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Aims Dilated cardiomyopathy (DCM) has a monogenic aetiology in up to 40% of patients. Understanding the spectrum
of genotype—phenotype associations in DCM is crucial for risk stratification and personalized treatment. We aimed
to (i) characterize genotype-specific features, (ii) evaluate whether phenotype-based clustering reflects underlying
genotype, and (iii) compare the prognostic value of genotype- versus phenotype-based approaches.

Methods and A multicentre cohort of 534 DCM patients with a (likely) pathogenic variant were grouped by genotype (genotype-first

results approach) and clustered by clinical phenotype (phenotype-first approach). We compared clinical characteristics,
identified genotype—phenotype associations, and evaluated outcomes, including all-cause mortality, heart failure
hospitalization, heart transplantation, and malignant ventricular arrhythmias. Using the genotype-first approach,
significant genotype—phenotype associations were found for 10 genes. FLNC, LMNA, DSP, and PLN variants were
linked to arrhythmias. BAG3, TNNT2, DMD, and TTN were associated with increased cardiac volumes and decreased
left ventricular ejection fraction (LVEF). Clustering identified four phenotypic clusters: (1) young, moderately reduced
LVEF; (2) arrhythmias, moderate reduced LVEF; (3) low LVEF; (4) arrhythmias, low LVEF There were no clear
correlations between phenotypic clusters and genotype. The genotype-first approach showed that LMNA, FLNC,
and BAG3 variants had the highest risk for heart failure and arrhythmogenic adverse outcomes. The phenotype-first
approach indicated that clusters 3 and 4 were associated with the worst prognosis. Overall, genotype was the
strongest predictor of outcome.

Conclusions Patients with a genetic form of DCM exhibit clinical and genetic heterogeneity. Genotype-based risk stratification
is more accurate compared to a phenotype-first approach, highlighting the importance of broad genetic screening
among patients with DCM. Additionally, gene-specific risk prediction should become more prominent in current
guidelines on management of genetic DCM patients.
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Prediction of clinical outcomes in genetic dilated cardiomyopathy (DCM). LVEF, left ventricular ejection fraction.
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Dilated cardiomyopathy (DCM) is a severe cardiac disease charac-

terized by systolic dysfunction and (bi-)ventricular dilatation unex-

plained solely by abnormal loading conditions or coronary artery

Prognosis e

Risk prediction

disease.” Up to 40% of patients with DCM have a monogenetic aeti-
ology, in which truncating variants in TTN are the most prevalent.?
The finding of a genetic cause is important, as it provides the possi-
bility for gene-specific clinical care in patients with DCM, including
risk prediction and intervention, and cascade screening3~® The
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Impact of genotype—phenotype associations on prognosis in DCM

latest guidelines from the European Society of Cardiology (ESC)
and American Heart Association (AHA) both include recommen-
dations for preventive implantable cardioverter-defibrillator (ICD)
therapy in patients with DCM and a disease-causing variant in a
high-risk gene such as LMNA, FLNC, RBM20, PLN and DSP.57

Patient classification solely based on genotype showed stronger
predictive value for adverse outcome, compared to classified
patients based on their clinical diagnosis.® However, significant het-
erogeneity in clinical characteristics exists even within the same
(high-risk) genotype, affecting disease trajectory and risk stratifi-
cation. This variability suggests that phenotype-based approaches,
such as clustering, might provide additional insights into clinical sub-
groups when performed within the group of patients with a genetic
form of DCM. Additional knowledge on the role of the phenotype
in genetic high-risk subgroups, can provide the opportunity to opti-
mize clinical decision-making such as device implantation.

While genotype-specific models, such as those for LMNA or PLN,
have improved risk prediction, these tools are available for only a
few genes and are typically not generalizable across genotypes, due
to differences in disease expression, arrhythmia burden, and struc-
tural remodelling. For the majority of genes, especially rare geno-
types, such models are unavailable and unlikely to be developed due
to limited cohort sizes. In this context, phenotype-based cluster-
ing may provide complementary value by identifying shared clinical
profiles that transcend genotype, offering an alternative framework
for risk stratification in under-characterized or ultra-rare genetic
subtypes. This approach may ultimately support more accurate
prognosis and treatment planning where genotype-based calcula-
tors are not available.

Clustering, an unsupervised machine learning method, can be
used to identify patterns in clinical data and groups of patients based
on phenotypic similarities.”~"" We have previously explored pheno-
typic clustering in mixed DCM cohorts, including both genetic and
non-genetic cases, demonstrating that clinical heterogeneity exists
across the disease spectrum but patients subgroups can be identi-
fied.”? However, no study has systematically assessed the utility of a
phenotype-first approach in an exclusively genotype-positive DCM
cohort, despite the clinical differences within specific genotypes.

