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D ilated cardiomyopathy (DCM) is a nonischemic, non-
toxic, noninfectious, or nonvalvular heart muscle dis-
ease characterized by left ventricular or biventricular

systolic dysfunction.1,2 Typical onset of the disease is in the
fourth or fifth decade of life and it affects predominantly male
individuals with a male-to-female ratio of 3:1.2 Although a spe-
cific cause might be unknown in a non-negligible number of
patients, to date, more than one-third of familial forms and ap-
proximately 25% of sporadic cases have positive genetic test-
ing for pathogenic (P) or likely pathogenic (LP) variants.3-6 Re-
cent evidence highlights the importance of specific genotypes
in determining the prognosis of patients with DCM, either alone
or in combination with environmental factors.7-11

Contemporary analyses highlight that DCM is increas-
ingly diagnosed in older patients12 and a late-onset (ie, age >60
years) form of DCM could differ from more typical-onset DCM
presentations.13 However, the genetic background and the

prognostic impact of genetic characterization among pa-
tients with DCM presenting who are older than 60 years are
largely unknown.

The aim of the present study was to investigate the ge-
netic background and the natural history of a large interna-
tional cohort of individuals with DCM presenting in individu-
als older than 60 years to assess the importance of genetic
testing in those patients.

Methods
Study Population
For the present study, we included all consecutive patients with
DCM older than 60 years at the time of diagnosis (ie, late-
onset DCM), with available genetic testing analysis, from 7
international tertiary centers worldwide: Cardiovascular

IMPORTANCE Dilated cardiomyopathy (DCM) is frequently caused by genetic factors. Studies
identifying deleterious rare variants have predominantly focused on early-onset cases, and
little is known about the genetic underpinnings of the growing numbers of patients with DCM
who are diagnosed when they are older than 60 years (ie, late-onset DCM).

OBJECTIVE To investigate the prevalence, type, and prognostic impact of disease-associated
rare variants in patients with late-onset DCM.

DESIGN, SETTING, AND PARTICIPANTS A population of patients with late-onset DCM who had
undergone genetic testing in 7 international tertiary referral centers worldwide were enrolled
from March 1990 to August 2020. A positive genotype was defined as the presence of
pathogenic or likely pathogenic (P/LP) variants.

MAIN OUTCOMES AND MEASURES The study outcome was all-cause mortality.

RESULTS A total of 184 patients older than 60 years (103 female [56%]; mean [SD] age, 67 [6]
years; mean [SD] left ventricular ejection fraction, 32% [10%]) were studied. Sixty-six
patients (36%) were carriers of a P/LP variant. Titin-truncating variants were the most
prevalent (present in 46 [25%] of the total population and accounting for 46 [69%] of all
genotype-positive patients). During a median (interquartile range) follow-up of 42 (10-115)
months, 23 patients (13%) died; 17 (25%) of these were carriers of P/LP variants, while 6
patients (5.1%) were genotype-negative.

CONCLUSIONS AND RELEVANCE Late-onset DCM might represent a distinct subgroup
characterized by and a high genetic variation burden, largely due to titin-truncating variants.
Patients with a positive genetic test had higher mortality than genotype-negative patients.
These findings support the extended use of genetic testing also in older patients.
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Department, Azienda Sanitaria Universitaria Integrata
Giuliano Isontina, University of Trieste, Trieste, Italy (coordi-
nating center); University of Colorado Denver, Anschutz Medi-
cal Campus, Aurora (coordinating center); Victor Chang Car-
diac Research Institute, Sydney, Australia; Brigham and
Women’s Hospital, Harvard Medical School, Boston, Massa-
chusetts; Pauley Heart Center, Virginia Commonwealth Uni-
versity Health System, Richmond; Stanford University Medi-
cal Center, Stanford, California; and Guys and St. Thomas
Hospital, London, UK. Ethnicy was self-reported, where avail-
able. The 60-years age cutoff was selected according to
the literature and the United Nations and World Health
Organization.13,14 Patients were enrolled from March 1990 to
August 2020. This study was approved by independent insti-
tutional ethics boards. Written consent was waived because
this study used retrospective audit data.

