencing. Circ. Cardiovasc. Genet. 2017, 10. [CrossRef]

4. Walsh, R;; Thomson, K.L.; Ware, ].S.; Funke, B.H.; Woodley, J.; McGuire, K.J.; Mazzarotto, F.; Blair, E.; Seller, A ;
Taylor, J.C.; et al. Reassessment of Mendelian gene pathogenicity using 7,855 cardiomyopathy cases and
60,706 reference samples. Genet. Med. Off. J. Am. Coll. Med Genet. 2017, 19, 192-203. [CrossRef] [PubMed]

5. Burke, M.A.; Cook, S.A.; Seidman, J.G.; Seidman, C.E. Clinical and Mechanistic Insights into the Genetics of
Cardiomyopathy. J. Am. Coll. Cardiol. 2016, 68, 2871-2886. [CrossRef] [PubMed]

6.  Alfares, A.A.; Kelly, M.A.; McDermott, G.; Funke, B.H.; Lebo, M.S.; Baxter, S.B.; Shen, J.; McLaughlin, HM.;
Clark, EH.; Babb, L.J.; et al. Results of clinical genetic testing of 2,912 probands with hypertrophic
cardiomyopathy: Expanded panels offer limited additional sensitivity. Genet. Med. Off. J. Am. Coll.
Med. Genet. 2015, 17, 880-888. [CrossRef] [PubMed]

7. Elliott, PM.; Anastasakis, A.; Borger, M.A.; Borggrefe, M.; Cecchi, F; Charron, P; Hagege, A.A.; Lafont, A,;
Limongelli, G.; Mahrholdt, H.; et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic
cardiomyopathy: The Task Force for the Diagnosis and Management of Hypertrophic Cardiomyopathy of
the European Society of Cardiology (ESC). Eur. Heart J. 2014, 35, 2733-2779. [CrossRef]


http://www.mdpi.com/2077-0383/9/6/1671/s1
http://www.ncbi.nlm.nih.gov/pubmed/14607462
http://dx.doi.org/10.1016/j.jacc.2009.02.075
http://www.ncbi.nlm.nih.gov/pubmed/19589432
http://dx.doi.org/10.1161/CIRCGENETICS.116.001666
http://dx.doi.org/10.1038/gim.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27532257
http://dx.doi.org/10.1016/j.jacc.2016.08.079
http://www.ncbi.nlm.nih.gov/pubmed/28007147
http://dx.doi.org/10.1038/gim.2014.205
http://www.ncbi.nlm.nih.gov/pubmed/25611685
http://dx.doi.org/10.1093/eurheartj/ehu284

J. Clin. Med. 2020, 9, 1671 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.
23.

24.

25.

26.

Ackerman, M.].; Priori, S.G.; Willems, S.; Berul, C.; Brugada, R.; Calkins, H.; Camm, A.J.; Ellinor, P.T,;
Gollob, M.; Hamilton, R.; et al. HRS/EHRA expert consensus statement on the state of genetic testing for
the channelopathies and cardiomyopathies this document was developed as a partnership between the
Heart Rhythm Society (HRS) and the European Heart Rhythm Association (EHRA). Heart Rhythm 2011, 8,
1308-1339. [CrossRef]

Briasoulis, A.; Mallikethi-Reddy, S.; Palla, M.; Alesh, I.; Afonso, L. Myocardial fibrosis on cardiac magnetic
resonance and cardiac outcomes in hypertrophic cardiomyopathy: A meta-analysis. Heart 2015, 101,
1406-1411. [CrossRef]

Weng, Z.; Yao, J.; Chan, RH.; He, J.; Yang, X.; Zhou, Y.; He, Y. Prognostic Value of LGE-CMR in HCM: A
Meta-Analysis. JACC Cardiovasc. Imaging 2016, 9, 1392-1402. [CrossRef]