By utilizing a large, multicentre, genotype-positive cohort
we compared a genotype-first approach (assessing genotype—
phenotype associations) and a phenotype-first approach (cluster-
ing patients based on clinical characteristics) with the following
three aims: (i) to characterize genotype-specific clinical fea-
tures, (ii) to evaluate whether an unsupervised phenotype-based
clustering can effectively predict the underlying genotype, and
(iii) to compare the prognostic utility of genotype-based versus
phenotype-based clustering.

Methods
Study population

This study was a multicentre, observational, longitudinal investigation
focusing on individuals diagnosed with genotype positive DCM. Partic-
ipants were enrolled from inherited cardiac diseases and heart failure
units at five international hospitals (Maastricht University Medical Cen-
tre [MUMC+], Maastricht, The Netherlands; Hospital Universitario

Puerta de Hierro Majadahonda, Majadahonda, Madrid, Spain; United
Hospitals of Trieste University Hospital, Trieste, ltaly; Utrecht Uni-
versity Medical Center, Utrecht, The Netherlands; and University of
Colorado Anschutz Medical Campus, Aurora, CO, USA).

The cohort from Maastricht, The Netherlands, was derived from the
Maastricht Cardiomyopathy Registry which actively enrols individuals
displaying symptoms of heart failure or those who have undergone car-
diac and/or genetic evaluation. The cohort from Utrecht, The Nether-
lands, was derived from the UNRAVEL registry of cardiomyopathy
patients who underwent genetic evaluation.’® The ltalian participants
were included from the Heart Muscle Disease Registry of the Trieste
Registry, the Spanish cohort was selected from the Hospital Puerta
de Hierro’s Inherited Cardiac Diseases Unit in Madrid, and the cohort
from the United States was identified from the Familial Cardiomyopa-
thy Registry.

Diagnosis of DCM followed the criteria set by the World Health
Organization and the most recent suggestions from the ESC.® Eligi-
ble patients showed a left ventricular ejection fraction (LVEF) of <50%,
without significant coronary artery occlusion on coronary angiography,
absence of pericardial, congenital heart, or pulmonary heart disease,
and no active myocarditis. Where applicable, patients were treated
according to the current ESC and AHA/American College of Cardiol-
ogy (ACC) guidelines,®' which included guideline-directed medication
at the maximum tolerated doses and device therapy. Only patients aged
>16years at the time of diagnosis were included. All included patients
were probands. Data at participating centres were extracted from clin-
ical records using a uniform methodology. The study was performed
according to the Declaration of Helsinki and was approved by the Med-
ical Ethics Committee of all participating institutions. All individuals
provided written informed consent.

Clinical evaluation of patients
with dilated cardiomyopathy

Baseline evaluation was defined as the first outpatient clinic visit of
a genetic DCM patient. In alignment with the diagnostic procedures
at each participating medical centre, these individuals underwent com-
prehensive genetic testing following genetic counselling. The evaluation
also included a thorough physical examination, blood tests, a 12-lead
electrocardiogram (ECG), 24-h Holter monitoring, an echocardiogram,
cardiac magnetic resonance (CMR) and planned regular follow-ups. Key
information collected at first evaluation included demographic details,
the patient’s age when diagnosed, their New York Heart Association
(NYHA) functional classification, systolic and diastolic blood pressure,
and any family history of DCM. Additionally, data regarding peripartum
cardiomyopathy and skeletal myopathy were collected.

Genetic testing and variant classification

Participating individuals received genetic testing using targeted
next-generation sequencing panels. All patients underwent genetic
testing from 2014 onwards. All patients were at least tested for
19 genes most robustly associated with DCM (including ACTC7, BAG3,
DMD, DES, DSP, EMD, FLNC, LMNA, MYH7, NEXN, PLN, RBM20,
SCN5A, TTN, TNNC1, TNNI3, TNNT2, TPM1, and VCL). The specific
gene panels used by each centre per time period are depicted in online
supplementary Methods.

The classification of all genetic variants followed the standards
set by the American College of Medical Genetics and Genomics
(ACMG) guidelines.'® To guarantee uniformity and accuracy in variant
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Table 1 Phenotypic domains and corresponding clinical variables

Phenotypic domain Clinical variables

Demographics Age of diagnosis?, sex?

Disease modifiers

Genetic LP/P variant?, familial disease?, BMIP<, alcohol comsumptionb'c, hypertensionb’c, diabetesP*, thyroid

disease®c, COPDP<, anthracycline/ChemoRx?<, exercise®*, skeletal myopathy®, peripartum cardiomyopathy®

Physical characteristics
Echocardiography

NYHA class?, heart rate®<, systolic blood pressure?, diastolic blood pressure
LV ejection fraction?, LV end-diastolic diameter®®, LV end-diastolic diameter index?, LV end-systolic diameter?,

b

left atrial volume index®, LV mass index®, E/A ratiod, E/e’ ratio?, posterior wall thickness?

