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I t is often said that truth is in the eye of the
beholder. For cardiomyopathies (CMP), the diag-
nostic truth is usually considered found via

fulfillment of a predetermined, recognizable, CMP
phenotype with management based on diagnosis,
symptoms, and clinical characteristics. Genetic
testing has historically been implemented subse-
quent to clinical diagnosis with genotype used for
family screening, and less often for diagnostic confir-
mation or management. However, in recent years,
overlapping characteristics among different CMP
phenotypes, patient evolution among CMP classifica-
tions with disease progression, as well as the fulfill-
ment of different phenotypes in patients harboring
variants in the same gene have been increasingly
recognized.1 This clinical and genetic heterogeneity
is increasingly apparent among dilated cardiomyopa-
thy (DCM) and arrhythmogenic cardiomyopathy
(ACM) phenotypes, and is of particular importance
given the necessity of risk stratification for sudden
cardiac death. Nonetheless, most risk stratification
strategies are phenotype-based with the relative
weight of genotype and phenotype in risk stratifica-
tion and management of patients largely unresolved.
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It is from this perspective that we appreciate the
paper by Paldino et al2 in this issue of the Journal of
the American College of Cardiology. Drawing from a
cohort of 834 patients enrolled in the Familial Car-
diomyopathy Registry of the University of Trieste and
University of Colorado, our colleagues compared the
effectiveness of genotype-based vs phenotype-based
classification at diagnosis for prediction of clinical
outcomes. To do so, the authors first assessed the
association of nonhypertrophic cardiomyopathy
phenotypes (DCM, arrhythmogenic right ventricular
cardiomyopathy [ARVC], arrhythmogenic left ven-
tricular cardiomyopathy [ALVC], and biventricular-
arrhythmogenic cardiomyopathy [BiV]) at both
presentation and follow-up with pathogenic/likely
pathogenic variants in DCM and ARVC-associated
genes. Only genes with a robust association with
DCM and/or ARVC3,4 and identified in at least 10 of
the 834 patients were included in the analysis. The
final variant-positive study cohort comprised 281
patients: 224 (80%) diagnosed with DCM, 28 (10%)
with ARVC, and 29 (10%) with ALVC/BiV. Six gene
clusters were analyzed: TTN (34%), sarcomere vari-
ants (SARC) (22%), FLNC (13%), PKP2 (11%), LMNA
(10%), and DSP (10%). Importantly, an additional
cohort of 370 patients with variant-negative CMP was
included to facilitate assessment of the overall clin-
ical utility of genotype in differentiating outcomes.
Endpoints were rigorous, with all-cause mortality or
cardiac transplant as the primary outcome, and major
ventricular arrhythmia (MVA) (defined as a combi-
nation of ventricular fibrillation, sustained ventricu-
lar tachycardia lasting >30 seconds, and appropriate
implantable cardioverter-defibrillator intervention)
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and heart failure (HF) (HF death, transplant, or LVAD
placement) as secondary outcomes.

The authors first characterized genotype-
phenotype associations at baseline and in follow-up.
Expected genotype-phenotype correlations were
observed with variants in the TTN and SARC genes
associated with DCM, and PKP2 variants typically
leading to ARVC. For other genes, clinical heteroge-
neity was substantial. At study enrollment, variants
in DSP, LMNA, and FLNC were associated with di-
agnoses ranging from DCM to ALVC. Phenotypic
overlap increased during follow-up, with around one-
fifth of patients harboring TTN, DSP, LMNA, and
FLNC variants who had a DCM phenotype at baseline,
converting their phenotype to ALVC/BiV over time.
Although these findings are not unexpected, a single
study with well-defined inclusion criteria performing
head-to-head comparisons of diagnosis and outcomes
among DCM- and ACM-associated genotypes has
considerable merit in confirming observations previ-
ously reported largely in single-gene or single-
diagnosis studies.

