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INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is a heterogeneous 
genetic disorder with variable expressivity and incomplete 
penetrance that affects up to 1 in 500 individuals in the 
United States.1,2 Clinical diagnosis of HCM is predicated on 
finding unexplained left ventricular hypertrophy; myofiber 
disarray and myocardial fibrosis are characteristic histologi-
cal features. Dominant pathogenic variants in HCM genes 
(ACTC1, MYBPC3, MYH7, MYL2, MYL3, TNNI3, TNNT2, 
and TPM1) encoding sarcomere proteins that form the con-
tractile apparatus of the heart are the most common cause of 
HCM. Additional genes, including ACTN2, CSRP3, MYOZ2, 
NEXN, PLN, TNNC1, and TTR, have been implicated but not 
definitively proven as causing disease.3 Pathogenic variants 
in other genes (GLA, LAMP2, and PRKAG2) also cause left 
ventricular hypertrophy but result in metabolic or infiltrative 
disorders, distinct in their origin from HCM. Distinguishing 

these disorders is clinically important because enzyme replace-
ment therapy can be considered to treat Fabry disease (GLA 
variants),4–6 Danon disease caused by LAMP2 variants is often 
rapidly progressive and fatal in young affected males,7 and 
pacemakers are typically needed to treat the conduction disease 
associated with PRKAG2 variants.8

American College of Cardiology Foundation/American 
Heart Association practice guidelines include genetic test-
ing as a reasonable approach to the diagnosis of HCM.9 The 
Clinical Laboratory Improvement Amendments–certified 
Laboratory for Molecular Medicine was the first laboratory 
to offer clinical HCM genetic testing, beginning in 2004. As 
technology has evolved from Sanger sequencing to array-
based hybridization sequencing, and, recently, to next-gen-
eration sequencing (NGS), each strategy has been harnessed 
to sequence HCM genes.3 Here we describe the results of 
gene-based diagnosis of HCM in unselected, prospective 
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Purpose: Hypertrophic cardiomyopathy (HCM) is caused primar-
ily by pathogenic variants in genes encoding sarcomere proteins. We 
report genetic testing results for HCM in 2,912 unrelated individuals 
with nonsyndromic presentations from a broad referral population 
over 10 years.
Methods: Genetic testing was performed by Sanger sequencing for 
10 genes from 2004 to 2007, by HCM CardioChip for 11 genes from 
2007 to 2011 and by next-generation sequencing for 18, 46, or 51 
genes from 2011 onward.
Results: The detection rate is ~32% among unselected probands, 
with inconclusive results in an additional 15%. Detection rates were 
not significantly different between adult and pediatric probands but 
were higher in females compared with males. An expanded gene 
panel encompassing more than 50 genes identified only a very small 
number of additional pathogenic variants beyond those identifiable 
in our original panels, which examined 11 genes. Familial genetic 

testing in at-risk family members eliminated the need for longitu-
dinal cardiac evaluations in 691 individuals. Based on the projected 
costs derived from Medicare fee schedules for the recommended 
clinical evaluations of HCM family members by the American Col-
lege of Cardiology Foundation/American Heart Association, our 
data indicate that genetic testing resulted in a minimum cost savings 
of about $0.7 million.

Conclusion: Clinical HCM genetic testing provides a definitive 
molecular diagnosis for many patients and provides cost savings 
to families. Expanded gene panels have not substantively increased 
the clinical sensitivity of HCM testing, suggesting major additional 
causes of HCM still remain to be identified.
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cases referred between 2004 and 2013. This study encom-
passes 2,912 unrelated probands and familial variant testing 
in 1,209 family members.

MATeRIALs AND MeTHODs
study population
All studies were performed under a waived-consent, institutional 
review board–approved protocol. Phenotypes and family histo-
ries that prompted HCM genetic testing, as well as demographic 
data (race, ethnicity, and country of origin), were obtained from 
the requisition form (Supplementary Figure S2 online), which 
is normally completed by the referring health-care providers. 
The accuracy of these data is not comparable to the direct cap-
ture of primary clinical data but does represent reasonable cap-
ture of information to analyze clinical testing detection rates in 
various HCM demographic subpopulations typically referred 
for genetic testing. Among 3,459 probands initially referred for 
HCM genetic testing, we excluded individuals with left ventricu-
lar hypertrophy in the context of a clinical syndrome recognized 
before testing, such as Danon or Fabry disease,9 and unaffected 
individuals with only a family history (Figure 1; Supplementary 
Table S1 online).