ECG/Holter

Atrial fibrillation?, non-sustained ventricular tachycardia?, left bundle branch block?, out-of-hospital cardiac

arrest?, atrioventricular block?, PVC?, low ECG voltage in the peripheral leads®

Cardiac magnetic resonance

LV mass index®, LV end-diastolic volume index®, LV end-systolic volume index®, LV stroke volume index®, LV

ejection fractiond, late gadolinium enhancementd

BMI, body mass index; ChemoRx, chemoradiation therapy; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; LP/P, likely pathogenic/pathogenic; LV, left

ventricular; NYHA, New York Heart Association; PVC, premature ventricular complex.

2Clinical variables used in the missing data imputation and the clustering.
5Clinical variables used in the missing data imputation, but not in the clustering.
¢Clinical variables not present in details (Tables 3 and 4 and v-test results).

dClinical variables had large missing data, neither used in missing data imputation, nor for clustering, but reported descriptive summary on raw data with missing anyway.
¢Clinical variables had large missing data, neither used in missing data imputation, nor for clustering, and not reported in detail.

interpretation, specialists in molecular genetics based in Maastricht
conducted additional reviews of all variants. Only those individuals
whose genetic testing revealed pathogenic or likely pathogenic variants
(classified as P/LP; class 4 or 5) were considered to have received a
genetic diagnosis and were thus identified as genotype-positive.

Outcomes

To compile data on overall mortality, heart transplantation (HTx),
episodes of malignant ventricular arrhythmia (MVA), and heart fail-
ure hospitalizations (HFH), the research utilized information from the
patients’ health records, municipal demographic databases, or calls with
primary care providers. Patients who did not experience any of these
events were marked as censored on the date of their most recent
follow-up. End date of follow-up was 1 February 2024. MVAs were
specifically identified as instances of non-lethal ventricular fibrillation
(with or without the intervention of an ICD shock), haemodynamically
unstable prolonged ventricular tachycardia (VT), prolonged VT that
triggered an appropriate ICD shock, or sudden cardiac death (SCD).
Prolonged VT was defined as sustained VT lasting >30's or requiring
termination due to haemodynamic instability. The study primary objec-
tive was to assess the combined incidence of all-cause mortality, HFH,
HTx, and MVA. Secondary outcomes were focused on heart failure
incidents (including HFH and HTx) and arrhythmic events (MVA exclu-
sively).

Data processing

Table 1 includes all clinical parameters which were measured in the
genotype-positive DCM patients. We selected clinical parameters with
less than 25% missing data to create a complete dataset for clustering
and v-test, with missing values imputed by the principal component
method ‘factorial analysis for mixed data’ (FAMD).'¢

Phenotypic clustering

To construct a reliable clustering model, we selected 17 clinical
variables with low multicollinearity and less than 25% missingness

(Table 7). Excluded variables included for example some CMR and
ECG parameters. Missing data were imputed using FAMD, which
accommodates both continuous and categorical variables by extracting
principal components while preserving the underlying data structure.
Phenotypic clusters were then defined using hierarchical clustering
on principal components (HCPC), as in our previous work."” In
this method, principal components of the clinical data were derived
using FAMD, ensuring a balanced influence between continuous and
categorical variables. The optimal dimensions of FAMD to be used was
determined by cross-validation, i.e. 2. The optimal number of clusters
was determined by evaluating the gain in within-inertia (within-group
variance) by HCPC and using the NbClust package.® The hierarchical
clustering used the Manhattan distance and complete linkage. The
clustering process was conducted with the FactoMineR package v2.9"
in R v4.3.1 environment. The relative importance of variables in
Cox regression model was accessed by the proportion of explainable
log-likelihood statistics (likelihood ratio ¥?) that is explained by each
variable, using R rms package (https://cran.r-project.org/web/packages
/rms/index.html). To assess the concordance between genotype-based
and phenotype-based clustering, we calculated the adjusted Rand index
as a measure of overall similarity between the two classifications.

