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ABSTRACT
Objective  This study summarises the diagnostic validity 
and clinical utility of genetic testing for patients with 
hypertrophic cardiomyopathy (HCM) and their at-risk 
relatives.
Methods  A systematic search was performed in PubMed 
(MEDLINE), Embase, CINAHL and Cochrane Central 
Library databases from inception through 2 March 2020. 
Subgroup and sensitivity analyses were prespecified 
for individual sarcomere genes, presence/absence of 
pathogenic variants, paediatric and adult cohorts, family 
history, inclusion of probands, and variant classification 
method. Study quality was assessed using the Newcastle-
Ottawa tool.
Results  A total of 132 articles met inclusion criteria. The 
detection rate based on pathogenic and likely pathogenic 
variants was significantly higher in paediatric cohorts 
compared with adults (56% vs 42%; p=0.01) and in 
adults with a family history compared with sporadic 
cases (59% vs 33%; p=0.005). When studies applied 
current, improved, variant interpretation standards, the 
adult detection rate significantly decreased from 42% 
to 33% (p=0.0001) because less variants met criteria 
to be considered pathogenic. The mean difference 
in age-of-onset in adults was significantly earlier for 
genotype-positive versus genotype-negative cohorts (8.3 
years; p<0.0001), MYH7 versus MYBPC3 cohorts (8.2 
years; p<0.0001) and individuals with multiple versus 
single variants (7.0 years; p<0.0002). Overall, disease 
penetrance in adult cohorts was 62%, but differed 
significantly depending on if probands were included or 
excluded (73% vs 55%; p=0.003).
Conclusions  This systematic review and meta-analysis 
is the first, to our knowledge, to collectively quantify 
historical understandings of detection rate, genotype-
phenotype associations and disease penetrance for HCM, 
while providing the answers to important routine clinical 
questions and highlighting key areas for future study.

INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is 
characterised by left ventricular hypertrophy 
in the absence of predisposing cardiac condi-
tions, most commonly inherited as autosomal 

dominant, and has a prevalence of 1/500.1 
Since the first pathogenic variant for HCM 
was discovered in 1990,2 numerous studies 
have individually addressed genetic testing 
for HCM and current professional guide-
lines recommend genetic testing for affected 
individuals and their at-risk relatives.3 4 While 
these recommendations primarily focus on 
the benefits of cascade genetic testing for 
at-risk relatives, permitting early diagnosis 
and risk stratification for sudden cardiac 
death (SCD), the direct benefits for patients 
with HCM are less clear. The objective of this 

Key questions

What is already known about this subject?
	► As one of the most common inherited conditions, 
hypertrophic cardiomyopathy (HCM) is a routine 
indication for genetic testing. However, our under-
standing of the impact of genetic testing on clinical 
outcomes has been limited to individual studies or 
small analyses until now,

What does this study add?
	► In this systematic review and meta-analysis, histor-
ical understandings of HCM from across 25 years 
are collectively quantified. Detection rate based on 
pathogenic and likely pathogenic variants was high-
est in paediatric cohorts and adults with a positive 
family history. Application of current, improved, vari-
ant interpretation standards significantly impact-
ed the adult detection rate of gene panel testing. 
Age-of-onset in adults was significantly earlier for 
genotype-positive cohorts and those with MYH7 or 
multiple variants. Overall, disease penetrance was 
62%, but differed significantly depending on if pro-
bands were included or excluded.

How might this impact on clinical practice?
	► A refined understanding of genetic testing validity 
and clinical utility for HCM provides critical clinical 
information to guide and optimise management for 
patients and at-risk relatives.

http://www.bcs.com
http://openheart.bmj.com/
http://dx.doi.org/10.1136/openhrt-2021-001815
http://dx.doi.org/10.1136/openhrt-2021-001815
http://orcid.org/0000-0001-5248-3049
http://orcid.org/0000-0003-4708-2261
http://crossmark.crossref.org/dialog/?doi=10.1136/openhrt-2021-001815&domain=pdf&date_stamp=2022-04-06


Open Heart

2 Christian S, et al. Open Heart 2022;9:e001815. doi:10.1136/openhrt-2021-001815

systematic review was to assess the diagnostic validity and 
clinical utility of genetic testing for patients with HCM 
and at-risk relatives.