Genetic testing
Between 2004 and 2007, genetic testing was performed by poly-
merase chain reaction amplification of amplicons and Sanger 
dideoxy sequencing of a five-gene panel (MYBPC3, MYH7, 
TNNI3, TNNT2, and TPM1) that reflexed to an additional 
three-gene panel (ACTC1, MYL2, and MYL3) when the initial 
analyses were negative. In a subset of probands, two additional 
genes (PRKAG2 and LAMP2) were sequenced. Between 2007 

and July 2011 genetic testing was performed using the HCM 
CardioChip,10,11 which included GLA in addition to all 10 genes 
listed above. Although a slightly reduced sensitivity for variant 
detection may have occurred while using the CardioChip tech-
nology, this was primarily abrogated by the continued use of par-
allel Sanger sequencing of the MYBPC3 gene for all CardioChip 
cases, given the increased rate of insertions/deletions in this gene, 
which are known to be poorly detected.12 Beginning in July 2011, 
genetic testing used NGS with either an HCM panel (18 genes, 
including the 11 mentioned above plus ACTN2, CSRP3, MYOZ2, 
NEXN, PLN, TNNC1, and TTR) or the Pan Cardiomyopathy 
Panel,12 which initially encompassed 46 genes and subsequently 
51 genes that cause or are implicated in HCM and other cardio-
myopathies (dilated, arrhythmogenic, left ventricular noncom-
paction, and restrictive). For all tests described, all genes were 
sequenced to completion regardless of the identification of a 
variant in any one gene. Familial testing was performed by poly-
merase chain reaction amplification and Sanger sequencing of 
the relevant amplicon. All methods analyzed variants found in 
the coding regions and flanking intron boundaries ±12–15 bp. 
Other noncoding variants were generally not detected, except 
for the common East Asian deletion in intron 32 of MYBPC3 
(c.3628-41_3628-17del) and the cryptic splice-site variant in 
intron 4 of GLA (c.640-801G>A, also known as c.639+919G>A).

Variant assessment
Variants are reported using Human Genome Variation Society 
nomenclature guidelines (http://www.hgvs.org/mutnomen) 
and classified into one of five categories: pathogenic (P), likely 
pathogenic (LP), variant of uncertain significance (VUS), likely 
benign (LB), or benign (B) using Laboratory for Molecular 

Figure 1  Breakdown of all hypertrophic cardiomyopathy (HCM) cases. NGS, next-generation sequencing.
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Medicine classification criteria (Supplementary Table S2 
online). Details of the variant assessment methods and tools 
used have been described elsewhere.13,14 Proband test results 
are reported as positive (≥1 P/LP variant), negative (only LB/B 
variants), or inconclusive (no P/LP variants and at least one 
VUS).

Variant database
All variants identified in the Laboratory for Molecular Medicine 
and reported here are provided in Supplementary Table S7 
online, along with clinical classifications. These were deposited 
into ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/),15 includ-
ing a summary of evidence used for classification, for unre-
stricted access to the community.

Cost analysis
The cost of familial variant testing is $400 per sample. Costs 
for clinical assessments were conservatively estimated as $150 
(inclusive of cardiologist, electrocardiogram, and echocardio-
gram) based on Medicare rates. This is probably a substantial 

underestimate of costs compared with those of private insurers, 
but we were unable to get data from other sources. Cost of life-
time clinical screening was estimated for individuals grouped 
by their ages at the time of genetic testing (<12, 12–20, 21–50, 
50–75, and >75 years old; Figure 1) and the expected total num-
ber of evaluations based on American College of Cardiology 
Foundation/American Heart Association clinical screening 
guidelines9 until age 75 years. For example, at-risk family mem-
bers younger than 12 years old were assigned 20 clinical visits 
(1 visit per year from 12 to 20 years and 1 visit every 5 years 
from age 21 to 75 years averaged across age groups), whereas 
individuals aged 50–75 years were assigned 3 visits. No clinical 
screens were assumed for individuals older than 75 years.

ResULTs
Variants and genes
Among 2,912 probands referred for HCM genetic testing, all 
were sequenced for MYBPC3, MYH7, TNNI3, TNNT2, and 
TPM1. In addition, 69% were also sequenced for three other 
genes (ACTC1, MYL2, and MYL3) encoding sarcomere proteins 

Figure 2 Hypertrophic cardiomyopathy (HCM) detection rates and gene contribution. (a) Breakdown of the relative contribution of each gene to 
all positive cases. For this analysis, only variants classified as pathogenic and likely pathogenic were included. (b) Detection rate for the entire HCM cohort 
broken down by overall result. (c) Detection rates stratified by year of testing. Detection rates dropped from 38 to 30% and then to 28% over a 9-year period 
(2004–2013), likely reflecting an evolving referral pattern. NGS, next-generation sequencing; VUS, variant of uncertain significance.
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and 22% were sequenced for both sets above plus 10 additional 
HCM genes (ACTN2, CSRP3, GLA, LAMP2, MYOZ2, NEXN, 
PLN, PRKAG2, TNNC1, and TTR). The remaining 9% were 
sequenced for only five genes encoding sarcomere proteins 
(excluding ACTC1, MYL2, and MYL3) because a pathogenic 
variant was identified from the initial five-gene panel (Figure 1).