Statistics

The link between clinical variables and the clusters was analysed by
ANOVA for numeric after logarithm transformation and y? test for
categorical variables. The over- or underrepresentation of variables
within each cluster or genotype was analysed using the v-test, which
transforms the p-value into a quantile, with the sign indicating over-
or underrepresentation within the cluster, using the catdes function of
FactoMineR package. The cumulative incidence Kaplan—Meier curve
for outcome was used and differences were assessed by the log-rank
test. The 95% confidence intervals (Cls) for risk probabilities at a
5-year time point were estimated around the cumulative incidence
proportions. Cox proportional hazards regression analysis was per-
formed to assess the association of genotype or phenotype status
with event-free survival. To confirm the Cox model’s assumption of
proportional hazards, tests based on Schoenfeld residuals revealed
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Table 2 Distribution of genotypes across the five international centres

Genotype Centre Total
Denver (USA) Madrid (ESP) Maastricht (NL) Trieste (IT) Utrecht (NL)
ACTC1 0 1 0 2 0 3
TPM1 0 0 3 1 0 4
PLN 0 0 2 1 2 5
NEXN 1 0 1 4 0 5
TNNC1 0 0 3 3 0 6
DMD 1 0 0 6 0 6
SCN5A 0 0 5 3 1 8
RBM20 0 2 6 4 0 12
BAG3 1 8 2 2 3 16
DsP 1 14 5 9 2 31
MYH7 1 10 12 13 2 38
TNNT2 1 5 6 29 1 42
FLNC 0 1 7 31 3 52
LMNA 8 4 21 21 2 56
TTN 8 43 77 112 7 247
Total 22 98 150 241 23 534

no significant deviations. Multivariate mixed-effect Cox modelling was
used to adjust the fixed effect of age, sex, and baseline LVEF. Statis-
tical significance was defined as the null hypothesis (hazard ratio=1)
did not fall within 95% ClI, equivalent to p <0.05. Statistical analysis
was performed using SPSS 23.0 (IBM Corp., Armonk, NY, USA) and R
version 4.3.1, and visualized using GraphPad Prism version 10.2.0.

Results
Cohort

In total, we included 534 patients with DCM and a P/LP variant
from five different centres. Although TTN variants were prevalent
among all centres, we noticed differences in the genetic spectrum
per centre (Table 2). The cohort from Maastricht and Denver
were mostly enriched with TTN and LMNA patients, while the
cohort from Madrid and Trieste also had a considerable number of
FLNC and MYH?7 patients. Geographic differences were expected
for PLN prevalence, which is primarily due to a founder mutation
(p-Argl4del) highly prevalent in the northern Netherlands.?’
Additionally, a large cohort of BAG3 patients was present in the
Madrid cohort while patients with a specific TNNT2 variant were
enriched in the Trieste cohort.

Genotype-phenotype associations:
genotype-first approach

Using a genotype-first approach, we grouped all patients based
on the genotype (i.e. TTN, LMNA, DSP, etc.) irrespective of the
clinical information (Table 3). We identified clinical variables that
were characteristic for a genotype using v-test analysis. This pro-
vided significant results for 10 genes (ACTC1, BAG3, DMD, DSP,
FLNC, LMNA, MYH7, PLN, TNNT2 and TTN; Figure 1 depicts the

nine genotypes with more than five patients). Overall, LMNA and
PLN were associated with arrhythmias and conduction disorders,
including atrial fibrillation (AF), atrioventricular block, left bundle
branch block, non-sustained VT (NSVT), premature ventricular
complexes, out-of-hospital cardiac arrest, and low peripheral volt-
ages, while BAG3, TNNT2, DMD and TTN were mostly associated
with increased cardiac volumes and decreased LVEF in the absence
of arrhythmias. DSP, BAG3, and PLN were associated with female
sex, while TTN was associated with male sex and an older age at
diagnosis compared to the other genotypes. As expected, muscular
involvement was characteristic for DMD.

Clustering of clinical parameters:
phenotype-first approach

We performed clustering of patients using only the clinical parame-
ters, independent of the genotype. Age of onset, LVEF, left ventric-
ular end-diastolic and end-systolic diameter, AF, and family history
were the major contributing variables for FAMD and clustering
(online supplementary Figure ST). We identified four clusters: clus-
ter 1 (C1=young age of onset and primarily a NYHA class I)
and cluster 2 (C2=old age of onset with a high prevalence of
arrhythmias) both had a moderate reduction in LVEF. In contrast,
cluster 3 (C3 =primarily NYHA class Ill and NSVT) and cluster 4
(C4=older age of onset with prevalent arrhythmias) both have a
low LVEF (Figure 2, Table 4).