METHODS
A systematic review was performed to align with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA)5 reporting checklist to address 
the overarching research question, ‘Does genetic testing 
lead to improved outcomes for individuals diagnosed with 
HCM and their at-risk relatives?’ This question has several 
components, including the detection rate for gene panel 
testing, genotype–phenotype correlations, penetrance 
and management implications, which are reported in 
this manuscript. Additional questions relating to uptake, 
utility and patient-reported outcomes for genetic testing 
and genetic counselling are detailed in a second manu-
script that has been submitted for publication.

The research team, consisting of medical librarians, 
a methodologist and genetic counsellors, defined the 
PICOTS (population, interventions, comparators, 
outcomes, timing and setting), which are presented in 
online supplemental methods table 1. A search strategy 
was developed using keywords pertaining to HCM, 
genetic counselling and genetic testing. We queried the 
PubMed (MEDLINE), Embase, CINAHL and Cochrane 
Central Library databases with minor modifications to 
accommodate the search input parameters for each data-
base. The initial search was conducted on 7 July 2017 and 
updated on 2 March 2020. The PubMed (MEDLINE) 
search strategy is presented in online supplemental 
methods table 2. Articles were limited to English-language 
publications.

All phases of the review and extraction process were 
performed in duplicate by blinded reviewers, and 
disagreements were adjudicated through discussion, or 
with the aid of a third reviewer. Deduplicated citations 
were uploaded to Rayyan6 for abstract and full-text review 
according to prespecified inclusion and exclusion criteria 
based on the PICOTS (online supplemental method 
table 3). Outcome-specific exclusion criteria are reported 
in online supplemental method table 4. Studies identi-
fied in the updated literature search were screened and 
reviewed in their entirety in Covidence. Relevant data 
were extracted into an Excel spreadsheet by reviewers. 
Study quality was assessed using the Newcastle-Ottawa 
tool.7

Data analysis
We prespecified the analysis plan and data were grouped 
into three main categories: detection rate, genotype-
phenotype correlations and penetrance. Data analysis, 
including generation of forest plots, was performed 
using R V.4.0.2 with ‘meta’, ‘metafor’ and ‘stats’ pack-
ages. Meta-analysis of single proportions was calculated 
with generalised linear mixed model, random-effects 
settings.8 Continuous variables and multiple proportions 

were assessed using inverse variance, random-effects 
meta-analyses. Because genes tested included those with 
definitive, strong, moderate and weak associations to 
HCM, further subgroup analysis was limited to the eight 
sarcomeric genes with definitive association to disease 
(ACTC1, MYBPC3, MYH7, MYL2, MYL3, TNNT2, TNNI3 
and TPM1).9 In addition, subgroup and sensitivity anal-
yses were performed for genotype-positive (G+) versus 
genotype-negative (G−) patients, inclusion of probands 
in study population, paediatric and adult cohorts, family 
history and variant classification standard used. In studies 
not reporting the unique number of patients with a 
family history of either SCD or cardiomyopathy (CM), 
we included the largest reported group (either SCD or 
CM history) in our meta-analysis of detection rate, to 
avoid double-counting patients and inflating the pooled 
estimate. Studies not included in the meta-analyses were 
narratively synthesised and their results were compared 
with the meta-analysis results.

Between-group comparisons were calculated with the 
appropriate statistic (eg, χ2) for articles that presented 
their data alternatively, where possible.10–13 Meta-analyses 
are reported as the pooled estimate with accompanying 
CIs and p values for between-group comparisons. Hetero-
geneity was calculated as I2 and τ2 and is reported on the 
accompanying forest plots. Significance was set at p<0.05; 
no adjustment was made for multiple comparisons.

RESULTS
A total of 3196 non-duplicated articles were screened and 
596 were reviewed in their entirety for inclusion. Data 
extraction and quality assessments were performed on 
132 articles meeting inclusion criteria (online supple-
mental figure 1). In total, 80 studies reported on detec-
tion rate, 44 described genotype–phenotype associations 
and 51 provided penetrance estimates (categories not 
mutually exclusive). No studies reporting on manage-
ment implications were identified. Online supplemental 
table 1 provides a summary of all studies and more 
comprehensive data are provided in online supplemental 
tables 2-12.