DCM was defined as the presence of impaired left ven-
tricular ejection fraction (ie, <50%) after exclusion of signifi-
cant extrinsic factors such as history of significant hyperten-
sion, ischemic heart disease, valvular disease, extrinsic factors
(including excessive alcohol intake or chemotherapy), ad-
vanced systemic disease affecting short-term prognosis, con-
genital heart diseases, persistent tachyarrhythmias, and ac-
tive myocarditis.15-17 Late-onset DCM was defined as the
diagnosis of DCM, with left ventricular systolic dysfunction re-
quiring medical attention, after the 60th year of age. Family
history was extensively investigated and a pedigree of 3 or more
generations collected when possible. All familial cases were
defined by the presence of at least 1 other affected family mem-
ber or an unexplained sudden death in a first-degree relative
of a patient with DCM.18 All patients underwent extensive clini-
cal and echocardiographic evaluation, with measurement of
left ventricular ejection fraction according to current interna-
tional guidelines and received timely guideline-directed medi-
cal and device treatment.19,20 The study outcome measure was
all-cause mortality.

Genetic Analysis and Cluster Classification
Genetic testing was done using next-generation DNA sequenc-
ing of multigene DCM panels for established causative DCM
genes, as previously reported.21,22 Gene variants were classi-
fied as P/LP using accepted algorithms including the Ameri-
can College of Medical Genetics and Genomics standards.23 To
maintain a conservative approach, all variants of uncertain sig-
nificance were excluded from the present analysis. In keep-
ing with the literature, titin (TTN) missense variations were also
excluded from the analysis.4,17,24,25

To increase the statistical power of genotype-phenotype
association analysis, patients with rare variants in genes be-
longing to the same subcellular compartment or with similar
functions were clustered together in groups, as previously
described.4,22 Selected genes sharing a common gene ontol-
ogy function/biological process, a common subcellular com-
partment and with consolidated scientific evidence were in-
cluded in the clusters. Owing to their distinct characteristics,
TTN, lamin A/C (LMNA), filamin C (FLNC), and RNA-binding
motif 20 (RBM20) were considered as separate groups.17,26-29

Finally, the following 9 variant clusters were defined as (1) no

pathogenic variants, (2) TTN-truncating variants (TTNtv; only
affecting N2B/N2BA isoforms), (3) LMNA, (4) structural cyto-
skeleton Z-disk, (5) desmosomal genes, (6) motor sarcomeric
genes, (7) FLNC, (8) RBM20, and (9) other DCM genes. As pre-
viously described, desmin (DES), dystrophin (DMD), nexilin
(NEXN), nebulin (NEBL), and LIM domain binding 3 (LDB3)
were included in the structural cytoskeleton Z -disk group; pla-
kophilin-2 (PKP2), desmocollin-2 (DSC2), desmoglein-2 (DSG2),
catenin alpha-3 (CTNNA3), desmoplakin (DSP), and junction
plakoglobin (JUP) were grouped in the desmosomal genes;
myosin heavy chain 7 (MYH7), actin alpha cardiac muscle 1
(ACTC1), and troponin T2 (TNNT2) were classified into the
motor sarcomeric genes group.4

Statistical Analysis
Variables were expressed, as appropriate, as mean (SD), me-
dian (interquartile range), or counts and percentage. Compari-
sons between groups were made by the analysis of variance
or the t test on continuous variables, using the Brown-
Forsythe statistic when the assumption of equal variances did
not hold or by the nonparametric Mann-Whitney test when
necessary. The χ2 test or the Fisher exact test was applied for
discrete variables. Survival curves for all-cause mortality were
estimated and compared between groups using the log-rank
test. Bonferroni correction was applied to account for mul-
tiple comparisons, and, as some patients were grouped as fami-
lies, family clustering was considered. No adjustments for miss-
ing data were needed as less than 10% missing in key variables.
Prespecified subgroup analyses according to continent of en-
rollment, proband vs familial cases, and sex differences were
also conducted. SPSS statistical software version 26 (IBM) and
the R version 1.2.5033 (R Foundation) were used for statisti-
cal analyses. Two-sided P values were statistically significant
at .05 or lower according to Bonferroni correction.

Results
Study Population
A total of 184 patients with late-onset DCM from Australia, Italy,
the UK, and the US were included in the study. Baseline charac-

Key Points
Question Is dilated cardiomyopathy diagnosed in individuals
older than 60 years characterized by a specific genetic
background and have similar clinical characteristics to the known
epidemiology?

Findings In this cohort study of 184 patients with late-onset
dilated cardiomyopathy, compared with the current epidemiology,
a high genetic variation burden was identified, largely due to
titin-truncating variants. Patients with a positive genetic test had
higher mortality than genotype-negative patients.