Next, we added the genetic information to the generated clus-
ters. Although specific genotypes were significantly overrepre-
sented in clusters (FLNC and ACTC7 in C1, LMNA and PLN in C2,
BAG3 in C3, and TTN in C4), there was no strong correlation
between the clusters and genotypes. No other genotypes were
exclusively assigned to any of the four clusters with the excep-
tion of ACTC1, which had a small sample number (n=3) (Figure 2
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Figure 1 Phenotypic characteristic plots of the nine genotypes (n > 5 patients) including their most representative clinical variables. The over-
or underrepresentation of a variable within a cluster was analysed by v-test. A positive value indicates overrepresentation of this variable in
the applicable clusters, a negative value indicates underrepresentation of the corresponding variable. AF, atrial fibrillation; AV, atrioventricular;
ECG, electrocardiogram; LBBB, left bundle branch block; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction;
LVESD, left ventricular end-systolic diameter; NSVT, non-sustained ventricular tachycardia; NYHA, New York Heart Association; OHCA,

out-of-hospital cardiac arrest; PYC, premature ventricular complex; PWT, posterior wall thickness.

and online supplementary Figure S7). The adjusted Rand index
between genotype and phenotype clustering was 0.024, indicating

that phenotypic clustering does not reliably reflect underlying

genetic architecture. Because patients with the same genotype can
have a very different clinical presentation, their phenotype provides
limited information about the underlying genetic cause.

Prognostic relevance of genotype- versus
phenotype-first approach
In the overall cohort, 175 patients (33%) reached the combined

endpoint (all-cause mortality, HFH, HTx, or MVA) after a median

follow-up of 7.6 years (interquartile range 4.2—13.3 years) (online

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Four mutually exclusive phenoclusters as determined by hierarchical clustering of principal component using phenotypical
information as input. Characteristic plots of the four proposed phenoclusters including their most representative clinical variables. A positive
value indicates overrepresentation of this variable in the applicable phenoclusters, a negative value indicates underrepresentation of the
corresponding variable. The phenoclusters were highly heterogeneous with regard to the genotype, with various genotypes distributed across all
groups. AF, atrial fibrillation; AV, atrioventricular; ECG, electrocardiogram; LBBB, left bundle branch block; LVEDD, left ventricular end-diastolic
diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; NSVT, non-sustained ventricular tachycardia;
NYHA, New York Heart Association; OHCA, out-of-hospital cardiac arrest; PWT, posterior wall thickness; SYS BP, systolic blood pressure.

supplementary Table S7). The secondary endpoints (occurrence
of heart failure events [HFH and HTx] or arrhythmogenic events
[MVA] during follow-up) occurred in 112 (21%) and 67 patients
(13%), respectively.

Using a genotype-first approach, the highest long-term risk for
the combined outcome was observed in LMNA, FLNC and BAG3
patients (Figure 3; only genotypes with n =10 or more are included
in the analysis). The highest risk for heart failure-related events was
observed in BAG3, LMNA, and RBM20, while the highest risk for
MVA was in patients with a P/LP variant in LMNA, DSP, FLNC, and
BAG3. These differences were also observed after adjustment for
age, sex and baseline LVEF, when the genotypes were compared to
TTN (Figure 4).

Using a phenotype-first approach, the lowest risk was observed
in patients in phenocluster 1 (moderate LVEF and young age;
Figure 3). While patients in phenocluster 4 (low LVEF and baseline
arrhythmias) have the highest risk for heart failure events, those
in phenocluster 3 (low LVEF and younger age) had the highest risk
for MVA. Interestingly, the genotypes with the highest risk in the
genotype-first approach largely clustered within the phenoclusters
with lower risk, with overrepresentation of FLNC in phenocluster
1, and LMNA in phenocluster 2 (moderate LVEF and baseline
arrhythmias). In contrast, the genotype with the lowest risk was
significantly overrepresented in the phenocluster with the highest
risk (TTN in C4). To understand these differences, we looked
into the outcome per genotype in each of the four phenoclusters
(online supplementary Figure S2). We identified that TTN patients
overall had the lowest risk contribution per phenocluster while
LMNA, FLNC, and BAG3 had the highest risk contribution in each of

the phenoclusters. Similar outcome of the prognostic impact of the
phenoclusters was observed after removing TTN patients (online
supplementary Figure $3), suggesting that the clustering association
with outcome were not solely driven by TTN-related clinical
variation. Furthermore, when we compared the phenoclusters for
each individual genotype, we also noted prognostic differences
(online supplementary Figure $4). Significant differences in outcome
among phenoclusters were observed for TTN, MYH7, LMNA, and
RBM20.

To determine whether genotype or phenotype contributes more
significantly to the outcome in genetic DCM patients, we used the
proportion of explainable log-likelihood statistics (likelihood ratio
x?). Genotype consistently emerges as the most significant pre-
dictor in all outcome measures (major adverse events, HFH/HTx
events, and MVA events), indicating its robust predictive impor-
tance in genetic DCM. Phenocluster contributes to a lesser extent,
and LVEF, age, and sex have relatively low contributions (Figure 5
and online supplementary Figure S5). These findings suggest that
the specific genotype has the greatest role in predicting outcomes
in genetic DCM patients.