We classified the 972 variants identified in the proband cohort 
as P (n = 194), LP (n = 129), VUS (n = 411), LB (n = 145), or B 
(n = 93). Among all variants, 56% were not previously reported 
or listed in online variant databases; these represented 45% of 
the P/LP, 65% of the VUS, and 56% of the LB/B categories. All 
variants annotated for pathogenic clinical classification and 
numbers of times identified are provided in Supplementary 
Table S7 online and are available in ClinVar.

The majority of positive test results were due to P/LP variants 
in the MYBPC3 and MYH7 genes (83%), with the other genes 
accounting for the remaining 17% (Figure 2a, Supplementary 
Table S3 online). To consider whether gene size affected rela-
tive gene contribution, we examined variation per kilobase of 
DNA coding sequence across all 18 HCM genes. We also exam-
ined background variation in each gene using the National 

Heart, Lung, and Blood Institute Exome Sequencing Project 
data (http://evs.gs.washington.edu/EVS/; data downloaded in 
August 2013). After correcting for gene size, MYBPC3 remained 
the largest source of P/LP variants per kilobase, despite reason-
ably similar background variation among the genes examined 
(Supplementary Table S4 online).

The majority (53%) of P/LP variants across all HCM genes 
are not predicted to truncate the encoded protein. However, 
the types of variants that contributed to positive genetic test 
results differed for each gene. Truncating variants (e.g., non-
sense, frameshift, ±1,2 splice) were found almost exclusively 
in MYBPC3 and LAMP2 and were rarely found in other genes 
(Figure 3a), as has been previously recognized.16

Variant detection rates
Genetic testing (Figure 2b) defined a P or LP variant in 917 
probands (32%), was negative in 1,551 probands (53%), and was 
inconclusive (VUS identified) in 444 probands (15%). In recent 
years our laboratory began subclassifying VUSs into those that 
“favor a pathogenic role” and those that “favor a benign role,” 
with the remaining being equivocal (see Supplementary Table 

Figure 3 Result stratificatiion by variant type and demographics. (a) Comparison of the MYBPC3 gene versus LAMP2 versus all other contributing genes 
(ACTC1, ACTN2, CSRP3, GLA, MYH7, MYL2, MYL3, MYOZ2, NEXN, PLN, PRKAG2, TINNI3, TNNC1, TNNT2, TPM1, and TTR) in terms of the types of pathogenic 
and likely pathogenic variants identified in probands. Nontruncating variants include missense variants (amino acid substitutions) and in-frame amino acid 
insertions and deletions. Truncating variants include nonsense, frameshift, and canonical splice variants (±1,2). (b) Distribution of positive, negative, and 
inconclusive results in adult and pediatric age groups. Thirty-seven cases were excluded because of unavailable age. (c) Breakdown of detection rates based on 
reported family history. (d) Distribution of positive, negative, and inconclusive results in males as compared with females. Sixty-one cases were excluded because 
of unavailable sex. P values for all comparisons are noted in supplementary Table s1 online. HCM, Hypertrophic cardiomyopathy; SCD, sudden cardiac death.
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S2 online for subclassification rules). Subclassified VUSs were 
present in 190/444 of inconclusive cases; 150 were a VUS favor-
ing a pathogenic role versus 40 that favored a benign role in the 
18 tested HCM genes. The remaining 254 were not subclassified 
or were classified as equivocal.

More positive genetic tests were found in adult probands 
(32%) than in pediatric probands (age <16 years; 28%; P = 
0.07; Figure 3b; Supplementary Table S1 online). Among the 
positive pediatric age group, 20% (26/129) were younger than 
2 years at the time of testing. Among adults, the average age of 
probands with a negative test result (44 years) was higher than 
that of those with a positive test result (39 years; P < 0.01).

We considered whether family history, age, sex, or race influ-
enced positive genetic testing results (Figure 3c; Supplementary 
Table S1 online). As expected, the highest detection rate of P/
LP variants (52%) was observed in probands with a family his-
tory of HCM (491/938) or sudden cardiac death (33%, 134/402) 
compared with 21% of probands who did not have or did not 
specify these risk factors (343/1,637). Adult female probands 
with a positive family history of HCM had the highest detection 
rate (56%). Almost twice as many men (n = 1,837) than women 
(n = 993) were referred for genetic testing, but the detection 
rate of P/LP variants was significantly higher in women (36%) 

than men (30%; P < 0.01; Figure 3d; Supplementary Table S1 
online). However, more women (43%) than men (34%) had a 
family history of HCM (P < 0.01), which substantially increases 
the likelihood of positive genetic test results.