Williams, L.K.; Frenneaux, M.P; Steeds, R.P. Echocardiography in hypertrophic cardiomyopathy diagnosis,
prognosis, and role in management. Eur. |. Echocardiogr. ]. Work. Group Echocardiogr. Eur. Soc. Cardiol. 2009,
10, iii9-14. [CrossRef] [PubMed]

Gersh, B.J.; Maron, B.].; Bonow, R.O.; Dearani, J.A.; Fifer, M.A.; Link, M.S.; Naidu, S.S.; Nishimura, R.A.;
Ommen, S.R.; Rakowski, H.; et al. 2011 ACCF/AHA guideline for the diagnosis and treatment of hypertrophic
cardiomyopathy: Executive summary: A report of the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines. . Thorac. Cardiovasc. Surg. 2011, 142, 1303-1338.
[CrossRef] [PubMed]

Yamada, M.; Teraoka, K.; Kawade, M.; Hirano, M.; Yamashina, A. Frequency and distribution of
late gadolinium enhancement in magnetic resonance imaging of patients with apical hypertrophic
cardiomyopathy and patients with asymmetrical hypertrophic cardiomyopathy: A comparative study.
Int. |. Cardiovasc. Imaging 2009, 25 (Suppl. 1), 131-138. [CrossRef] [PubMed]

Available online: http://gnomad.broadinstitute.org/ (accessed on 5 May 2018).

Available online: http://coda.nih.go.kr/coda/KRGDB/index.jsp/ (accessed on 5 May 2018).

Viswanathan, S.K.; Sanders, H.K.; McNamara, ].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, €0187948. [CrossRef]

Marian, A.J.; Braunwald, E. Hypertrophic Cardiomyopathy: Genetics, Pathogenesis, Clinical Manifestations,
Diagnosis, and Therapy. Circ. Res. 2017, 121, 749-770. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.;
etal. 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. Off. ]. Am. Coll. Med. Genet. 2015, 17, 405-424. [CrossRef]

Available online: http://www.hgmd.org/ (accessed on 5 May 2018).

Available online: https://www.ncbinlm.nih.gov/clinvar/ (accessed on 5 May 2018).

Available online: http://sift.jcvi.org/ (accessed on 5 May 2018).

Available online: http://genetics.bwh.harvard.edu/pph2/ (accessed on 5 May 2018).

Frenneaux, M.P,; Counihan, PJ.; Caforio, A.L.; Chikamori, T.; McKenna, W.J. Abnormal blood pressure
response during exercise in hypertrophic cardiomyopathy. Circulation 1990, 82, 1995-2002. [CrossRef]
Ciampi, Q.; Betocchi, S.; Lombardi, R.; Manganelli, E; Storto, G.; Losi, M.A.; Pezzella, E.; Finizio, F;
Cuocolo, A.; Chiariello, M. Hemodynamic determinants of exercise-induced abnormal blood pressure
response in hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2002, 40, 278-284. [CrossRef]

Olivotto, I.; Maron, B.J.; Montereggi, A.; Mazzuoli, F.; Dolara, A.; Cecchi, F. Prognostic value of systemic
blood pressure response during exercise in a community-based patient population with hypertrophic
cardiomyopathy. J. Am. Coll. Cardiol. 1999, 33, 2044-2051. [CrossRef]

Cerqueira, M.D.; Weissman, N.J.; Dilsizian, V.; Jacobs, AK, Kaul, S.; Laskey, WK.; Pennell, D.J.;
Rumberger, J.A.; Ryan, T.; Verani, M.S. Standardized myocardial segmentation and nomenclature for
tomographic imaging of the heart. A statement for healthcare professionals from the Cardiac Imaging
Committee of the Council on Clinical Cardiology of the American Heart Association. Circulation 2002, 105,
539-542. [PubMed]