Detection rate
Detection rate (table 1) was evaluated in predominantly 
adult and paediatric cohorts (online supplemental tables 
2-5). The detection rate was based on both pathogenic 
and likely pathogenic variants, as defined per publication. 
Subgroup data analyses were based on the application of 
American College of Medical Genetics and Genomics 
(ACMG) and Association for Molecular Pathology (AMP) 
variant classification standards, relevant family history, 
presence of multiple variants and gene prevalence.9 14 In 
addition, utilisation of exome and genome sequencing in 
HCM cohorts is described.

Adults
The pooled detection rate in predominantly adult 
HCM cohorts was 42% (figure 1) with an inconclusive 
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rate (ie, rate of results with ≥1 variants of uncertain 
significance) of 12% (online supplemental figure 2). 
Studies that applied current ACMG/AMP standards 
had a lower detection rate than those that did not 
(33% vs 43%; p=0.0001), and a higher inconclusive 
rate (24% vs 10%; p<0.0001). Identification of two or 
more disease-causing variants was reported in 2% of 
cases (online supplemental figure 3).

The detection rates for adult HCM cohorts with a 
positive family history of HCM (61%), SCD (57%) or 
CM±SCD (59%) were significantly higher compared 
with apparently sporadic cases (33%; between-group 
comparison p=0.005; online supplemental figure 4).

The majority of individuals with a positive result 
(96%) had at least one disease-causing variant iden-
tified in one of the eight sarcomeric HCM genes, 
and MYBPC3 and MYH7 were collectively the most 
commonly observed among positive results (81%; 
online supplemental figure 5).

Pediatrics
The pooled detection rate in paediatric HCM cohorts 
(≤21 years old) was 56% (online supplemental figure 
6) with an inconclusive rate of 19%–31%. The detec-
tion rate for paediatric cohorts was significantly higher 
compared with the predominantly adult cohorts (56% 

Table 1  Summary of detection rate analyses

Analysis performed Number of studies Number of patients Pooled estimate (95% CI) p value

Adult*

 � Detection rate, overall 62 24 897 42% (38% to 45%) –

  �  ACMG/AMP standards used 11 4392 33% (28% to 38%) <0.01

  �  ACMG/AMP standards not used 50 19 453 44% (40% to 47%)

  �  ACMG/AMP standards mixed use 1 1052 47% (44% to 50%)

 � Inconclusive rate, overall 15 11 032 12% (9% to 17%) –

  �  ACMG/AMP standards used 4 1121 24% (18% to 32%) <0.01

  �  ACMG/AMP standards not used 11 9911 10% (7% to 13%)

 � ≥2 disease-causing variants 8 2663 2% (1% to 4%) –

  �  ACMG/AMP standards used 4 1609 2% (0% to 6%) 0.94

  �  ACMG/AMP standards not used 4 1054 2% (0% to 5%)

 � Detection rate by ≥8 genes tested

  �  Full cohort 51 15 858 41% (38% to 44%) 0.45

  �  Majority of cohort 11 9039 44% (36% to 53%)

 � Detection rate by family history

  �  Family history of HCM, CM, SCD 36 3497 59% (53% to 64%) <0.01

  �  Family history of HCM 27 3046 61% (55% to 67%)

  �  Family history of SCD 24 1364 57% (49% to 64%)

  �  No family history (sporadic) 6 551 33% (22% to 47%)

Paediatric

 � Detection rate, overall 12 1143 56% (45% to 67%) –

  �  ACMG/AMP standards used 2 116 78% (70% to 85%) 0.97

  �  ACMG/AMP standards not used 9 961 52% (41% to 63%)

  �  ACMG/AMP standards mixed use 1 66 38% (27% to 50%)

 � Inconclusive rate, overall 2 528 Range: 19% to 31% –

 � ≥2 disease-causing variants 2 161 Range: 4.7% to 6.3% –

 � Detection rate by ≥8 genes tested

  �  Full cohort 8 496 63% (52% to 73%) <0.01

  �  Majority of cohort 4 647 43% (29% to 58%)

 � Detection rate by family history

  �  Family history of HCM, CM, SCD 7 256 57% (49% to 64%) 0.49

  �  Family history of HCM 5 154 58% (50% to 66%)

  �  Family history of SCD 3 65 48% (36% to 60%)

  �  No family history (sporadic) 4 126 49% (30% to 68%)

*Predominantly adult cohorts.
ACMG/AMP, American College of Medical Genetics and Genomics/Association for Molecular Pathology; CM, cardiomyopathy; HCM, hypertrophic cardiomyopathy; 
SCD, sudden cardiac death.

https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815


Open Heart

4 Christian S, et al. Open Heart 2022;9:e001815. doi:10.1136/openhrt-2021-001815

vs 42%; p=0.01; online supplemental figure 6). Studies 
that applied current ACMG/AMP standards had a 
higher detection rate than those who did not (78% vs 
52%; p<0.0001). Identification of two or more disease-
causing variants was reported by two studies as 5% 
and 6% of cases, which was not significantly higher 
compared with adults (5% vs 2%; p=0.06; online 
supplemental figure 3).

