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Abstract

Hypertrophic cardiomyopathy (HCM) is a genetically diverse cardiac
condition and a leading cause of sudden cardiac death (SCD), particularly
among young individuals. Despite advancements in imaging and clinical
risk scores, stratifying SCD risk in HCM remains challenging. This
systematic review and meta-analysis aimed to evaluate the predictive
value of genetic mutations and clinical markers in assessing SCD risk in
HCM patients. A structured search of PubMed, Scopus, Web of Science,
and Google Scholar from 2015 to 2025 identified ten eligible studies
involving diverse populations, including both pediatric and adult HCM
cohorts. These studies investigated sarcomeric gene mutations such as
MYH7 and MYBPC3, as well as clinical indicators including nonsustained
ventricular tachycardia (NSVT), syncope, family history of SCD, and late
gadolinium enhancement (LGE). Data extraction, risk of bias assessment
(using GRADE), and statistical synthesis were conducted in accordance
with PRISMA guidelines. The meta-analysis revealed a pooled effect size
0f 0.89 (95% CI: -0.27 to 2.05) using a random-effects model, indicating a
moderate positive association between genetic/clinical predictors and SCD
risk. However, heterogeneity was high (1> =91.78%, p <0.001), suggesting
substantial variability in outcomes across studies. Subgroup analysis
revealed no significant differences between genetic and clinical predictors,
and publication bias assessment showed minor asymmetry in the funnel
plot, though Egger’s test was not statistically significant. These findings
suggest that while both genetic and clinical markers contribute to SCD
risk prediction in HCM, considerable variability exists in their predictive
strength. Future research should focus on harmonizing methodologies
and developing integrated, multi-parametric risk models that combine
genotype, phenotype, and imaging data to enhance individualized risk
stratification.

Keywords: Hypertrophic Cardiomyopathy (HCM); Sudden Cardiac
Death (SCD);Genetic Risk Markers; Clinical Predictors; Risk Stratification.

Introduction and Background

Hypertrophic cardiomyopathy (HCM) is a genetically heterogeneous
heart condition related to unexplained left ventricular hypertrophy (LVH)
without other causes of loading, including hypertension and valvular disease
[1]. HCM is a widespread cause of sudden cardiac death (SCD) among
individuals, particularly those who are young and athletes, since it occurs
in approximately 1 out of every 500 individuals globally [2]. Despite the
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enhancement in the diagnosis of imaging and treatment, the
valid stratification of the patients at risk of SCD is a severe
clinical issue [3,4].

In the past, the predictors of SCD risk in HCM included
such clinical parameters as the massive left ventricular wall
thickness (1/30 mm), unexplained syncope, a family history
associated with SCD, non-sustained ventricular tachycardia
(NSVT), and an abnormal blood pressure response to exercise
[5]. Although indeed, these standardized risk models, like
the European Society of Cardiology (ESC) HCM Risk-
SCD calculator, are helpful in predictive value, they tend
to be insensitive and would not always indicate the person's
risk, especially in the case of genotype-positive, phenotype-
negative individuals [6].

Over the years, genetic profiling has presented itself as an
added value in risk stratification of HCM. MYH7, MYBPC3,
and TNNT2 genes have been implicated in increased
arrhythmogenicity and adverse prognosis due to mutations
[7]. Additionally, the new generation of sequencing (NGS)
technologies also enabled the identification of new variants
and genotype-phenotype correlations, which introduce
additional data concerning the pathophysiology and
prognosis of HCM [8]. According to other researchers, there
is a compound or multi-pathogenic variant associated with
poorer clinical phenotypes and increased susceptibility to
SCD, especially in the younger population [9].

Meanwhile, a range of new clinical covariates, including
late gadolinium enhancement (LGE) on cardiac magnetic
resonance (CMR), apical aneurysms, and left atrial diameter,
are also coming to be recognized as independent predictors
of ventricular arrhythmia and SCD [10]. The incorporation
of these imaging-related and electrocardiography parameters
in the current models of risk has demonstrated the ability to
enhance such decisions in relation to implantable cardioverter-
defibrillator (ICD) therapy [11].

Still, in spite of such improvements, a significant variety
of studies exist regarding genetic testing procedures, clinical
outcomes, and follow-up period [12]. As a result, it has been
left without a unified opinion on the ideal combination of
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genetic and clinical risk factors for the correct stratification
of SCD risk among HCM patients [13]. This has contributed
to this inconsistency in clinical practice and difficulty in
guideline adherence [14,15]. The proposed systematic review
and meta-analysis could synthetically summarize the current
evidence on genetic and clinical predictors of SCD in HCM
from 2015 to 2025. Through quantitative evaluation of effect
sizes of various studies, we aim at establishing the prognostic
utility of both genetic mutations and clinical risk factors in
predicting SCD events [16,17].