Positive genetic tests were also highest among white probands 
(34%, 644/1,896) and lowest among probands of Ashkenazi 
Jewish ancestry (19%, 17/90; Supplementary Table S1 online). 
One variant (MYBPC3 c.3190+1G>A) was reported twice in 
individuals with Ashkenazi Jewish ancestry, although no com-
mon pathogenic variant was found in this population. Detection 
rates in black and Asian populations were 23% (48/212) and 
25% (46/184), respectively.

Probands with multiple variants
Among 2,912 probands, 8% (n = 234) had more than one P/
LP variant or VUS: 0.6% (n = 18) had two or more P/LP vari-
ants (including homozygous variants and one proband with 
three P/LP variants), 5% (n = 147) had one P/LP variant plus 
at least one VUS, and 2.4% (n = 69) had two or more VUSs 
(Supplementary Table S5 online). Ten of the 18 probands with 
two or more P/LP variants had compound heterozygous or 
homozygous variants in the same gene, including 5 probands 
with two or more MYBPC3 variants. Eight of 18 probands had 

Figure 4 Novel and repeatedly observed variants. (a) Percentage of novel variants from among total variants identified in each year and divided by variant 
class. *Data from 2013 represent only cases collected until August 2013. (b) Histogram plot of all pathogenic and likely pathogenic variants distributed by the 
number of probands with each variant. For example, the p.Arg502Trp variant in MYBPC3 was observed in 45 probands, whereas 179 variants were observed 
in only 1 proband.
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two or three heterozygous variants in different genes. One pro-
band with only clinical findings of HCM had P variants in both 
MYH7 and PKP2 that cause arrhythmogenic right-ventricular 
cardiomyopathy.17 The average age (±SD) of probands referred 
for genetic testing tended to be younger among those with two 
or more P/LP variants (29 ± 3 years) compared with those with 
only one P/LP variant (39 ± 21 years; P = 0.29).

Population-specific variation characteristics
We found no statistically significant difference in the like-
lihood of finding a P or LP variant or a VUS between the 
adult (83% of the cohort) and pediatric (16% of the cohort) 
probands tested. However, the percentage of probands with a 
VUS as compared with a P/LP variant was higher in pediatric 
cases (19%) than in adult cases (14%). The larger numbers of 
VUSs in pediatric cases may reflect the greater proportion of 
MYBPC3 missense variants in childhood-onset HCM16 and 
the greater complexity in interpreting missense variants as 
compared with predicted null variants.

Probands with de novo variants
We previously identified de novo variants accounting for 36% 
of probands with pediatric-onset HCM and no family history 
of HCM.16 To assess the frequency of de novo variants in this 
cohort, we first separated positive probands into pediatric (<16 
years), adult, and unknown. We then assumed the variant was 
inherited in those with a reported family history of HCM or 
sudden cardiac death (71 of 131 pediatric probands and 472 of 
764 adult probands), even if no familial testing was ordered. For 
those patients with no reported family history (60 pediatric pro-
bands and 292 adult probands), we identified pediatric and adult 
de novo rates of 62.9% (22/35) and 8.0% (4/50) (adults were 16, 
20, 35, and 37 years at the time of testing), respectively, in those 
who had biparental testing (shaded areas of Supplementary 
Figure S1 online). These rates do not, however, represent the 
overall disorder, given the exclusion of cases with family history 
and the bias in reduced parental testing when a family history is 

present. Therefore, we applied the observed rates in cases with-
out a family history to the untested 25 pediatric and 242 adult 
probands without a family history (Supplementary Figure S1 
and Table S6 online). We then combined the confirmed (22 
pediatric, 4 adult) and estimated (16 pediatric, 19 adult) de 
novo cases divided by the total positive cohort (131 pediatric, 
764 adult) to arrive at overall de novo rates of 28.8% in pediatric 
cases and 3.1% in adult cases. The pediatric rate is reasonably 
consistent with our 36% pediatric rate previously reported,16 and 
the comparatively low adult rate is expected given that adult-
onset disease has less impact on reproductive fitness and is 
therefore more likely to have a family history.

Detection of metabolic cardiomyopathies
Approximately 3% of the positive probands had variants in 
GLA, LAMP2, and PRKAG2, which cause metabolic cardio-
myopathies that mimic HCM. Because we excluded probands 
with syndromic manifestations (recognized before testing) that 
occur with pathogenic variants in LAMP2 (Danon disease) and 
GLA (Fabry disease), these data reflect a minimum contribution 
by these genes to “unexplained” left-ventricular hypertrophy.