The detection rate for paediatric HCM cohorts with 
a positive family history (HCM: 58%; SCD: 48%; or 
CM±SCD: 57%) did not differ significantly from either 
sporadic cases (49%) or the overall detection rate unse-
lected for family history (56%; between-group compar-
ison p=0.49; online supplemental figure 7).

Similar to adult cohorts, variants in the eight sarco-
meric HCM genes (62%–97%), as well as MYBPC3 and 
MYH7 (59%–96%), accounted for the majority of posi-
tive results.

Exome/genome sequencing
Few studies that met our inclusion criteria reported 
on the detection rate of exome (n=3) and genome 
(n=2) sequencing. Results are summarised in online 

supplemental table 4. Seidelmann et al15 and Mak et 
al16 identified disease-causing variants from exome 
sequencing in 46% and 43%, respectively. Comparatively, 
Nguyen et al17 performed exome sequencing on 200 indi-
viduals with HCM and found variants in 88%, though the 
majority were in genes other than the eight sarcomeric 
HCM genes and limited information was provided on the 
variant classification approach. Two studies of genome 
sequencing directly compared findings against other 
testing methods.18 19 Cirino et al18 identified 19 of 20 
variants previously found by panel testing and 1 patho-
genic variant in a previously negative case. Bagnall et al19 
identified disease-causing variants in 9 of 46 cases (20%) 
with previously negative genetic testing, including four in 
genes not previously tested and four deep intronic splice 
variants in MYBPC3.

Genotype–phenotype implications for prognosis
Analyses focused on genotype–phenotype associations 
for age-of-onset, sudden cardiac arrest (SCA), presence 
of an implantable cardioverter–defibrillator (ICD), heart 
failure (HF), septal reduction therapy and mortality. 
Genotype comparisons included: genotype-positive (G+) 

Figure 1  Forest plot of detection rate in predominantly adult HCM cohorts by usage of the ACMG/AMP standards. The 
pooled detection rate was 42%. Studies that applied ACMG/AMP standards had a lower detection rate than those that 
did not use ACMG/AMP standards (33% vs 43%; p=0.0001). ACMG/AMP, American College of Medical Genetics and 
Genomics/Association for Molecular Pathology; HCM, hypertrophic cardiomyopathy.
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versus genotype-negative (G−), MYBPC3 versus MYH7 
and multiple versus single variants (table 2; online supple-
mental tables 6-11).

Age-of-onset
The pooled mean age-of-onset in predominantly adult 
cohorts was 8.3 years earlier for G+ versus G− cohorts 
(p<0.0001; figure  2A). One additional study reported 
median age-of-onset and similarly found that G+ individ-
uals were younger at disease onset (50 years vs 59 years).20 
Comparatively, three paediatric studies did not observe 
differences.12 21 22

The pooled mean age-of-onset in adult cohorts was 
8.2 years later for variants in MYBPC3 versus MYH7 
(p<0.0001; figure  2B). Two additional studies reported 
median age-of-onset and findings were consistent with 
the meta-analysis.23 24 Two paediatric studies found no 
significant difference in age-of-onset for MYBPC3 cohorts 
compared with MYH7 cohorts.21 25

The pooled mean age-of-onset in adults with multiple 
variants was 7.0 years earlier than those with a single 
variant (p<0.0002; figure  2C). One study reporting 

median ages-of-onset also found that multiple variants 
were significantly associated with an earlier age-of-onset.23 
Findings from two paediatric studies were discordant.21 25

Sudden cardiac arrest
SCA was defined as resuscitated cardiac arrest, SCD, 
appropriate ICD therapy or a combination of these 
events. Kaplan-Meyer analysis in a British study (n=874) 
and a Portuguese registry (n=422) found that G+ indi-
viduals were significantly more likely to experience 
SCD compared with G− individuals (p=0.03 and p=0.02, 
respectively).26 27 Although a similar trend was seen in 
our meta-analysis of five studies comparing G+ versus G− 
cohorts, the OR of SCA (OR 1.4; online supplemental 
figure 8) did not reach statistical significance. Finally, the 
hazard ratio (HR) determined by van Velzen et al28 (HR 
1.0; 95% CI 0.6 to 1.9) did not suggest a difference in 
SCA between groups.