Although the genotype to phenotype observations
are useful, the main novelty of this study is its
ambitious goal of defining the relative prognostic
weight of phenotype-based vs genotype-based clas-
sification. The authors showed clinically meaningful
differences in arrhythmic outcomes, mortality, and
heart transplantation rates across the 6 gene groups.
As expected, LMNA carriers were more prone to
death/transplant and HF-associated outcomes,
whereas DSP, PKP2, FLNC, and LMNA (combined in
the paper as “arrhythmic genes”) were associated
with MVAs. We found it particularly interesting that
the incidence of arrhythmic events in patients with
DSP, LMNA, and FLNC variants were similar, regard-
less of clinical diagnosis, given the dearth of data on
these genotypes.

Next, using multivariable Cox regression, the au-
thors established that although both genotype- and
phenotype-based classifications predicted death and
heart transplant, genotype provided better discrimi-
nation and was the only classification associated with
the risk of arrhythmic events (MVA). This is the key
finding of the study. Importantly, the authors also
tested the independent prognostic value of genotype
and phenotype in their expanded cohort that also
included patients with variant-negative CMD. This
analysis confirmed the vital nature of genotype in a
more clinically applicable patient cohort.

These findings urge us to rethink the role of ge-
notype and the timing, type, and extent of genetic
testing in CMD management. Given the prognostic
value of genotype, it does not seem unreasonable to
suggest more widespread testing of CMP index pa-
tients. These data also support shifting the role of
genetic testing from being one among many comple-
mentary parts of a comprehensive assessment to a
cornerstone for individualized risk stratification,
which will require prompt genetic testing after diag-
nosis. Finally, the phenotypic heterogeneity
described in the cohort and in particular the pheno-
typic evolution over time suggests the value of using
broad gene panels for DCM/ACM genetic testing.
Although this approach will result in an increased rate
of variants of uncertain significance, it also improves
detection of variants that this study shows have
important prognostic implications.5

Recent consensus statements and guidelines
increasingly call attention to the importance of ge-
notype. Nonetheless, the potential for genotype-
specific risk prediction for cardiomyopathies
remains mostly theoretical. For example, although
the impact of genotype on arrhythmia risk stratifica-
tion for ARVC has recently been described,6 guide-
lines currently suggest that patients with DSP-ARVC
and PKP2-ARVC undergo a similar risk stratification
process based on their fulfillment ARVC diagnostic
criteria rather than on the genetic architecture behind
the disease. In light of the consistent event rates
observed in patients with DSP, LMNA, and FLNC
variants regardless of phenotype, this approach
seems outdated. Although more research is needed,
we envision a future in which the current CMP clas-
sification system moves toward classification and
management based on individual genes, variants, and
disease pathways, rather than grouping patients
largely by similar clinical phenotypes. The promise of
this approach is highlighted in the recently published
genotype-specific arrhythmia risk prediction model
for p.Arg14del PLN cardiomyopathy.7

Some limitations of this study should be acknowl-
edged. Although certainly one of the largest studies
addressing this topic, the size of the overall cohort
and particularly of patients with arrhythmia genes
fell short for reaching unequivocally generalizable
results. Relatively small sample sizes led to the
arrhythmia genes being grouped for regression anal-
ysis. It is likely that the value of genotype-based
classification varies importantly among these genes.
Additionally, although the process for gene selection
was reasonable and well-justified, several important
CMD-associated genes (ie DSG2, DSC2, TMEM43, PLN,
RBM20, BAG3) were excluded because of their low
frequency and therefore their impact was not
assessed.3,4
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In summary, we want to congratulate the au-
thors for an intriguing study. As is the case for
some of the best clinical research, their findings
both have immediate implications for clinical care
and also suggest additional lines of research—in
this case the potential for genotype-specific risk
prediction. Of course, the effects of rare CMP var-
iants in determining patient outcomes are further
modified by each patient’s additional genetic
background, comorbidities, and lifestyle—variables
that must be accounted for in risk stratification
and management. Nonetheless, in this era of pre-
cision medicine, although not providing a definite
answer for how to best integrate genotype and
phenotype in management of familial cardiomyop-
athies, these data from Paldino et al2 certainly
pave the way.
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