The X-linked LAMP2 gene was sequenced in 2,451 probands 
without syndromic presentations, and P/LP variants were identi-
fied in 6 (0.2%), including 3 female probands. There were no dif-
ferences in the ages of male (20, 21, unknown years) and female 
(14, 23, and 37 years) probands at the time of genetic testing. The 
X-linked GLA gene was sequenced in 2,165 probands, with P/
LP variants identified in 9 (0.4%), representing a lower detection 
rate than the 1% reported by others.18 GLA P/LP variants were 
identified in four men with an average age of 55 years (51, 53, 54, 
and 63 years), in four women with an average age of 63 years (48, 
52, 72, 80 years), and in a proband of unspecified sex or age. Each 
of the GLA variants had been reported to cause classic Fabry 
disease, although two of these variants (p.Gly373Ser and c.640-
801G>A) had been observed in patients with isolated cardiac 
manifestations.19–23 PRKAG2 was sequenced in 2,438 probands, 
and P/LP variants were identified in 9 probands (0.4%; 7 male 
and 2 female); the average age at testing was 11 years.

evolution of testing
Between 2004 and 2013 we did not observe differences in the 
race distribution, age range, or sex ratio of probands referred 
for genetic testing, but we did observe a decreased frequency 
of family histories of HCM (48–41%). Applying our cur-
rent stringent variant classification pipeline to all cases, we 
observed a decrease in the proportion of positive test results 
over time: 38% between 2004 and 2007, 30% between 2008 
and July 2011, and 28% between August 2011 and August 
2013 (Figure 2c). This shift presumably reflects changes in 
test ordering practice; testing has likely become more com-
mon among those with a less clear diagnosis of HCM, leading 
to lower detection rates. Alternatively, it may reflect a change 
in our own laboratory’s case spectrum as additional laborato-
ries have begun offering testing. Please see the Discussion for 
additional commentary.

Figure 5 Comparison of genetic testing costs and estimated clinical 
screening costs when genetic testing is used or not used for determining 
risk status in unaffected family members. These data are based on actual 
numbers of unaffected family members tested over a 9-year period. Medical 
costs are conservatively estimated using the Medicare fee schedule.
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Incremental yield using comprehensive gene panels
Testing 619 probands using the HCM NGS panel (18 genes) 
or the Pan Cardiomyopathy Panel (46–51 genes) (Figure 1) 
defined only one additional P or LP variant (in PLN) in the 
six additional HCM genes. Furthermore, when using the full 
Pan Cardiomyopathy Panel in a subset of the above (n = 202 
probands), no probands with a primary causative variant out-
side the 18 HCM genes were identified; however, one proband 
was double heterozygous for both HCM-related (MYH7) and 
arrhythmogenic right-ventricular cardiomyopathy–related 
(PKP2) variants.

Private versus common variants
In our first 6 years of testing we observed a gradual reduction in 
the percentage of novel P/LP variants and VUSs being detected 
(Figure 4a). Over the past 4 years, however, that rate has stabi-
lized at ~35–40%. After deploying preclassifications of variants 
commonly found in large population databases, only a small 
number of novel variants, primarily synonymous (silent) vari-
ants, can be classified as LB.

Consistent with the high rate of novel variant detection, our 
analysis shows that 56% (179/323) of variants were observed 
in only one family and can be considered “private” variants 
(Figure 4b). A total of 44% (142/323) of variants were observed 
more than once, although only 5% (17/323) appeared 10 times 
or more. The most common variants in our population were in 
the MYBPC3 gene, including p.Arg502Trp,24 which occurs in 
a known hotspot, and c.2373_2373insG (p.Trp792fs), a Dutch 
founder variant,25 reported in 5% (45/917) and 3% (26/917) of 
all positive probands, respectively.

Medical cost savings
We conducted familial variant testing on family members of 
probands with a P/LP variant or a VUS. A subset of this test-
ing was conducted on affected family members to evaluate 
segregation of the variant with disease, particularly for VUSs 
and sometimes for LP variants. However, most family mem-
bers of probands with a P/LP variant were asymptomatic at the 
time of testing and were tested to determine their risk for dis-
ease. Of the 1,209 asymptomatic family members of a positive  
(P/LP) proband, 691 tested negative for the variant and no longer 
required cardiac evaluations recommended for high-risk family 
members (Figure 1). By examining the cost of genetic screen-
ing for a familial variant ($400) and comparing it with the costs 
of serial clinical evaluations as recommended by the American 
College of Cardiology Foundation/American Heart Association,9 
this screening saved an estimated $0.7 million (~$1,000.00/at-
risk family member) when the cost of the clinical assessment 
was estimated at $150 per cardiac visit, based on Medicare rates 
(Figure 5). This is likely a gross underestimate of savings, how-
ever, given the large fraction of patients with private insurance. 
In addition, fewer than two unaffected family members per pro-
band received testing, which is likely an underestimate of those 
in need of predictive testing, suggesting costs savings would be 
much higher with thorough familial testing.