Meta-analysis of six studies that compared SCA in 
MYBPC3 versus MYH7 cohorts (online supplemental 
figure 8) found no significant difference between groups 
(OR 0.9), consistent with HRs from a large registry study.29

Table 2  Summary of genotype–phenotype analyses in predominantly adult cohorts

Analysis performed
Number of 
studies Number of Patients Unit

Pooled estimate (95% 
CI) p value

 � Age-of-onset

  �  G+vs G−* 17 5329 MD −8.3 years (−9.9 to −6.6) <0.0001

  �  MYBPC3 vs MYH7* 10 1709 MD 8.2 years (10.9 to 5.4) <0.0001

  �  Multiple vs single variants* 4 636 MD −7.0 years (−10.6 to 3.3) 0.0002

 � Sudden cardiac arrest

  �  G+vs G−* 5 2184 OR 1.4 (0.9 to 2.2) 0.1

  �  MYBPC3 vs MYH7* 6 804 OR 0.9 (0.4 to 1.9) 0.7

  �  Multiple vs single variants 4 1778 Conflicting results

 � ICD implantation

  �  G+vs G− 10 3288 OR 1.9 (1.5 to 2.4) <0.0001

  �  MYBPC3 vs MYH7* 6 1379 OR 1.2 (0.8 to 1.8) 0.34

  �  Multiple vs single variants 2 379 No significant difference

 � Heart failure

  �  G+vs G−, NYHA Class 8 1916 OR 1 (0.7 to 1.5) 0.81

  �  G+vs G−, cardiac transplant 3 637 OR 1.5 (0.4 to 5.2) 0.54

  �  MYBPC3 vs MYH7, NYHA Class* 4 341 OR 1 (0.6 to 1.9) 0.96

  �  Multiple vs single variants, NYHA Class, cardiac 
transplant and other cardiac outcomes

3 370 Conflicting results

 � Septal reduction therapy

  �  G+vs G− 16 4728 OR 1.1 (0.9 to 1.2) 0.46

  �  MYBPC3 vs MYH7 12 2095 OR 1 (0.7 to 1.3) 0.82

  �  Multiple vs single variants 3 543 No significant difference

 � Mortality

  �  G+vs G− 7 2496 No significant difference in 5 of 7 studies

  �  MYBPC3 vs MYH7 7 1654 No significant difference in 6 of 7 studies

  �  Multiple vs single variants 3 1580 Conflicting results

*Additional studies not included in meta-analysis described in the text.
G+, genotype-positive; G−, genotype-negative; MD, mean difference.
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Findings from four adult studies comparing SCA in 
cohorts with multiple versus single variants were mixed; 
two studies found no significant difference, whereas two 
studies reported a higher incidence of SCD in individuals 
with multiple variants.11 29–31 The one paediatric study did 
not report a significant difference.32

ICD implantation
ICD implantation was more common in G+ cohorts 
than G− cohorts in an analysis of 10 studies (OR 1.9; 
p<0.0001; online supplemental figure 9). However, the 
same comparison in two paediatric studies did not find 
a significant difference between groups.12 21 No signif-
icant difference was found across six studies of adults 
comparing MYPBC3 versus MYH7 cohorts (OR 1.2; 
online supplemental figure 9) nor in two studies of adult 
cohorts with multiple versus single variants.13 30 However, 

one paediatric study reported a significantly higher 
hazard of ICD implantation in individuals with multiple 
variants (HR 4.4; 95% CI 1.8 to 11.0; p<0.001).32

Heart failure
HF outcomes included New York Heart Association 
(NYHA) class III/IV, cardiac transplantation, left 
ventricular ejection fraction, HF admissions and HF symp-
toms. No significant differences were observed in NYHA 
class outcomes when comparing G+ versus G−, MYBPC3 
versus MYH7 or multiple versus single variants (online 
supplemental figure 10). One large registry-based study 
that found individuals with MYH7 variants more likely 
to require cardiac transplant or ventricular assist device 
(VAD) than individuals with MYBPC3 variants (HR 2.8; 
95% CI 1.3 to 5.8) and individuals with multiple variants 