Materials and Methods
Data Sources and Search Strategy:

In order to obtain the relevant literature on the correlation
between genetic and clinical markers and risk of SCD in
patients with HCM, a systematic literature search was
performed. Four significant academic databases, PubMed,
Google Scholar, Web of Science, and Scopus, were used
to search. Papers published between 2015 and 2025 were
considered (Table 1). This was done following the PRISMA
2020 protocol so that the search process could be clear,
systematic, and reproducible in subsequent research. The
search strategy was well designed to identify as many
studies as possible. The use of both keywords and MeSH
(Medical Subject Headings) terms was combined in PubMed
and modified to facilitate the utilization in other databases.
The most vital terms were: Hypertrophic Cardiomyopathy,
Sudden Cardiac Death, Genetic Mutations, Risk Stratification,
Clinical Risk Factors, Arrhythmia, ICD, and Sarcomeric
Genes. These words were linked with the AND and OR to
develop successful search strings. Studies on human beings
that are written in English were considered. To make sure no
relevant research was missed, the reference lists of included
articles were also reviewed.

Inclusion and Exclusion Criteria:

The PICOS framework was used to establish the inclusion
and exclusion criteria, ensuring a structured and relevant
selection of studies aligned with the research objective
(Table 2).

Table 1: Search strategy across databases.

Database |Search Terms Used
("Hypertrophic Cardiomyopathy"[MeSH] OR "HCM")
PubMed | AND ("Sudden Cardiac Death"[MeSH] OR "SCD") AND
("Genetic Markers" OR "Clinical Risk Factors")
TITLE-ABS-KEY ("hypertrophic cardiomyopathy" AND
Scopus | "sudden cardiac death” AND ("genetic marker*" OR
"clinical predictor*"))
Web of TS=("Hypertrophic Cardiomyopathy" AND "Sudden
Science Cardiac Death" AND ("Genetic Risk" OR
"Clinical Risk Factor"))
Google "Hypertrophic Cardiomyopathy" AND "Sudden Cardiac
Schglar Death" AND ("Genetic Risk" OR "Clinical Risk Factor"

OR "ICD" OR "Sarcomeric Mutation")

Filters Applied
Publication dates:
2015-2025

Humans English
Document type: Article
Years: 2015-2025
English

Timespan: 2015-2025
Document type:
Article English

Custom date range:
2015-2025
Language: English only

Truncations/Syntax
MeSH terms

Boolean operators (AND, OR) Quotes for
phrases Parentheses for grouping

TITLE-ABS-KEY field
Quotes for exact phrases
Wildcard * for truncation

TS=Topic search
Boolean operators
Quotes for phrase search

Phrase search with quotes
Boolean operators supported
Manual filtering due to a lack of MeSH fields
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Table 2: PICOS Framework for Recent Study.

PICOS Element Inclusion Criteria

Population (P) genetic, imaging, or echocardiographic criteria.

Assessment of genetic markers (e.g., MYH7, MYBPC3,
TNNTZ2) and/or clinical predictors (e.g., LGE, wall thickness,

Intervention (l)
NSVT, family history of SCD)

Comparator (C)

Primary: SCD
Outcomes (O)
interventions, cardiac arrest

Study Design (S) observational studies

Data Extraction

Data extraction for this review was carried out
independently by two reviewers using a structured data
extraction form created for this study. From each eligible
article, essential details were collected, including the first
author’s name, publication year, study design, and duration
of follow-up. Basic characteristics of the participants were
also recorded, such as sample size, mean or median age, sex
distribution, and whether participants were pediatric or adult
patients. Special attention was given to the genetic or clinical
predictors being evaluated in each study. For genetic markers,
the reviewers noted specific gene mutations studied (e.g.,
MYH7, MYBPC3, TNNT2), the genotyping method, and
whether the study reported single or compound mutations. For
clinical markers, data were gathered on left ventricular wall
thickness, presence of LGE, NSVT, syncope, family history
of SCD, and other ECG or imaging findings. Outcome-related
information included the number of SCD events, incidence of
ventricular arrhythmias, and ICD therapy (e.g., appropriate
shocks). If any disagreement occurred between the two
reviewers during the extraction process, they discussed the
issue until a consensus was reached. Where agreement was
not reached, a third reviewer was used to ensure that data
extraction was of integrity and consistency.

Quality Assessment

The GRADE (Grading of Recommendations Assessment,
Development and Evaluation) checklist was utilized to
evaluate the quality of the included studies. The GRADE
method is popular in assessing the quality of evidence
between studies, especially in systematic reviews and meta-
analyses. It takes into consideration the study design, risk of
bias, inconsistency, indirectness, imprecision, and publication
bias [18].

Funnel plots were inspected visually to determine the
presence or absence of publication bias. Besides, the regression
test by Egger was utilized to detect the possible small-study
effects [19]. In case publication bias was suspected, the trim-

Patients (any age group) diagnosed with HCM based on

HCM patients without the studied genetic mutations or clinical
risk factors (e.g., low-risk group, genotype-negative)

Cohort, case-control, Cross-sectional, and registry-based

Exclusion Criteria

Animal studies In vitro studies

Patients with other cardiomyopathies or secondary
causes of hypertrophy

Studies not evaluating genetic or clinical predictors.
Studies focusing on treatment or management only.

Studies without comparator groups or unclear control
population
Studies not reporting outcomes related to SCD or

Secondary: Sustained ventricular arrhythmias, appropriate ICD | ventricular arrhythmia.