DIsCUssION
Analysis of 2,912 probands referred for clinical HCM genetic 
testing over 9 years identified a known etiology (P or LP vari-
ant) in 32% and a possible etiology (VUS) in an additional 15%. 
Clinical sensitivity for a known or highly likely etiology increased 
to 52% for patients with a positive family history of HCM. These 
detection rates are similar or somewhat lower than those found 
by prior studies of large HCM populations but are lower than 
detection rates from research genetic testing,26 in part because of 
several factors. First, broader indications for clinical genetic test-
ing have been adopted in recent years, including cases without a 
definitive diagnosis of HCM. For example, increased physician 
awareness of the manifestations of HCM and widespread, non-
invasive cardiac imaging with extraordinary sensitivity to detect 
subtle degrees of hypertrophy may have lowered the threshold 
for diagnosing HCM and increased genetic testing. Second, the 
standard required by the Laboratory for Molecular Medicine for 
evidence of pathogenicity is high, including significant segre-
gation data and/or functional data to classify variants as P or 
LP. Consistent with this, we observed fewer cases with multiple 
pathogenic variants compared to previous reports.27–29 Third, 
the recent availability of exome and targeted resequencing data 
from large population cohorts has improved knowledge of the 
allelic variation that is clinically tolerated within HCM genes. 
For example, after we applied stricter evidence requirements 
for pathogenicity and incorporated the recently available pop-
ulation data (e.g., Exome Sequencing Project, 1000 Genomes 
Project), 68 variants changed from LP to VUS and 1 changed 
from LP to LB, whereas only 9 variants changed from VUS to 
LP. In addition, ~57 variants previously classified as VUSs were 
reclassified as LB, often based on newly available population fre-
quency data. Earlier data on HCM variant reclassification have 
previously been reported.30

Notably, the application of NGS enabled simultaneous analy-
ses of at least 18 HCM genes in more than 600 patients studied 
after 2011. However, broadening genetic testing to more com-
prehensive panels identified only a very small number of addi-
tional pathogenic variants beyond those identifiable by prior 
non-NGS tests. Indeed, only one proband had an additional 
pathogenic variant identified in a nonsarcomere gene included 
in the broader panel testing. As such, we suggest that current 
use of the extended cardiomyopathy gene panel is not useful for 
most patients with HCM and should be reserved for patients 
with atypical clinical phenotypes. A similar recommendation 
could be made for the anticipated increasing use of exome and 
genome sequencing approaches. In these cases initial data anal-
ysis could be confined to these same genes with reflex to the 
whole genomic data set only when health-care providers are 
trained to deal with the complexity of uncertain gene and vari-
ant findings that result from genomic testing.

The rate of novel variant detection throughout 9 years of 
clinical HCM genetic testing remained at 35–40%, with 56% 
of variants found uniquely in a single family. This observation 
implies that many pathogenic HCM variants arose recently 
under negative selective pressure. This is also consistent with 
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the high de novo variant rate of 28.8% in pediatric cases. These 
issues also underscore the complexity of genetic diagnosis; in 
addition to requiring sophisticated interpretive skills, family 
studies are critical during the first identification of each vari-
ant because it may never be seen again. Such diligence should 
reduce the percentage of inconclusive genetic testing results.

HCM testing enabled a large fraction of families to receive a 
precise diagnosis, including appropriate classification of 0.4% 
of the cohort with unrecognized Fabry disease who may ben-
efit from enzyme replacement therapy. Gene-based diagnosis 
also accurately identifies preclinical carriers who benefit from 
appropriate clinical surveillance. At-risk relatives who test neg-
ative for the family’s pathogenic variant no longer need routine 
echocardiographic and electrocardiographic screening, saving 
significant health-care costs and reducing concern for adverse 
outcomes. Using recommendations from the American College 
of Cardiology Foundation/American Heart Association and 
an estimated cost of $150 per clinical visit (based on current 
Medicare reimbursement rates), we projected ~$0.7 million 
total health-care cost savings for the families tested in our labo-
ratory alone. Although a rigorous cost-effectiveness analysis is 
outside the scope of this study, our findings are consistent with 
two prior cost-effectiveness studies examining the clinical and 
economic utility of genetic testing for HCM.31,32

The inability to identify a genetic etiology in a substantial 
proportion of patients with HCM referred for clinical testing 
raises several important questions. Do variant-negative patients 
without family histories have HCM because of an undiscovered 
genetic or possibly somatic variant, or do they have an acquired 
cardiomyopathy? Were some variants missed in patients with 
HCM, such as pathogenic copy-number or regulatory vari-
ants in previously identified HCM genes? Do variant-negative 
patients with positive family histories have dominant or reces-
sive variants in unidentified HCM genes? Or is family history in 
HCM an inaccurate indicator of genetic disease? Should HCM 
management guidelines be the same for patients with and 
without pathogenic variants? Discovering the answers to these 
questions is critical to enabling the full potential of genetic test-
ing to be realized in diagnosing and treating HCM.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim

ACKNOWLEDGMENTS
The authors thank the health-care providers and their patients 
who facilitated this study through the provision of clinical infor-
mation, as well as the employees of the Laboratory for Molecular 
Medicine, who provided robust and high-quality testing for many 
years.