Figure 2  Forest plots of age-of-onset in predominantly adult cohorts across (A) genotype-positive (G+) vs genotype-negative 
(G−) cohorts; (B) MYBPC3 vs MYH7 cohorts; and (C) multiple vs single variant cohorts. The pooled mean age-of-onset was 8.3 
years earlier for G+versus G− individuals (p<0.0001), 8.2 years later for variants in MYBPC3 vs MYH7 (p<0.0001), and was 7.0 
years earlier for individuals with multiple variants versus those with a single variant (p<0.0002).
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were more likely to require cardiac transplant (HR 7.5; 
95% CI 2.7 to 20.5).29 32

Septal reduction therapy
Septal reduction therapy included myectomy, ablation or 
a combined outcome of myectomy and/or ablation. No 
significant differences were observed in these outcomes 
when comparing G+ versus G−, MYBPC3 versus MYH7 
or multiple versus single variants (online supplemental 
figure 11).

Mortality
Mortality was reported as death, all-cause mortality, 
cardiac mortality, HCM-related death and survival. While 
there were discordant findings, the majority of studies 
found no significant difference in mortality across 
seven studies comparing G+ versus G− cohorts23 26 28 33–36 
and seven studies comparing MYBPC3 versus MYH7 
cohorts.10 24 29 36–39 Findings were split when comparing 
individuals with multiple versus single variants with two 
adult studies showing a significant difference, while one 
adult and one paediatric study did not.23 29 30 32

Disease penetrance
The penetrance of HCM disease-causing variants was eval-
uated in 51 predominantly adult and paediatric cohorts 
that both included and excluded probands, and at a gene-
specific level (table 3; online supplemental table 12). The 
pooled penetrance of HCM across adult cohorts was 62%. 
Overall penetrance differed significantly depending on 
if probands were included or excluded (73% vs 55%; 
p=0.003; online supplemental figure 12).

Pooled penetrance in paediatric cohorts (<20 years 
old) was 24% across five studies (online supplemental 

figure 13). The penetrance in a paediatric cohort with 
multiple variants that included probands was 81%.32

Gene-specific penetrance in adult and paediatric cohorts 
was 65% for MYBPC3, 76% for MYH7 and 77% for TNNT2 
(online supplemental figure 14). Two studies reported pene-
trance for TNNI3 (48% and 56%) and ACTC1 (89% and 
100%).40–43 Additional genes were limited to a single study.

Three studies reported a higher disease penetrance in 
men.44–46 Two of which presented age-based penetrance 
for each sex: one included probands and penetrance by 
age 40 years was 92% for men and 67% for women45; the 
other excluded probands and penetrance by age 40 years 
was 77% for men and 35% for women.46 The mean age at 
study enrolment and of disease onset was only reported in 
39% and 22% of cohorts, respectively, limiting the oppor-
tunity to further evaluate age-based penetrance. The 
oldest mean cohort age was 57 years with the majority of 
cohorts having a mean age in the 40s.

DISCUSSION
This systematic review and meta-analysis summarises and 
quantifies data on HCM detection rate, genotype–pheno-
type associations and disease penetrance from 132 publi-
cations across 25 years, confirming several well-reported 
trends and previously established associations.

Detection rate
Numerous studies have published on the detection rate 
of HCM genetic testing and meta-analysis of these data 
demonstrate that the yield of pathogenic and likely 
pathogenic variants is influenced by multiple factors. 
Consistent with traditional convention and prior system-
atic reviews and meta-analyses of adult cases with HCM, 
a relevant family history significantly increases detection 

Table 3  Summary of penetrance analyses

Analysis performed
Number of 
studies

Number of 
patients Pooled estimate (95% CI) p value

Adult*

 � Penetrance, overall 46 3474 62% (55% to 69%) –

  �  Probands included 18 1436 73% (65% to 79%) <0.01

  �  Probands excluded 31 2557 55% (46% to 64%)

Paediatric

 � Penetrance, overall 5 803 24% (10% to 47%) –

  �  Probands included 1 98 61% –

  �  Probands excluded 4 705 Range: 7% to 48% –

Adult and paediatric

  �  MYBPC3 17 1273 65% (59% to 71%) –

  �  MYH7 4 121 76% (57% to 88%) –

  �  TNNT2 4 187 77% (70% to 82%) –

  �  TNNI3 2 109 Range: 48% to 56% –

  �  ACTC1 2 60 Range: 89% to 100% –

*Predominantly adult.

https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
https://dx.doi.org/10.1136/openhrt-2021-001815
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rate.47 48 Alternatively, while paediatric cases have a signifi-
cantly higher detection rate compared with adults, family 
history does not significantly alter the detection rate.