Subjective outcomes without clinical endpoints

Reviews, editorials, commentaries, conference
abstracts, case reports, and RCTs not reporting on
genetic or clinical markers

and-fill method was applied to adjust missing studies and to
recalculate a more balanced estimate of effect [20].

Statistical Analysis

A random-effects model was used in all statistical
analyses in order to take into consideration anticipated
variations between the studies in the study population and
study population characteristics, study design, and outcome
definitions. This method allows for dealing with variation
among studies and will result in more generalizable and
reliable summary estimates. Effect sizes with the 95%
confidence interval (CIs) were used to pool the primary
outcomes. The strength and direction of association between
a particular genetic mutation or clinical predictor (e.g., LGE,
NSVT, wall thickness) and SCD or related arrhythmic event
in HCM patients was determined using these values. The
I? statistic was established to determine the extent to which
results are heterogeneous. A value of 1> of 25 percent was a
low heterogeneity, 50 percent moderate, and 75 percent high.
Other measures of heterogeneity were the Cochran Q-test
and the 22 (tau-squared) statistic. The presence of significant
heterogeneity influenced the interpretation of pooled results
and guided further analysis. Subgroup analyses were
performed to explore possible sources of heterogeneity. These
subgroups included study characteristics such as age group
(pediatric vs. adult), type of predictor (genetic vs. clinical),
study location, and follow-up duration. This allowed for a
clearer understanding of whether certain factors influenced
the strength of associations. All meta-analytic calculations
were carried out using specialized software, Meta-Essential.
Statistical significance was set at p < 0.05.

Results
Study Selection

Initially, a total of 1937 studies were identified through
searches across multiple databases and additional sources
(Figure 1). After removing duplicates and excluding studies
that did not meet the eligibility criteria, 1436 studies were
screened for relevance. Of these, 954 studies were excluded
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because they did not specifically focus on genetic and clinical
risk factors for SCD in HCM, or they did not include relevant
comparison groups. Following a thorough full-text review,
647 studies were examined in greater detail. After this step,
637 studies were excluded for reasons such as lack of direct
comparison between genetic/clinical markers and SCD risk,
absence of relevant clinical outcomes, or insufficient data for
inclusion in the meta-analysis. Ultimately, 10 studies met
the criteria and were included in the systematic review and
meta-analysis, providing sufficient data on the relationship
between genetic mutations, clinical risk factors, and the risk
of SCD in HCM patients.

Characteristics of the Included Studies

The studies included in the systematic review and meta-
analysis vary in their design, population, and outcomes,
providing a broad perspective on HCM and its genetic and
clinical risk factors (Table 3). Most studies focus on patients
with HCM and genetic mutations (such as MYBPC3 and
MYH?7), assessing the presence of ventricular arrhythmias
(VAr), SCD, and heart failure (HF) as key outcomes. The
majority of studies are retrospective or cross-sectional,
though some offer longer-term follow-up (median 5.4 years).
Many studies utilize genetic testing alongside clinical data
(e.g., echocardiography, CPET, and clinical symptoms) to
evaluate the phenotype and SCD risk. Some studies also
apply machine learning techniques to identify predictive
clinical variables for ventricular arrhythmias, while others
focus on genotype-phenotype correlations and family history.
The populations studied vary from pediatric to adult HCM
patients, with some studies investigating mutation carriers

Records identified from:
Databases like PubMed,
Google Scholar, Web of
Science and Cochrane
Library (n=1937)

Records removed before
screening:
Duplicate records
removed (n=501)

!

Records screened
(n=1436)

Records excluded
(n=1789)

!

Reports sought for retrieval

(n=647)
|

Reports not retrieved
(n=0)

Reports assessed for
eligibility (n = 647)

Studies included in review
(n=10)

Reports excluded: That did
not focus on genetic and
clinical predictors of SCD
in HC, lacked comparisons
of risk factors or had
insufficient data necessary
for meta-analysis (637).

Figure 1: PRISMA Flowchart.
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without hypertrophic changes, providing insights into
subclinical manifestations and genetic risk factors for SCD
in HCM. These diverse characteristics provide valuable data
for synthesizing findings on the relationship between genetic
mutations and clinical outcomes in HCM.

Quality Assessment:

The quality evaluation of the studies on SCD in HCM by
using the GRADE checklist shows that the overall strength
of evidence is moderate (Table 4). The majority of studies
had a low to moderate risk of bias, and they also presented
a direct evaluation of the relation between genetic and
clinical predictors and the outcomes of SCD. There were,
however, limitations noted. Heterogeneity of the results
and lack of precision of the effect estimates, which can be
attributed to a poor sample size or broad confidence intervals,
have been frequent and reduced the overall confidence by a
small amount [31]. Studies that scored highly on the quality
were well designed, with good distinction of outcomes and
reasonable statistics applied to them; therefore, moderate
confidence in the results was placed in them. Van Velzen
et al. [22] and Phan et al. [30] studies were of that nature.
Conversely, other studies, such as the one by Darwish et al.
[26], proved to have significant methodological drawbacks,
such as a high degree of bias and limited accuracy, providing
low-quality evidence. Moreover, possible publication bias
was noted in the analyses of several studies (Ho et al. [23];
Bhattacharya et al. [25]) that could signify publication bias
related to significant relationships. In general, the studies
provide rather good evidence base in favor of the association
between a concrete genetic mutation and clinical risk factor
with SCD in HCM, but one needs to take into consideration
the study quality and heterogeneity in interpretation of the
results [32].