DISCLOSURE
Several authors (M.A.K., B.H.F., M.S.L., J.S., H.M.M., and H.L.R.) 
are employed by the Laboratory for Molecular Medicine, a non-
profit fee-for-service clinical laboratory performing cardiomyopa-

thy  testing. C.E.S. and J.G.S. are founders and owns shares in 
Myokardia Inc., a startup company that is developing therapeutics 
that target the sarcomere. The other authors declare no conflict 
of interest.

REFERENCES
 1. Maron BJ, Gardin JM, Flack JM, Gidding SS, Kurosaki TT, Bild DE. Prevalence 

of hypertrophic cardiomyopathy in a general population of young adults. 
Echocardiographic analysis of 4111 subjects in the CARDIA Study. Coronary 
Artery Risk Development in (Young) Adults. Circulation 1995;92:785–789.

 2. Maron BJ. Hypertrophic cardiomyopathy: a systematic review. JAMA 
2002;287:1308–1320.

 3. Teekakirikul P, Kelly MA, Rehm HL, Lakdawala NK, Funke BH. Inherited 
cardiomyopathies: molecular genetics and clinical genetic testing in the 
postgenomic era. J Mol Diagn 2013;15:158–170.

 4. Hoffmann B, Beck M, Sunder-Plassmann G, Borsini W, Ricci R, Mehta A; FOS 
European Investigators. Nature and prevalence of pain in Fabry disease and 
its response to enzyme replacement therapy–a retrospective analysis from the 
Fabry Outcome Survey. Clin J Pain 2007;23:535–542.

 5. Schwarting A, Sunder-Plassmann G, Mehta A, Beck M. Effect of enzyme 
replacement therapy with agalsidase alfa on renal function in patients with 
Fabry disease: data from FOS–the Fabry Outcome Survey. In: Mehta A, Beck M, 
Sunder-Plassmann G (eds). Fabry Disease: Perspectives from 5 Years of FOS., chp 
38 Oxford, UK: Oxform PharmaGenesis, 2006.

 6. Beck M, Ricci R, Widmer U, et al. Fabry disease: overall effects of agalsidase alfa 
treatment. Eur J Clin Invest 2004;34:838–844.

 7. Cheng  Z, Fang  Q. Danon disease: focusing on heart. J Hum Genet 
2012;57:407–410.

 8. Light PE. Familial Wolff-Parkinson-White Syndrome: a disease of glycogen 
storage or ion channel dysfunction? J Cardiovasc Electrophysiol 2006;17(suppl 
1):S158–S161.

 9. Gersh BJ, Maron BJ, Bonow RO, 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. J Am Coll Cardiol 2011;58:2703–2738.

 10. Teekakirikul P, Cox S, Funke B, Rehm HL. Targeted sequencing using Affymetrix 
CustomSeq Arrays. Curr Protoc Hum Genet 2011;Chapter 7:Unit7.18.

 11. Kothiyal P, Cox S, Ebert J, Aronow BJ, Greinwald JH, Rehm HL. An overview of 
custom array sequencing. Curr Protoc Hum Genet 2009;Chapter 7:Unit 7.17.

 12. Gowrisankar S, Lerner-Ellis JP, Cox S, et al. Evaluation of second-generation 
sequencing of 19 dilated cardiomyopathy genes for clinical applications. J Mol 
Diagn 2010;12:818–827.

 13. Jordan DM, Kiezun A, Baxter SM, et al. Development and validation of a 
computational method for assessment of missense variants in hypertrophic 
cardiomyopathy. Am J Hum Genet 2011;88:183–192.

 14. Duzkale H, Shen J, McLaughlin H, et al. A systematic approach to assessing the 
clinical significance of genetic variants. Clin Genet 2013;84:453–463.

 15. Landrum MJ, Lee JM, Riley GR, et al. ClinVar: public archive of relationships 
among sequence variation and human phenotype. Nucleic Acids Res 
2014;42(Database issue):D980–D985.

 16. Morita H, Rehm HL, Menesses A, et al. Shared genetic causes of cardiac 
hypertrophy in children and adults. N Engl J Med 2008;358:1899–1908.