Meanings These data suggest that late-onset dilated
cardiomyopathy may be a specific subgroup of patients and
support the use of extensive genetic testing in older patients
because it may provide important etiologic and prognostic
information.
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teristics of the patients are summarized in Table 1 and in eTable 1
in the Supplement. The mean (SD) age at diagnosis was 67 (6)
years (eFigure 1 in the Supplement), patients had a mean (SD) left
ventricular ejection fraction of 32% (10%), and patients were
mostly diagnosed as part of family screening (120 [65%]). A total
of 48 patients (30%) were in New York Heart Association classes
III or IV. Most patients were of European ancestry (168 [98%]).
Data on other race and ethnic groups were not available.

Genetic Background
The genetic diagnostic yield was 36% (ie, 66 patients were car-
riers of P/LP variants). The variants most frequently ob-
served were TTNtv (n = 46), collectively affecting 25% of the
patients (n = 46) and accounting for 69% of patients with posi-
tive genetic testing (n = 46). The remaining cases (n = 20) had
other P/LP variants (motor sarcomeric genes, 5 [8%]; LMNA,
4 [6%]; FLNC, 4 [6%]; desmosomal genes, 4 [6%]; and other
variants, 2 [3%]; Figure 1). Details of variants are reported in
eTable 2 in the Supplement.

Although clinical characteristics were mostly compa-
rable, patients with positive genetic testing more frequently
had a family history of DCM compared with those with nega-
tive genetic testing (51 [76%] vs 69 [59%], respectively; Table 1).
Interestingly, no differences were found between baseline char-
acteristics of patients with TTNtv compared with carriers of
other P/LP variants (Table 2).

Sex Differences
Female sex accounted for 56% (n = 103) of patients (Figure 2).
Interestingly, the percentage of female individuals was con-
sistent in both patients with positive and negative genetic test-
ing (41 [62%] vs 62 [57%], respectively) and among carriers of
TTNtv and other P/LP variants (26 [56%] and 15 [75%], respec-
tively; Figure 2). Both male and female individuals presented
with similar baseline characteristics and phenotypic expres-
sion of the disease (eTable 3 in the Supplement).

Outcomes
Over a median (interquartile range) follow-up of 42 (10-115)
months, the primary outcome measure of all-cause mortality

was met in 23 patients (13%; incidence of 2.4 events per 100
patients per year). Of those, 6 patients (5%) had negative ge-
netic testing whereas 17 (25%) were carriers of P/LP variants
(Figure 3A). Furthermore, patients with negative genetic test-
ing had significantly better prognosis compared with those with
either TTNtv or carriers of other P/LP variants. Remarkably, no
different survival trends were observed between TTNtv car-
riers and carriers of other P/LP variants (Figure 3A). Adverse
events were equally distributed among male and female indi-
viduals with TTNtv. Conversely, although not significant, most
deaths occurred in female carriers of other P/LP variants and
male individuals with negative genetic testing (Figure 3B).

Subgroup Analyses
Continents
When the population was analyzed according to the conti-
nent of origin, patients from the Australian cohort presented
more frequently with familial forms compared with those in

Table 1. Baseline Characteristics of the Study Population

Characteristic

No. (%)

P value
Available
data, %

Total
cohort

Genetic
negative

Genetic
positive

No. of patients 184 118 66 NA NA

Age, mean (SD), y 67 (6) 67 (7) 67 (6) .89 100

Sex

Male 81 (44) 56 (47) 25 (38)
.22 100

Female 103 (56) 62 (53) 41 (62)

European ancestrya 168 (98) 108 (97) 60 (98) .18 94

Family history 120 (65) 69 (59) 51 (76) .01 100

NYHA III/IV 48 (30) 28 (27) 20 (33) .48 85

LVEF %, mean (SD) 32 (10) 32 (9) 31 (11) .84 91

LVEF <35% 107 (62) 70 (64) 37 (58) .53 91

LVEDD, mean (SD) 61 (9) 62 (9) 60 (8) .12 83

RAAS-I 129 (87) 83 (86) 46 (89) .62 82

β-Blockers 127 (84) 83 (84) 44 (83) .78 82

Abbreviations: LVEDD, left
ventricular end diastolic diameter;
LVEF, left ventricular ejection
fraction; NA, not applicable;
NYHA, New York Heart Association;
RAAS-I, renin angiotensin
aldosterone system inhibitors.
a Data on other race and ethnic

groups are not available.