Publication Bias

The evaluation of the publication bias was based on the
funnel plot and the Trim-and-Fill method, as well as with
Egger regression analysis. The funnel plot (Figure 2) seems to
be symmetrical, and there is no notable tendency for studies to
cluster on either side, which could indicate possible evidence
of adding studies, which could affect the overall estimate of
the effect. Moreover, the Trim-and-Fill procedure did not
add any imputed data points, and this was another evidence
of the fact that the overall asymmetry was not significant
enough to indicate the presence of a publication bias (Table
5). The regression test done by Egger gave an intercept of
0.16 and a p-value of 0.9770, thus establishing that the slope
is not significant (Table 6). This is a strong indication that
no evidence of small-study effects or directional reporting
bias in the statistical outcome of results in studies. The fact
that publication bias is not found is also shown by the wide
confidence intervals of slope and intercept [33].
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Table 3: Summary of studies involved in the study.
. Genetic Markers/ | Comparator Follow-up
Study Study type Population Mutations Groups Key Outcomes Duration Key Results
Bifid PM mobility,
abnormal chordal
attachment,
and anterior MV
Obstructive LVOT gradient, leaflet length were
121 patients with enetic testing for HCM Mitral Valve (MV) Short- associated with
Patel Case- HCM and LVOT aCM mutatior?s in vs Non- abnormalities, term: 30 LVOT obstruction.
etal. control, obstruction, basal 37 patients (21% obstructive Papillary Muscle davs .ost- Surgical outcomes:
[21] retrospective | septal thickness P ositive) ° HCM vs (PM) morphology, sﬁrpe 52% required
<1.8cm P Controls (20 and surgery gery nonmyectomy
patients) outcomes procedures (MV
repair/replacement,
PM reorientation)
to optimally relieve
LVOT obstruction.
FG+ HCM
had higher
MYBRC3 founder related deaths rortlty than
Van Velzen Cohort 680 HCM patients | mutations (FG+), | FG+ HCM Cardiovascula;' G-HCM: é+ HCM
et al. ' (271 FG+, 132 MYBPC3, vs G+ HCM . 8 + 6 years o .
retrospective } mortality, had intermediate
[22] G+, 277 G-) B-myosin heavy | vs G- HCM . )
chain (G+) Progression to outcomes; FG+
advanced HCM relatives showed
lower risk for SCD
and HF
SARC+ had a 2-fold
increased risk for
adverse outcomes
Mean: vs. SARC-; SARC
. | MYH7, MYBPC3, | SARC+vs, | SCD. Ventricular 1 p ) s VUS patients
Cohort, 4591 patients with ’ Arrhythmias, HF, had intermediate
Ho et al. [23] . TNNT2 (SARC+); | SARC- vs. i (24791 .
retrospective HCM Atrial Fibrillation ; risk. Age <40
SARC- SARC VUS patient- . L.
(AF) ears) at diagnosis is
y associated with
increased risk
of SCD and
arrhythmia.
GLS was
significantly higher
in mutation carriers
Global longitudinal than in controls,
Lfl?t:tg';" Mutation strain (GLS), but did not predict
. . MYBPC3, MYH7 . development of the development
Van Velzen Cross- carriers (without ) carriers vs - ) 5629
. ) (other mutations HCM, clinical risk of HCM; age,
et al. [24] sectional hypertrophic . Healthy . years .
in 11 genes) factors (pathological pathological Q
changes), 110 controls . .
controls Q waves, maximal waves, and maximal
wall thickness) wall thickness
were independent
predictors of HCM
progression
Ventricular Machine learning
arrhythmias (VT/ model (HCM-VAr-
Bhattacharya Cohort, 711 HCM patients Not specn‘.le.d VAr (1) vs VF) SCD TISk‘ Mean 2.86 R'.SI.() |dent|f|gd
etal. [25] retrospective (61 with VAr) (focus on clinical Non-VAr clinical predictors vears 22 clinical predictors
' predictors) (650) (family history, of VAr; sensitivity =

LVOT gradients,
exercise capacity)

0.73, specificity =
0.76, C-index = 0.83
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24 pediatric HCM

patients (15 MYBPC3, MYH?7,

Darwish Cross- males. 9 females TTN, VCL, MYL2,
et al. [26] sectional ’ ' | CSRP3, RBM20
age range 0.5-14 }
(using NGS)
years)
Magri et al. Cohort, 37(;0';%\/'\%’?2,9/?3 MYBPC3, MYH7,
[27] retrospective . TNNI3, TNNT2
variants)
MYH?7,
. 572 pediatric | M BPC3, other
Miron et al. Cohort, ) sarcomeric genes
. HCM patients .
[28] prospective (age <18 years) (pathogenic/
9 y likely pathogenic
variants)
63 HCM
Velicki et al. Cross- mutation carriers
[29] sectional | (MYBPC3, MYH7) MYBPC3, MYH7
and 110 controls
MYBPC3, MYH7,
84 participants: 28 | TNNT2, others
Phan et al. Cross- HCM probands, (using NGS for
[30] sectional 56 relatives (first- | probands, Sanger
degree) sequencing for
relatives)
Forest Plot