 17. Corrado D, Thiene G. Arrhythmogenic right ventricular cardiomyopathy/
dysplasia: clinical impact of molecular genetic studies. Circulation 
2006;113:1634–1637.

 18. Monserrat L, Gimeno-Blanes JR, Marín F, et al. Prevalence of fabry disease in a 
cohort of 508 unrelated patients with hypertrophic cardiomyopathy. J Am Coll 
Cardiol 2007;50:2399–2403.

 19. Ishii S, Nakao S, Minamikawa-Tachino R, Desnick RJ, Fan JQ. Alternative splicing 
in the alpha-galactosidase A gene: increased exon inclusion results in the Fabry 
cardiac phenotype. Am J Hum Genet 2002;70:994–1002.

 20. Sachdev B, Takenaka T, Teraguchi H, et al. Prevalence of Anderson-Fabry disease 
in male patients with late onset hypertrophic cardiomyopathy. Circulation 
2002;105:1407–1411.

 21. Lin HY, Chong KW, Hsu JH, et al. High incidence of the cardiac variant of Fabry 
disease revealed by newborn screening in the Taiwan Chinese population. Circ 
Cardiovasc Genet 2009;2:450–456.

 22. Lin HY, Huang CH, Yu HC, et al. Enzyme assay and clinical assessment in subjects 
with a Chinese hotspot late-onset Fabry mutation (IVS4 + 919G→A). J Inherit 
Metab Dis 2010;33:619–624.

GeNeTICs in MeDICINe  |  Volume 17  |  Number 11  |  November 2015

http://www.nature.com/gim


888

ALFARES et al  |  Clinical genetic testing results of probands with hypertrophic cardiomyopathyOriginal research article
 23. Mills K, Morris P, Lee P, et al. Measurement of urinary CDH and CTH by tandem 

mass spectrometry in patients hemizygous and heterozygous for Fabry disease. 
J Inherit Metab Dis 2005;28:35–48.

 24. Saltzman AJ, Mancini-DiNardo D, Li C, et al. Short communication: the 
cardiac myosin binding protein C Arg502Trp mutation: a common cause of 
hypertrophic cardiomyopathy. Circ Res 2010;106:1549–1552.

 25. Alders M, Jongbloed R, Deelen W, et al. The 2373insG mutation in the MYBPC3 
gene is a founder mutation, which accounts for nearly one-fourth of the HCM 
cases in the Netherlands. Eur Heart J 2003;24:1848–1853.

 26. Maron BJ, Maron MS, Semsarian C. Genetics of hypertrophic cardiomyopathy 
after 20 years: clinical perspectives. J Am Coll Cardiol 2012;60:705–715.

 27. Van Driest SL, Vasile VC, Ommen SR, et al. Myosin binding protein C mutations 
and compound heterozygosity in hypertrophic cardiomyopathy. J Am Coll 
Cardiol 2004;44:1903–1910.

 28. Millat G, Bouvagnet P, Chevalier P, et al. Prevalence and spectrum of mutations 
in a cohort of 192 unrelated patients with hypertrophic cardiomyopathy. Eur J 
Med Genet 2010;53:261–267.

 29. Girolami F, Ho CY, Semsarian C, et al. Clinical features and outcome of 
hypertrophic cardiomyopathy associated with triple sarcomere protein gene 
mutations. J Am Coll Cardiol 2010;55:1444–1453.

 30. Aronson  SJ, Clark  EH, Varugheese  M, Baxter  S, Babb  LJ, Rehm  HL. 
Communicating new knowledge on previously reported genetic variants. Genet 
Med 2012;14:713–719.

 31. Wordsworth  S, Leal  J, Blair  E, et al. DNA testing for hypertrophic 
cardiomyopathy: a cost-effectiveness model. Eur Heart J 2010;31:926–935.

 32. Ingles J, McGaughran J, Scuffham PA, Atherton J, Semsarian C. A cost-
effectiveness model of genetic testing for the evaluation of families with 
hypertrophic cardiomyopathy. Heart 2012;98:625–630.

 Volume 17  |  Number 11  |  November 2015  |  GeNeTICs in MeDICINe


	Results of clinical genetic testing of 2,912 probands with hypertrophic cardiomyopathy: expanded panels offer limited additional sensitivity
	Introduction
	Materials and Methods
	Study population
	Genetic testing
	Variant assessment
	Variant database
	Cost analysis

	Results
	Variants and genes
	Variant detection rates
	Probands with multiple variants
	Population-specific variation characteristics
	Probands with de novo variants
	Detection of metabolic cardiomyopathies
	Evolution of testing
	Incremental yield using comprehensive gene panels
	Private versus common variants
	Medical cost savings

	Discussion
	Disclosure
	Acknowledgements
	References