Approaches to variant classification are an established 
variable to these analyses, but improvements in variant 
classification have also impacted detection rate with the 
2015 ACMG/AMP standards being considered the most 
accurate guidelines in North America.14 Not surprisingly, 
adult studies that applied the ACMG/AMP standards had 
a lower overall detection rate based on pathogenic and 
likely pathogenic variants and higher inconclusive rate 
(variants of uncertain significance), likely representing 
a more accurate estimate of current detection rates. 
Interestingly, when looking at the same comparison for 
paediatric cases, the two studies that applied ACMG/
AMP standards had a significantly higher detection rate, 
despite not finding any notable differences in these 
cohorts. Given that these findings are counter-intuitive 
and the number of paediatric studies that applied 
ACMG/AMP standards was limited, additional research 
is needed.

Expanding to exome/genome sequencing
With exome and genome sequencing for HCM increas-
ingly available, studies have found that most disease-
causing variants remain identifiable by large gene 
panels.15–17 Technical differences between exome/
genome sequencing and traditional gene panels remain 
an important consideration, potentially impacting the 
sensitivity for some genes.16 A recent example is deep 
intronic and other non-coding variants identifiable by 
genome sequencing, but missed by traditional panels 
and exome sequencing, though additional evidence 
supporting pathogenicity is needed (eg, segregation anal-
ysis, functional studies, additional case data).19 49

Genotype–phenotype implications on outcomes
Analyses of genotype–phenotype associations focused 
on three comparisons: genotype-positive (G+) versus 
genotype-negative (G−), MYBPC3 versus MYH7 and 
multiple versus single variants. A significant difference 
in age-of-onset was observed in all three comparison 
groups, as has been reported previously,47 supporting 
that genotype influences age-of-onset in HCM. However, 
while Lopes et al did not observe a significant difference 
between MYBPC3 and MYH7, our analysis included six 
additional studies. In a more recent review, Sedaghat-
Hamedani et al approached their meta-analysis differ-
ently by looking at individuals across studies who were 
G−, MYBPC3 + and MYH7 + and concluded that age of 
onset was earliest for MYH7 + individuals.50

Although a significantly higher rate of SCA was reported 
for G+ individuals by two large studies, the association 
did not reach significance in our meta-analysis. The large 
multisite Sarcomeric Human cArdiomyopathy REgistry 
(SHaRe) study (n=2763) reported a similar association 
but was excluded from our analysis of G+ versus G− 
individuals as not all genotype-negative individuals had 

genetic testing for all eight sarcomere genes.29 Further-
more, in the meta-analysis by Sedaghat-Hamedani et al, 
they conclude that G+ individuals have a higher rate of 
SCA compared with G− individuals.50

We found that G+ individuals were more likely to 
have an ICD. While this raises the possibility that geno-
type status influences ICD utilisation, family history may 
contribute since individuals with a family history of SCA 
(a factor considered in SCA risk stratification) are also 
more likely to carry a disease-causing variant. Similarly, 
Ingles et al found that individuals with a negative family 
history are less likely to have an ICD.51

We found no significant differences between genotype 
across other outcomes, which contrasts prior findings 
supporting that genotype status and the gene involved are 
predictive of worse outcomes.29 50 However, this is likely in 
part due to limitations of how the existing data were cate-
gorised and the ability to directly compare across studies. 
Alternatively, these findings may suggest that genotype 
is only one of several predictors influencing pheno-
typic outcomes. More standardised research comparing 
outcomes across multiple potential predictors is required.