http://dx.doi.org/10.1016/j.hrthm.2011.05.020
http://dx.doi.org/10.1136/heartjnl-2015-307682
http://dx.doi.org/10.1016/j.jcmg.2016.02.031
http://dx.doi.org/10.1093/ejechocard/jep157
http://www.ncbi.nlm.nih.gov/pubmed/19889657
http://dx.doi.org/10.1016/j.jtcvs.2011.10.019
http://www.ncbi.nlm.nih.gov/pubmed/22093712
http://dx.doi.org/10.1007/s10554-008-9406-1
http://www.ncbi.nlm.nih.gov/pubmed/19165622
http://gnomad.broadinstitute.org/
http://coda.nih.go.kr/coda/KRGDB/index.jsp/
http://dx.doi.org/10.1371/journal.pone.0187948
http://dx.doi.org/10.1161/CIRCRESAHA.117.311059
http://dx.doi.org/10.1038/gim.2015.30
http://www.hgmd.org/
https://www.ncbi.nlm.nih.gov/clinvar/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://dx.doi.org/10.1161/01.CIR.82.6.1995
http://dx.doi.org/10.1016/S0735-1097(02)01950-2
http://dx.doi.org/10.1016/S0735-1097(99)00094-7
http://www.ncbi.nlm.nih.gov/pubmed/11815441

J. Clin. Med. 2020, 9, 1671 17 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lang, R.M.; Bierig, M.; Devereux, R.B.; Flachskampf, F.A.; Foster, E.; Pellikka, P.A.; Picard, M.H.; Roman, M.J.;
Seward, J.; Shanewise, ].S.; et al. Recommendations for chamber quantification: A report from the American
Society of Echocardiography’s Guidelines and Standards Committee and the Chamber Quantification
Writing Group, developed in conjunction with the European Association of Echocardiography, a branch
of the European Society of Cardiology. J. Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 2005, 18,
1440-1463. [CrossRef]

Maron, B.J.; Maron, M.S.; Semsarian, C. Genetics of hypertrophic cardiomyopathy after 20 years: Clinical
perspectives. J. Am. Coll. Cardiol. 2012, 60, 705-715. [CrossRef]

Olivotto, I.; Girolami, F.; Ackerman, M.].; Nistri, S.; Bos, ].M.; Zachara, E.; Ommen, S.R.; Theis, J.L.;
Vaubel, R.A; Re, E; et al. Myofilament protein gene mutation screening and outcome of patients with
hypertrophic cardiomyopathy. Mayo Clin. Proc. 2008, 83, 630-638. [CrossRef]

Jarcho, J.A.; McKenna, W.; Pare, J.A.; Solomon, S.D.; Holcombe, R.E,; Dickie, S.; Levi, T.; Donis-Keller, H.;
Seidman, J.G.; Seidman, C.E. Mapping a gene for familial hypertrophic cardiomyopathy to chromosome
14q1. N. Engl. . Med. 1989, 321, 1372-1378. [CrossRef] [PubMed]

Walsh, R.; Buchan, R.; Wilk, A ; John, S.; Felkin, L.E.; Thomson, K.L.; Chiaw, T.H.; Loong, C.C.W,; Pua, C.J.;
Raphael, C.; et al. Defining the genetic architecture of hypertrophic cardiomyopathy: Re-evaluating the role
of non-sarcomeric genes. Eur. Heart |. 2017, 38, 3461-3468. [CrossRef] [PubMed]

Bottillo, I.; D’Angelantonio, D.; Caputo, V.; Paiardini, A.; Lipari, M.; De Bernardo, C.; Giannarelli, D.;
Pizzuti, A.; Majore, S.; Castori, M.; et al. Molecular analysis of sarcomeric and non-sarcomeric genes in
patients with hypertrophic cardiomyopathy. Gene 2016, 577, 227-235. [CrossRef]