The forest plot (Figure 3) displays the results of a meta-
analysis of ten studies examining the association between
genetic or clinical predictors and the risk of SCD in patients
with HCM. A random-effects model was used to account for
expected variability across studies. The pooled effect size
was 0.89, with a 95% confidence interval (CI) of -0.27 to
2.05 (Table 7). This suggests a positive, though statistically

No explicit Genetic variants p.R495G, MYH7
control ) - Cross- p.R403Q), 8
clinical presentation . . .
group, but sectional | variants of uncertain
. (dyspnea, chest - .
familial . . . study, no significance. High
. infections), family o
history was histor follow-up | rate of consanguinity
examined y (62.5%), 20.8% had
a family history of
HCM
LP/P variants are
associated with a
LP/P more aggressive
variants vs | SCD: HF-related HCM phenotype,

Volume 9 ¢ Issue 4

events, CPET (peak | Median 5.4

2 pathogenic
variants (MYBPC3

Nq LP/P VO2, CP%. VE/ years worse.funct.ional
variants vs VCO2 slope) capacity, higher
VUS HF risk, but no
significant link to
SCD
9.1% cumulative
5-year SCD risk,
Genotype- | SCD, resuscitated with nonsustained
positive vs sudden cardiac 5 years VT and syncope
Genotype- | arrest, aborted SCD as key predictors;
negative (ICD therapy) genotype-positive
patients had 1.32x
higher risk of SCD
MYH7 mutation
Clinical symptoms carriers showed
(dyspnea, a more severe
palpitations), phenotype,
MYBPC3 Echocardiographic Cross- including SAM,
vs MYH7 findings (wall sectional, | mitral abnormalities,
vs Healthy thickness, LV no follow- and higher left
controls filling pressure), up ventricular filling
Arrhythmias (atrial pressure. MYBPC3
fibrillation), Mitral mutation carriers
valve abnormalities had a higher family
history of HCM.
The prevalence of
ECG abnormalities Cross- EVC;S ;ZEZ;T;“:LG:
G+/LVH+ vs (pathological Q sectional
G+/LVH- | wave, repolarization study G+/LVH+ group,
o followed by G+/
vs Normal abnormalities, (August LVH=-. and lowest
controls (G-/ LVH); Genetic 2021- . ’ )
- in controls. Genetic
LVH-) findings (sarcomere August mutations were
mutations) 2022)

identified in 41.1%
of relatives.

360

non-significant, association between these predictors and
SCD risk, as the CI crosses zero. The associated Z-value was
1.74, with a two-tailed p-value of 0.081, indicating marginal
statistical significance. The individual study effect sizes
varied considerably. For example, Phan et al. [30]reported
the largest positive effect size (3.00, 95% CI: 1.97 to 4.03),
suggesting a strong association between genetic markers
and ECG abnormalities linked to SCD. On the other hand,
Velicki et al. [29] showed a strong negative effect, indicating
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Table 4: Quality assessment of studies using the GRADE checklist.

Study Risk of Bias | Inconsistency | Indirectness | Imprecision | Quality of Evidence (GRADE) | Publication Bias
Patel et al. [21] Low Low Direct Moderate Moderate None
Van Velzen et al. [22] Low Low Direct Moderate Moderate None
Ho et al. [23] Moderate Moderate Direct Low Low Suspected
Van Velzen et al. [24] Moderate Moderate Direct Moderate Moderate None
Bhattacharya et al. [25] Moderate Moderate Direct Moderate Moderate Suspected
Darwish et al. [26] High High Direct Low Low Serious
Magri et al. [27] Low Moderate Direct Low Low None
Miron et al. [28] Moderate High Direct Low Moderate Suspected
Velicki et al. [29] Moderate Low Direct Low Low None
Phan et al. [30] Low Low Direct Low Moderate None

Effect Size
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00
0.00 - : : . s
d
0.20 -
0.40
E o
= 0.60 °
=
E=
3 °
E 0.80
v ®
1.00 ®
1.20 l
1.40 £
® Studies Combined Effect Size ® Adjusted CES Inputed Data Points
Figure 2: Funnel plot measuring publication bias in the studies.
Table 5: Information related to funnel plot.
Study name Correlation (z) | Standard error (z) Effect size 0.89 Not analyzed
Patel et al. [21] 1.70 0.63 SE . 0.51 Not applicable
Van Velzen et al. [22] 153 0.90 ClI Lower limit -0.27 Not applicable
Ho et al. [23] 0.48 0.99 Cl Upper limit 2.05 Not applicable
van Velzen et al. [24] 1.78 0.60 Pl Lower limit -2.11 Not applicable
Bhattacharya et al. [25] 1.58 0.26 PI Upper limit 3.89 Not applicable
Darwish et al. [26] 1.60 0.75 Heterogeneity Not analyzed
Magri et al. [27] 1.52 0.30 Q 109.43 Not analyzed
Miron et al. [28] 1.32 0.13 Po 0.000 Not analyzed
Velicki et al. [29] -2.00 0.39 12 91.78% Not applicable
Phan et al. [30] 3.00 0.52 T2 1.50 Not applicable
Combined effect size Observed T 1.22 Not applicable
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lower predictive value or inverse association, though specific
numerical values were obscured. Ho et al. [23] and Darwish
et al. [26]had wider CIs and smaller weights, reflecting
greater uncertainty and lower precision in their estimates.
Study weights ranged from approximately 7% to nearly
10%, showing fairly even influence across studies. Notably,
Bhattacharya et al. [25]contributed one of the highest
weights, likely due to a smaller standard error and a more
precise estimate [34,35].