One possible explanation for the observed difference in prog-
nosis between a genotype- versus phenotype-first approach is that
the clinical parameters that influence prognosis significantly differ
per genotype. As a proof of principle, we used the gene-specific
risk calculator for LMNA.2' We compared this calculated MVA risk
with both our geno- and phenotype-first approaches for LMNA
patients (online supplementary Figure S6). There was no significant
difference in the C-statistics of the geno- versus phenotype-first
approach (area under the curve [AUC]: 0.691 (0.632—-0.749) vs.

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 4 Baseline characteristics of genotype-positive dilated cardiomyopathy patients stratified per phenocluster

Cluster 1
(n=163)
Demographics
Age of diagnosis (years), median (IQR) 38 (27-48)

Female sex, n (%) 54 (33)
Disease modifiers

Family history of DCM, n (%) 130 (81)
Skeletal myopathy, n (%) 5@3)
Peripartum cardiomyopathy, n (%) 7(13)
Physical characteristics
NYHA class >lll, n (%) 7(4)
Systolic blood pressure (mmHg), median (SD) 124 (17)
Diastolic blood pressure (mmHg), median (SD) 76 (10)
Echocardiography
LVEF (%), mean (SD) 43 (9)
LVEDDi (mm/m?), mean (SD) 31 (4)
LVESD (mm), mean (SD) 44 (7)
E/A ratio, median (IQR) 1(0.9-1.5)
E/e’ ratio, median (IQR) 8 (6-10)
PWT (mm), mean (SD) 85(2)
Arrhythmias, n (%)
AF 6(4)
NSVT 40 (28)
LBBB 2(1)
OHCA 0 (0)
AV block 2(1)
PVC 10 (7)
Low ECG voltage in the peripheral leads 6 (4)

Cluster 2 Cluster 3 Cluster 4
(n=106) (n=119) (n=146)
57 (49-65) 43 (34-50) 55 (50-62)
37 (35) 33 (28) 45 (31)

33 (31) 76 (35) 34 (23)
2(2) 3(3) 0(0)

0 (0) 2 (6) 3(7)

15 (14) 54 (45) 45 (31)
131 (18) 114 (16) 123 (21)
81 (11) 76 (12) 77 (12)

44 (12) 24 (7) 27 (8)

28 (3) 38 (5) 33 (4)

41 (6) 62 (6) 54 (5)
1(0.8-1.6) 1.7 (1.2-3) 1.2 (0.8-2.3)
10 (8-15) 15 (12-24) 14 (10-18)
94 (2) 8(2) 9.1 (1)

57 (55) 0 (0) 43 (30)

49 (49) 72 (67) 73 (55)

15 (15) 23 (20) 30 (21)
9(9) 0 (0) 4(3)

34 (33) 4(4) 23 (16)
11(11) 5(5) 9 (8

26 (26) 16 (14) 45 (31)

AF, atrial fibrillation; AV, atrioventricular; DCM, dilated cardiomyopathy; ECG, electrocardiogram; IQR, interquartile range; LBBB, left bundle branch block; LVEDD:, left
ventricular end-diastolic diameter index; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; NSVT, non-sustained ventricular tachycardia;
NYHA, New York Heart Association; OHCA, out-of-hospital cardiac arrest; PWT, posterior wall thickness; SD, standard deviation.

0.634 (0.570-0.699), p = 0.22) although the risk calculator (which
integrates both genotype and phenotype) was significantly stronger
compared to the phenotype approach (AUC: 0.737 (0.607—0.866),
p=0.02), but not to the genotype approach.

Discussion

This large, multicentre cohort study of genotype-positive DCM
patients combined and compared genotype and phenotype
approaches in recognizing clinical characteristics unique for
specific genetic subgroups. First, genotype-specific clinical char-
acteristics play a key role in disease expression, with distinct
clinical features observed among genetic subgroups. LMNA and
PLN variants were associated with conduction abnormalities
and arrhythmias, whereas BAG3, TTN, and TNNT2 variants were
linked to increased cardiac volumes and reduced LVEF. Second,
phenotypic clustering in a cohort of genetic DCM patients did
not predict the underlying genotype. While certain genotypes
were overrepresented in specific clusters, no genotype was exclu-
sively confined to a single group. Third, genotype emerged as the
strongest predictor of adverse outcomes, with LMNA, FLNC, and
BAG3 conferring the highest risk of adverse events. Phenotypic

clusters, in contrast, showed significant overlap in risk profiles,
indicating that clinical variables do not reliably stratify a diverse
cohort of patients with a genetic form of DCM (Graphical Abstract).
The clinical predictors of an adverse outcome are likely to be
different for each individual genotype, emphasizing the importance
to develop gene-specific risk calculators (Graphical Abstract).