Disease penetrance
Determination of disease penetrance is challenging due 
to the possibility of selection bias in the included studies. 
While use of unselected populations would be the most 
informative, current studies are limited to those that 
included probands (73%; likely provide an overestimate) 
versus those that exclude probands (55%; likely provide 
an underestimate). Because of this, both approaches 
were considered and the overall disease penetrance 
across studies was 62%. It should be noted, however, that 
the average age of most cohorts was in the 40s, limiting 
the follow-up time and as such the conclusions that can 
be drawn. Our findings support that MYBPC3 and TNNI3 
variants have lower penetrance compared with MYH7 
and TNNT2, and penetrance is higher in men, irrespec-
tive of the gene, as has been previously reported.47 50

Future research is needed to assess the impact of addi-
tional environmental and genetic modifiers on disease 
penetrance. Although there is evidence to suggest that 
male sex, obesity, hypertension and exercise could 
increase penetrance, additional studies are needed.52 
Furthermore, polygenic risk scores and a greater under-
standing of epigenetic factors may further elucidate the 
risk of disease within and across families.

While beyond the scope of this review, data on pene-
trance in unselected populations will accumulate over 
time as the HCM genes are recommended to be reported 
as medically actionable secondary findings from diag-
nostic exome and genome sequencing by the ACMG.53 
As one example, van Rooij et al found that only 22% of 
unselected individuals with HCM disease-causing vari-
ants showed convincing evidence of disease over 25 
years of follow-up.54 Future assessments of HCM disease 
penetrance should consider presentation of disease in 
probands, at-risk relatives and unselected patients.
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Finally, penetrance during childhood ranged from 
7% to 61% with many cases presenting prior to 12 years 
old. Outcomes from these cohorts may be skewed as a 
result of the most severe paediatrics cases coming to 
medical attention. While older guidelines recommend 
that cardiac screening begin around 10–12 years of age 
for children with a first-degree relative with HCM, newer 
guidelines recommend cardiac screening for children 
under 5 years.55 56 Our findings are consistent with newer 
recommendations aiming to identify all individuals with 
disease onset in childhood.

Points of consideration and future research
This study identified multiple limitations that impacted 
the ability to analyse data across studies, including 
variability in study design and reporting of outcomes. 
The predominant study design was observational case 
series and some outcomes of interest were not the 
primary focus. With regards to detection rate, varia-
bility included the genes tested, methodology used 
and the variant classification standards applied. The 
impact of the ACMG/AMP standards was assessed for 
detection rate; however, it was not evaluated for the 
other outcomes assessed and, therefore, the impact on 
these areas remains unclear.

For the analysis of genotype–phenotype associations, 
there was variability in study design, and in how outcomes 
were defined and reported. Outcomes related to cardiac 
events such as SCA were limited to meta-analysis of ORs 
rather than rates due to how the data were reported by the 
majority of studies (eg, the studies did not report on time-
to-event risks/rates). Our meta-analysis also focused on 
studies that performed head-to-head comparisons between 
genotypes, which differs from the meta-analysis performed 
by Sedaghat-Hamedani et al that evaluated genotypes 
across studies.50 When considering penetrance, limitations 
included unreported or younger mean age of the cohorts, 
limited follow-up time and variability in the proportion of 
at-risk relatives included in analysis. Often the evaluation of 
relatives was not the primary focus of the study and, there-
fore, very limited demographic data were provided.

Finally, there is a specific need for collaborative efforts to 
standardise approaches. In particular, the areas identified 
by this systematic review include consistent definitions and 
reporting on cohorts (both probands and at-risk relatives) 
and cardiac outcomes, reporting the minimum genetic anal-
yses completed and describing the classification of disease-
causing variants. Increased consistency in how results are 
reported and interpreted would improve transparency and 
allow for more direct comparisons across studies.

CONCLUSIONS
As one of the most common inherited conditions, HCM 
has long been the focus of research and clinical interest. 
This systematic review and meta-analysis is the largest for 
any particular outcome and the first, to our knowledge, 
to collectively refine and quantify historical understand-
ings of detection rate, genotype–phenotype associations 

and disease penetrance for HCM. Although the variabil-
ities in study design and reporting of outcomes limited 
the analyses that could be performed, the large amount 
of data evaluated provide answers to important routine 
clinical questions, particularly those related to detection 
rate and genotype/phenotype correlations. Key areas 
for future research include expanding genotype–pheno-
type associations and disease penetrance estimates across 
various populations. While additional studies are needed, 
our current analyses serve as an important stepping stone 
to understanding the clinical utility of genetic testing for 
a condition that impacts so many families.
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