Heterogeneity Assessment

The forest plot reveals considerable heterogeneity among
the ten studies included in this meta-analysis (Table 7).
The 12 statistic is 91.78%, indicating that over 91% of the
total variation in observed effect sizes stems from genuine
differences across studies rather than random error. This level
of heterogeneity is categorized as substantial, suggesting
meaningful variability in study characteristics such as genetic
testing protocols, clinical risk markers assessed, population
demographics, and SCD definitions. The Q-statistic is 109.43,
with a p-value of 0.000, confirming that the heterogeneity is
statistically significant. This means the differences in effect
sizes are unlikely to be due to chance alone and reflect true
diversity in study outcomes. Additionally, the T? value of
1.50 quantifies the between-study variance and reinforces
the presence of diverse effect magnitudes across studies.
These results highlight that while there is a trend toward a
positive association between genetic or clinical predictors
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and SCD risk in HCM patients, the substantial heterogeneity
underscores the need for subgroup analyses [36,37].

Subgroup Analysis

The subgroup analysis (Figure 4) compares two study
clusters labeled AA and BB, assessing differences in effect
sizes related to predictors of SCD in HCM. The overall
pooled effect size across all ten studies was 1.03 (95% CI:
0.34 to 1.72), suggesting a modest positive association
between genetic/clinical predictors and SCD risk (Table 8).
While the confidence interval does not cross zero, indicating
borderline statistical significance, the effect size should be
interpreted in light of the heterogeneity. For Subgroup AA,
which includes seven studies (e.g., Patel et al. [21], Van
Velzen [22], Phan et al. [30]), the pooled effect size was
1.17 (95% CI: -0.19 to 2.53). Though this subgroup shows a
stronger effect estimate, the confidence interval crosses zero,
suggesting that the pooled effect is not statistically significant.
The heterogeneity within this subgroup is high (I> = 84.50%,
T2=0.90), implying considerable variation in effect sizes likely
due to differences in study populations, predictive markers,
or outcome definitions [38]. Subgroup BB, comprising three
studies (Bhattacharya et al. [25], Darwish et al. [26], Velicki
et al. [29]), had a pooled effect size of 0.37 (95% CI: -4.80 to
5.54). This very wide confidence interval reflects substantial
uncertainty, and again crosses zero, indicating no statistically
significant association. Heterogeneity in this group is even
higher, with I? = 96.70% and T? = 5.00, suggesting extreme

Table 6: Egger Regression.

Parameter Estimate SE
Intercept 0.16 5.19
Slope 0.68 7.01
t test 0.03 Not applicable
p-value 0.977 Not applicable

Effect CI Lower CI Upper

Study name size  Gmit Gt st

Patel et al. [21] 1.70 045 295 9.62%
Van Velzen et al. [22] 1.53 -024 330 7.90%
Ho et al. [23] 048 -1.46 2.42 7.36%
van Velzen et al. [24] -1.78 -2.96 -0.60 9.81%
Bhattacharya et al. [25] 1.58 1.07 2.09 11.64%
Darwish et al. [26] 1.60 005 3.15 8.84%
Magri et al. [27] 1.52 093 2.1111.47%
Miron et al. [28] 1.32  1.06 1.58 12.02%
Velicki et al. [29] 2200 -2.78  -1.22 11.04%
Phan et al. [30] 3.00 197 4.0310.30%

Weighting

0% 5% 10% 15%

CiLL ClUL
-11.58 11.89
-15.17 16.53

Not applicable Not applicable

Not applicable Not applicable

Effect Size
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Figure 3: A forest plot showing the correlation estimates from each study, as well as the overall pooled
correlation estimate derived using a random-effects model.

Citation: Mahmood A, Khalid H, Mushtaq A, Tiwana NI, Chatha KA, Haimed SM, Ranganatha A, Sadiq R, Modali M, Essani B, Mirza MS. Genetic
and Clinical Perspectives in Hypertrophic Cardiomyopathy: A Systematic Review and Meta-Analysis on Risk Stratification for Sudden
Cardiac Death. Cardiology and Cardiovascular Medicine. 9 (2025): 355-367.