O’Mahony, C.; Jichi, F,; Pavlou, M.; Monserrat, L.; Anastasakis, A.; Rapezzi, C.; Biagini, E.; Gimeno, J.R.;
Limongelli, G.; McKenna, W.].; et al. A novel clinical risk prediction model for sudden cardiac death in
hypertrophic cardiomyopathy (HCM risk-SCD). Eur. Heart ]. 2014, 35, 2010-2020. [CrossRef]
Sedaghat-Hamedani, F.; Kayvanpour, E.; Tugrul, O.F; Lai, A.; Amr, A.; Haas, ].; Proctor, T.; Ehlermann, P.;
Jensen, K.; Katus, H.A.; et al. Clinical outcomes associated with sarcomere mutations in hypertrophic
cardiomyopathy: A meta-analysis on 7675 individuals. Clin. Res. Cardiol. Off. ]. Ger. Card. Soc. 2018, 107,
30—41. [CrossRef]

Olivotto, I.; Girolami, F; Sciagra, R.; Ackerman, M.J.; Sotgia, B.; Bos, ].M.; Nistri, S.; Sgalambro, A.;
Grifoni, C.; Torricelli, E; et al. Microvascular function is selectively impaired in patients with hypertrophic
cardiomyopathy and sarcomere myofilament gene mutations. J. Am. Coll. Cardiol. 2011, 58, 839-848.
[CrossRef]

Van Driest, S.L.; Jaeger, M.A.; Ommen, S.R.; Will, M.L.; Gersh, B.J.; Tajik, A.J.; Ackerman, M.]. Comprehensive
analysis of the beta-myosin heavy chain gene in 389 unrelated patients with hypertrophic cardiomyopathy.
J. Am. Coll. Cardiol. 2004, 44, 602—610. [CrossRef]

Gruner, C.; Ivanov, J.; Care, M.; Williams, L.; Moravsky, G.; Yang, H.; Laczay, B.; Siminovitch, K.; Woo, A.;
Rakowski, H. Toronto hypertrophic cardiomyopathy genotype score for prediction of a positive genotype in
hypertrophic cardiomyopathy. Circ. Cardiovasc. Genet. 2013, 6, 19-26. [CrossRef] [PubMed]

Girolami, F.; Ho, C.Y.; Semsarian, C.; Baldi, M.; Will, M.L.; Baldini, K.; Torricelli, F.; Yeates, L.; Cecchi, F.;
Ackerman, M.]; et al. Clinical features and outcome of hypertrophic cardiomyopathy associated with triple
sarcomere protein gene mutations. J. Am. Coll. Cardiol. 2010, 55, 1444-1453. [CrossRef] [PubMed]
Alejandra Restrepo-Cordoba, M.; Campuzano, O.; Ripoll-Vera, T.; Cobo-Marcos, M.; Mademont-Soler, I.;
Gamez, ].M.; Dominguez, F.; Gonzalez-Lopez, E.; Padron-Barthe, L.; Lara-Pezzi, E.; et al. Usefulness of
Genetic Testing in Hypertrophic Cardiomyopathy: An Analysis Using Real-World Data. ]. Cardiovasc.
Transl. Res. 2017, 10, 35-46. [CrossRef] [PubMed]

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]

Mc, L.A.; Ellims, A.H.; Prabhu, S.; Voskoboinik, A.; Iles, L.M.; Hare, J.L.; Kaye, D.M.; Macciocca, I;
Mariani, J.A.; Kalman, ].M.; et al. Diffuse Ventricular Fibrosis on Cardiac Magnetic Resonance Imaging
Associates With Ventricular Tachycardia in Patients With Hypertrophic Cardiomyopathy. J. Cardiovasc.
Electrophysiol. 2016, 27, 571-580. [CrossRef]