Phenotypic heterogeneity within specific
genotypes

By comparing the genetic yield from five expert centres that rou-
tinely perform genetic testing in DCM patients, we observed a
different spectrum of gene variants possibly related to overrepre-
sentation of specific genotypes due to a founder effect in geograph-
ical regions. Insight in the presence of regional founder variants in
specific genes is important to estimate a prior risk of a genetic vari-
ant and constitution of gene panels (e.g., BAG3 variants in Madrid).

A key finding of our study is that baseline clinical characteris-
tics significantly differ between genotypes which is important for
risk prediction. Compared to the other genes, LMNA and PLN had
the highest prevalence of arrhythmias and conduction disorders,
while LVEF and volumes of the heart were relatively normal (most

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Outcome in genetic dilated cardiomyopathy using the genotype-first and phenotype-first approaches. Plots showing cumulative
event rates and 5-year risk for major adverse events (all-cause mortality, heart failure hospitalization [HFH], heart transplantation [HTx], and
malignant ventricular arrhythmias [MVA]), heart failure-related events (combining HFH and HTx) or MVA.

pronounced in LMNA). The association of BAG3, TNNT2, DMD,
and TTN variants with increased cardiac volumes and decreased
LVEF, in the absence of significant arrhythmias at baseline, suggests
that these patients may primarily suffer from structural and func-
tional cardiac deterioration prior to any electrical disturbances.
The observed association between BAG3 variants and atrioven-
tricular block warrants further investigation. Prospective natural
history studies are currently running for patients with BAG3 vari-
ants. Given the two subgroups of baseline dilatation and baseline
arrhythmias, it was hypothesized that patients in the arrhythmo-
genic subgroup suffer from more MVA during follow-up, while the
dilated group might have an increased risk for heart failure-related
events.?>23 Interestingly, arrhythmogenic genotypes are also associ-
ated with a worse prognosis for heart failure-related events, while
BAG3 had the worst overall outcome. These results could indi-
cate that arrhythmogenic genotypes have a more severe disease
progression and that genotype-specific baseline clinical character-
istics could play a crucial role in refining gene-specific risk calcula-
tors. Importantly, our large cohort included only genotype-positive
DCM patients with detailed clinical information. In contrast to
previous studies, this provided us the opportunity to perform

advanced unsupervised clustering methods and report results at
the level of individual genes.

Genetic heterogeneity within identified
phenoclusters

Clustering based on the phenotype of patients demonstrated four
heterogeneous clusters: C1 and C2 with a moderate reduced LVEF
where C1 had a young age of onset and a low prevalence of
arrhythmias, and C3 and C4 with a severe reduced LVEF where
C3 had a young age of onset. In line with previous phenoclustering
studies, the outer cluster (C1 and C4) are mainly defined by
low and high LVER'"12 However, the explainable log-likelihood
analysis shows that genotypes is a stronger predictor for outcome
compared to LVEF in a cohort of patients with a genetic form
of DCM. Basically all genotypes were divided among the four
phenoclusters, indicating a diverse clinical presentation across
the whole phenotypic spectrum for each genotype. The clinical
expression of genetic DCM varies widely, limiting the usability
of a genotype-first approach at the individual level. However,
information from the genotype can provide important information

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 4 Adjusted hazard ratios for outcome in genetic dilated cardiomyopathy using the genotype-first and phenotype-first approaches.
Plots showing hazard ratios adjusted for major adverse events (all-cause mortality, heart failure hospitalization [HFH], heart transplantation
[HTx], and malignant ventricular arrhythmias [MVA]), heart failure-related events (combining HFH and HTx) or MVA. Cl, confidence interval;

LVEF, left ventricular ejection fraction.

for risk prediction. For example, patients with a FLNC variant
that presented with a relative mild clinical phenotype (i.e., high
LVEF and low prevalence of arrhythmias, enriched in C1) still
had a high risk for major adverse events. This observation is
probably due to the fact that clinical parameters that predict risk
are genotype-specific and may differ between genes. Indeed, LVEF
is not a predictor for outcome for patients with FLNC. Therefore,
patient stratification based on phenotype only will miss important
information.?* Integrating deep phenotyping in genotype-specific
cohorts to develop risk calculators seems therefore the way
forward towards a more precision medicine approach.