Mahmood A, et al., Cardiol Cardiovasc Med 2025

DOI:10.26502/fccm.92920459

Journals

Study name / Effect . ) > 2 PI
Subgroup name swe CTTL CTTL Weight Q Po I T T PILL UL Effect Size
Patel et al. [21] 1.70 0.45 2.95 13.68% -15.00 -10.00 -5.00 0.00 5.00 10.00 15.00
Van Velzen et al. [22] 1.53 -0.24 330 10.36% ’
Ho et al. [23] 048 -1.46 242 942% :
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Miron et al. [28] 132 1.06 1.58 19.36% N
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Figure 4: Subgroup analysis of the included studies evaluating the association between genetic and clinical predictors and the risk of SCD in
HCM, stratified by predictor type (genetic vs. clinical) and study population characteristics.

Table 7: Information correlated with the forest plot.

Meta-analysis model

Effect Size 0.89
Standard Error 0.51
Confidence interval LL -0.27
Confidence interval UL 2.05
Prediction interval LL -2.11
Prediction interval UL 3.89
Z-value 1.74
One-tailed p-value 0.041
Two-tailed p-value 0.081
Number of incl. subjects 7447
Number of incl. studies 10
Heterogeneity

Q 109.43
Pq 0.000
12 91.78%
T?(2) 1.50
T (2) 1.22

inconsistency among study results. The between-subgroup
test yielded a Q statistic of 0.33 with a p-value of 0.565,
indicating that the observed difference in effect sizes between
AA and BB is not statistically significant. In other words,
while point estimates differ numerically, there is no strong
evidence that subgroup classification explains the variability
in effect sizes. The subgroup analysis suggests potential
differences in the magnitude of association between predictors
and SCD outcomes, but these are not statistically significant.
High heterogeneity within both subgroups reinforces the

Table 8: Information related to Sub-group analysis.

Meta-analysis model

Effect size 1.03
Standard Error 0.30
Confidence interval LL 0.34
Confidence interval UL 1.72
Prediction interval LL 0.34
Prediction interval UL 1.72
Number of incl. subjects 7447
Number of subgroups 2
Analysis of variance

Between / Model (Q¥) 0.33

Between / Model (Df) 1

Between / Model (P) 0.565
Within / Residual (Q*) 12.48
Within / Residual (Df) 8

Within / Residual (P) 0.145
Total (Q*) 12.48
Total (Df) 9

Total (P) 0.167
Pseudo R? 2.65%

need for more standardized methodologies and possibly
stratified analyses by predictor type or patient phenotype in
future research [39].

Narrative Analysis

This systematic review and meta-analysis evaluated the
prognostic significance of genetic and clinical predictors
of SCD in individuals with HCM. Drawing from ten
studies across diverse populations and methodologies, the
synthesis aimed to determine whether sarcomeric mutations,
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electrocardiographic abnormalities, or clinical phenotypes
can reliably predict adverse outcomes, particularly SCD, in
both pediatric and adult HCM cohorts.

Predictive Markers and Clinical Utility

The included studies explored a range of risk indicators
from sarcomere gene mutations and family history of SCD to
imaging-based markers and ECG abnormalities. Some, like
those by Magri et al. [27] and Phan et al. [30], highlighted the
elevated risk associated with genotype-positive individuals
or those with severe phenotypic manifestations, supporting
the clinical relevance of genetic testing in family screening
and early risk stratification. Others, such as Ho et al. [23]
and Velicki et al. [29], presented mixed or even inverse
associations, suggesting that not all mutation carriers exhibit
uniform clinical trajectories, and risk prediction cannot rely
on genetics alone.

Variation in Outcomes Across Studies

The direction and magnitude of effect sizes varied widely
among the included studies. While some demonstrated strong
associations between identified risk factors and adverse
outcomes, others presented wide confidence intervals or
contradictory results. This variability likely stems from
differences in study design, follow-up duration, population
characteristics, and the definition or measurement of outcomes
like SCD. The inconsistency underscores the multifactorial
nature of risk in HCM and the need to integrate clinical,
genetic, and imaging data for individualized prognostication.

Contextualizing Findings Within Clinical Practice

The results of this meta-analysis are to be considered
with reference to its practical application in the treatment of
patients. The heterogeneity of the study-level conclusions
demonstrates that the overall pooled effect of the study
assumes a positive relationship between risk markers and
adverse outcomes; nevertheless, the results should be
interpreted cautiously when making clinical decisions. The
existing evidence justifies the possibility of the usefulness of
genetic and phenotypic profiling to identify individuals at a
higher risk, especially in family or pediatric situations.

Discussion

This systematic review and meta-analysis examined
the prognostic utility of genetic and clinical markers of
SCD in HCM, based on data from ten studies with diverse
populations, strategies, and genetic backgrounds. In these
studies, there was often an adverse outcome linked to both
sarcomeric mutation and clinical markers, but the nature of
these links was variable and sometimes weak [40].