Dimitrow, PP; Klimeczek, P.; Vliegenthart, R.; Pasowicz, M.; Oudkerk, M.; Podolec, P.; Tracz, W.; Dubiel, J.S.
Late hyperenhancement in gadolinium-enhanced magnetic resonance imaging: Comparison of hypertrophic


http://dx.doi.org/10.1016/j.echo.2005.10.005
http://dx.doi.org/10.1016/j.jacc.2012.02.068
http://dx.doi.org/10.1016/S0025-6196(11)60890-2
http://dx.doi.org/10.1056/NEJM198911163212005
http://www.ncbi.nlm.nih.gov/pubmed/2811944
http://dx.doi.org/10.1093/eurheartj/ehw603
http://www.ncbi.nlm.nih.gov/pubmed/28082330
http://dx.doi.org/10.1016/j.gene.2015.11.048
http://dx.doi.org/10.1093/eurheartj/eht439
http://dx.doi.org/10.1007/s00392-017-1155-5
http://dx.doi.org/10.1016/j.jacc.2011.05.018
http://dx.doi.org/10.1016/j.jacc.2004.04.039
http://dx.doi.org/10.1161/CIRCGENETICS.112.963363
http://www.ncbi.nlm.nih.gov/pubmed/23239831
http://dx.doi.org/10.1016/j.jacc.2009.11.062
http://www.ncbi.nlm.nih.gov/pubmed/20359594
http://dx.doi.org/10.1007/s12265-017-9730-8
http://www.ncbi.nlm.nih.gov/pubmed/28138913
http://dx.doi.org/10.1007/s00380-016-0920-0
http://dx.doi.org/10.1111/jce.12948

J. Clin. Med. 2020, 9, 1671 18 of 18

43.

44.

45.

46.

cardiomyopathy patients with and without nonsustained ventricular tachycardia. Int. J. Cardiovasc. Imaging
2008, 24, 77-83. [CrossRef]

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 MYH? (3-Myosin Heavy Chain)- Versus MYBPC3 (Myosin-Binding Protein C)-Related Hypertrophic
Cardiomyopathy. Circ. Cardiovasc. Imaging 2017, 10. [CrossRef]

Miller, RJ.H.; Heidary, S.; Pavlovic, A.; Schlachter, A ; Dash, R.; Fleischmann, D.; Ashley, E.A.; Wheeler, M.T.;
Yang, P.C. Defining genotype-phenotype relationships in patients with hypertrophic cardiomyopathy using
cardiovascular magnetic resonance imaging. PLoS ONE 2019, 14, e0217612. [CrossRef]

Rowin, E.J.; Hausvater, A.; Link, M.S.; Abt, P.; Gionfriddo, W.; Wang, W.; Rastegar, H.; Estes, N.A.M.;
Maron, M.S.; Maron, B.J. Clinical Profile and Consequences of Atrial Fibrillation in Hypertrophic
Cardiomyopathy. Circulation 2017, 136, 2420-2436. [CrossRef]

Garg, L.; Gupta, M.; Sabzwari, S.R.A.; Agrawal, S.; Agarwal, M.; Nazir, T.; Gordon, ].; Bozorgnia, B.;
Martinez, M.W. Atrial fibrillation in hypertrophic cardiomyopathy: Prevalence, clinical impact, and
management. Heart Fail. Rev. 2019, 24, 189-197. [CrossRef]

® © 2020 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/10.1007/s10554-007-9209-9
http://dx.doi.org/10.1161/CIRCIMAGING.116.005311
http://dx.doi.org/10.1371/journal.pone.0217612
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029267
http://dx.doi.org/10.1007/s10741-018-9752-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects and Design of the Study 
	Genetic Testing and Data Analysis 
	Criteria for Evidence-Based Classification of Candidate Variants 
	Data Collection 
	2D Echocardiography 
	Acquisition and Analysis of CMR Images 
	Outcomes 
	Statistical Analysis 

	Results 
	Study Population and Baseline Clinical Characteristics 
	Variant Profile of HCM Patients 
	Differences in Baseline Clinical Characteristics between HCM Patients in Detected vs. Not-Detected Groups 
	Imaging Phenotypes of HCM Patients in Detected vs. Not Detected Groups 
	Clinical Outcomes 

	Discussion 
	Conclusions 
	References