Combining phenotype and genotype
towards more accurate risk prediction

A key finding of our study is that phenotypic clustering, when
applied independently of genetic information, does not strongly

correlate with genotype and has limited prognostic utility. This sug-
gests that phenotypic variability within each genotype is substantial,
making a phenotype-first approach insufficient for risk stratifica-
tion in genetic forms of DCM. However, our study also suggests
that clinical factors contributing to prognosis may be specific for
individual genotypes, underscoring the need for gene-specific risk
calculators rather than broad phenotype-based classification.
Recent literature suggests that certain clinical features may be
more typical, or even pathognomonic, for specific genotypes. For
example, DSP variants are increasingly associated with recurrent
myocardial inflammation, often described as ‘hot phases’ resem-
bling myocarditis.2>~?’ These episodes, frequently preceding overt
systolic dysfunction, are thought to contribute to arrhythmo-
genic risk and may represent a key early disease phenotype. Sim-
ilarly, FLNC truncating variants have been linked to a fibrotic or
inflammatory cardiomyopathy phenotype, often with ventricular
arrhythmias and diffuse myocardial fibrosis even in the presence
of preserved LVEF?~3% These observations underscore the value

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 5 Relative contribution of genotype, phenocluster, and clinical variables to outcome prediction in genetic dilated cardiomyopathy
patients using Cox proportional hazards models. Plots showing predictions of imputed data for major adverse events (all-cause mortality,
heart failure hospitalization [HFH], heart transplantation [HTx], and malignant ventricular arrhythmias [MVA]), heart failure-related events
(combining HFH and HTx) or MVA. LVEF left ventricular ejection fraction.

of gene-informed phenotyping. Capturing such gene-specific fea-
tures in future clustering frameworks or risk prediction models
may improve both clinical interpretability and prognostic accuracy.

Gene- or even variant (type)-specific risk calculators are created

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

by leveraging the extensive data from large gene-specific patient
cohorts. However, genetic forms of DCM are still considered
rare, meaning that the availability of large gene-specific cohorts

to develop risk calculators can only be realized by international
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collaboration. Currently, there are two validated risk calculators
included in the guidelines: one for LMNA and another for the
PLN founder variant (p.Arg14del).2%2' Additionally, a new risk cal-
culator for DSP has just been publish«.-:‘d,31 and a calculator for
FLNC is on the way.2* The LMNA-specific risk calculator outper-
formed the phenotype-first approach, while it was comparable to
the genotype-first approach. This indicates that the genotype is
a crucial prognostic predictor, and incorporating phenotype can
further improve predictive accuracy. Although both genotype and
phenotype appear relevant for risk stratification, the current study
was not designed to formally assess their combined predictive per-
formance. The clinical variables included in the available calculators
(LMNA, PLN, and DSP) are different per gene, also confirming that
an integrative approach of genotype and phenotype is the best
method in predicting outcome in patients with a genetic form of
DCM. Our findings have important implications for clinical prac-
tice. It emphasizes the importance of genetic testing in patients
with DCM, as the genotype is almost intrinsically linked to risk
prediction for the individual and their relatives.

Limitations

The current study was conducted in five tertiary referral cen-
tres from three different countries. These geographic differences
might introduce biases related to regional (founder) genetic pre-
dispositions and healthcare practices. Consequently, the included
patients in this study might not completely represent the entire
DCM spectrum and these results should only be extrapolated to
similar cohorts. Acknowledging the retrospective design of our
study, we understand the potential for sampling bias. Our clus-
tering analysis was limited by data availability, particularly missing-
ness in certain clinically relevant variables. Arrhythmic phenotyping
was based only on baseline NSVT and AF, potentially underes-
timating risk in genotypes with intermittent electrical abnormal-
ities. CMR parameters were excluded due to incomplete data,
which may have limited detection of scar- or inflammation-driven
phenotypes, especially in genotypes like DSP and FLNC. Recur-
rent myocarditis, increasingly recognized in DSP carriers as an

early arrhythmogenic feature,”

could not be evaluated but may
have prognostic relevance. Also, the low number of some rare
genotypes limited the possibility to include variant-specific effects
on outcome (e.g. RBM20). The sample sizes for certain genetic
subgroups were relatively small, mainly for ACTC1, TPM1, PLN,
NEXN, TNNCT1, DMD, and SCN5A. This may limit the statistical
power and accuracy to detect significant associations and differ-
ences. In addition, their prognosis was not analysed in this paper.
The low number of PLN patients in our cohort included from
the Dutch centres is primarily due to geographic factors. The
PLN-Arg14del founder mutation is highly prevalent in the northern
Netherlands, whereas our Maastricht and Utrecht cohorts pre-
dominantly include patients from the southern and central regions,
where prevalence is lower. However, genetic P/LP variants in these
genes are very rare and thus genotype-specific multicentre cohort
collaborations are necessary to conduct genotype-based risk strat-
ification studies.

Conclusion

Patients with a genetic form of DCM have a broad clinical and
genetic heterogeneity. Risk stratification based on genotype is
more accurate compared to a phenotype-first approach. The
identification of genotype-specific clinical risk factors appears to
be a promising step towards a precision medicine approach for
risk prediction and therapy in DCM patients.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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