The importance of genetic factors was mentioned in
several studies. As an example, Ho et al. [23] discovered
that patients with sarcomere-positive mutations (SARC+)
were at risk of SCD about twice as much as mutation-

Volume 9 * Issue 4 | 364

negative patients, which supports the possibilities of risk
stratification using genetic profiling. Equally, Miron et al.
[28]demonstrated that genotype-positive HCM patients with
pediatrics had a slightly higher SCD risk, especially when
syncope or nonsustained ventricular tachycardia (NSVT)
was present. A contrary result was obtained by Magri et al.
[27], who concluded that there was no significant correlation
between the pathogenic mutations and SCD, which implies
that genetics alone cannot be used to predict a poor prognosis
without the presence of phenotypic manifestation [41,42].

A central role was also played by clinical predictors.
Bhattacharya et al. [25] used a machine learning methodology
and indicated several clinical variables as robust predictors
of ventricular arrhythmia, such as LVOT gradients, family
history, and others, whereas Velicki et al. [29] identified more
severe phenotypes and mitral valve abnormalities in carriers
of MYH?7, indirectly defining clinical phenotype as a factor
associated with arrhythmic risk [41]. Finally, as demonstrated
in Van Velzen et al. [24], imaging markers like global
longitudinal strain identified early myocardial dysfunction
in the carriers of the mutation before overt hypertrophy, but
the predictive value of the measure was limited as an SCD
predictor [43].

It is probably due to the heterogeneity among studies (e.g.,
age groups (e.g., pediatric in Darwish et al. [26] vs. adult in
Patel et al. [21]), type of mutations, and length of follow-up)
that are reflected in the forest plot. Despite this, the pooled
estimate supports a positive but varied association between
the studied markers and SCD risk [44,45]. In comparison
to prior reviews that emphasized consistent genotype-SCD
links, our findings demonstrate wider variability, likely due
to evolving diagnostic tools and broader patient inclusion.
This underscores the need for integrated, individualized risk
models combining both genetic and clinical data.

Limitations

This systematic review and meta-analysis have several
limitations that should be acknowledged. First, there was
substantial heterogeneity across the included studies in
terms of population characteristics, genetic testing methods,
clinical endpoints, and follow-up durations. This variability
complicates direct comparison and limits the generalizability
of the pooled results. Secondly, several studies had
retrospective designs and small sample sizes, which may
limit the strength of their conclusions due to selection bias
or underpowered statistical analyses. Moreover, variability
in defining and adjudicating SCD events—particularly
in pediatric populations—may have influenced outcome
assessment. The inclusion of studies using different
genotyping platforms and variant classification criteria
(e.g., pathogenic vs. variants of uncertain significance) also
introduces inconsistency in the interpretation of genetic risk.
Publication bias may be present, as suggested by moderate
asymmetry in the funnel plot, although Egger’s test did not
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confirm statistical significance. Together, these limitations
suggest that while the findings provide meaningful insights,
they should be interpreted with caution and validated in
future prospective, standardized studies.

Future Research

Future research should focus on developing standardized,
multi-center prospective studies that assess both genetic
and clinical predictors of SCD in HCM using uniform
definitions and outcome measures. There is a pressing need
for harmonized criteria to classify genetic variants, especially
variants of uncertain significance, as well as standardized
protocols for cardiac imaging and ECG-based risk
assessments. This would help reduce variability and improve
the reproducibility of findings across different populations.
Further studies should explore the prognostic value of
emerging biomarkers, such as advanced imaging parameters
(e.g., myocardial fibrosis quantification via cardiac MRI)
and polygenic risk scores, in conjunction with established
clinical markers. Special attention should be paid to pediatric
and genotype-positive/phenotype-negative subgroups, which
remain underrepresented and pose unique challenges in risk
prediction. There is also potential for integrating machine
learning approaches, as demonstrated in some studies, to
identify complex patterns in multidimensional data that may
not be apparent through traditional statistical models. Clinical
guidelines ought to be changed to accommodate the growth
of precision medicine, promoting risk models that synthesize
genetic, clinical, and imaging information into a single
decision-support system. These would aid more specific
and precise SCD prevention approaches in HCM patients
regardless of the risk level.

Conclusion

The systematic review and meta-analysis study tested
the relationships between genetic and clinical markers
and the risk of SCD in patients with HCM. According to
the pooled evidence, not only sarcomeric gene mutations,
especially those of the MYH7 and MYBPC3, but also the
known clinical predictors of SCD, such as non-sustained
ventricular tachycardia (NSVT), family history of SCD,
and abnormal imaging results, are associated with the
elevated risk of SCD. Nonetheless, these associations were
very different in various studies, as the designs used, the
population, definitions of outcomes, and the measurements
used were also different. Some studies demonstrated strong
associations, but there were also studies that were weak
or statistically non-significant, which emphasized the fact
that relying on one risk factor alone was limited. The fact
that there is a lot of heterogeneity among studies further
demonstrates the complexity of risk stratification in HCM.
In spite of these difficulties, the evidence is consistent with
the increasing usefulness of genetic data combined with
clinical and imaging variables to enhance personalized risk
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assessment. Conclusively, multimodal analysis involving a
combination of genotype, phenotype, and advanced clinical
data has the potential to improve SCD risk determination
in HCM patients. To reach this goal in future depositions,
uniform methods, larger cohorts, and prospective designs
would require the development of more accurate evidence-
based tools of risk stratification.
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