Figure 1. Diagnostic Yield and Genetic Landscape in the Late-Onset
Dilated Cardiomyopathy Population
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FLNC indicates filamin C; LMNA, lamin A/C; TTNtv, titin-truncating variants.
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the US or Europe (63 [97%] vs 32 [63%] vs 25 [37%], respec-
tively). However, clinical characteristics were largely compa-
rable (eTable 4 in the Supplement) and the genetic landscape
was consistent across continents (eFigure 2 in the Supple-
ment).

Familial vs Sporadic Cases
All patients presented with diagnosis of DCM and left ven-
tricular dysfunction. Sporadic patients had a lower positive ge-
netic yield compared with familial patients with DCM (15 [23%]
vs 51 [43%], respectively), although the distribution of ge-
netic variants was comparable between sporadic and familial
cases (eTable 5 in the Supplement). Sporadic DCM presented
with more advanced phenotypes compared with familial pa-

tients with DCM, but prognosis of familial cases was signifi-
cantly worse compared with sporadic ones (eFigure 3 in the
Supplement).

Probands and Genes
Besides a younger age, clinical characteristics were compa-
rable between probands and relatives (eTable 6 in the Supple-
ment). Clinical characteristics were comparable when consid-
ered single genes rather than clusters of genes (eTable 7 in the
Supplement).

Sex
The higher prevalence of female sex was confirmed world-
wide both in the total population and in the carriers of P/LP
variants (eFigure 4 in the Supplement). It is noteworthy that
the positive genetic yield and distribution of genetic variants
were comparable between male and female individuals (posi-
tive genetic yield, 41 female individuals [40%] vs 25 male in-
dividuals [31%]; TTNTv, 26 female individuals [25%] vs 20 male
individuals [25%]) (eTable 3 in the Supplement). Similarly, long-
term prognosis was comparable between sexes (eFigure 2 in
the Supplement).

Discussion
Main Findings
To our knowledge, this analysis is the first report to study pa-
tients with DCM with onset of the disease 60 years or older and
characterizes the genetic landscape and natural history of this
population. In the present study, a total of 184 patients from 7
centers were analyzed, making this the largest available analy-
sis of patients with late-onset DCM worldwide. Our results high-
light that patients with late-onset DCM should be considered
as a distinct subgroup of patients with DCM. This is charac-
terized by a slightly higher prevalence of female sex and a dif-
ferent genetic landscape compared with the current epidemi-
ology of DCM in younger patients, showing a significant larger
proportion of TTNtv carriers.3,30 Our findings are consistent
across the 7 study cohorts worldwide. Furthermore, we found
that patients with positive genetic testing have significantly
worse outcomes compared with those with negative genetic
testing, regardless of the implicated genes involved (Figure 3A).

This analysis is timely and important owing to the aging
population. Thus, it is imperative to characterize patients with
later onset of cardiovascular conditions for tailored
management.31 Contemporary studies on DCM report that the
mean age of presentation is significantly higher compared with
the past, with important prognostic considerations.12,13 A per-
sonalized medicine approach based on the patient’s geno-
type has been proposed by international consensus state-
ments designed to tailor medical and device treatment for
specific conditions, such as LMNA, FLNC, PLN, and desmo-
some variations.32,33 Furthermore, specific TTNtv can pre-
dict more pronounced left ventricular reverse remodeling dur-
ing follow-up.5,17,34 This is particularly important also for device
indications. However, while the long-term benefit of genetic
testing in relatively young people is more established, the

Table 2. Baseline Characteristics of Variation Positive Cohort

Characteristic

No. (%)

P valueTotal cohort TTNtv Other
No. of patients 66 46 20 NA

Age, mean (SD), y 67 (6) 67 (7) 68 (5) .68

Sex

Male 25 (38) 20 (44) 5 (25)
.15

Female 41 (62) 26 (56) 15 (75)

European ancestrya 60 (98) 44 (100) 16 (94) .11

Family history 51 (76) 35 (76) 16 (80) .73

NYHA III/IV 20 (33) 15 (37) 5 (29) .56

LVEF %, mean (SD) 31 (11) 31 (11) 31 (12) .96

LVEF <35% 37 (58) 24 (55) 13 (68) .31

LVEDD, mean (SD) 60 (8) 59 (9) 61 (7) .46

RAAS-I 46 (89) 34 (92) 12 (80) .22

β-Blockers 44 (83) 32 (84) 12 (80) .71

Abbreviations: LVEDD, left ventricular end diastolic diameter; LVEF, left
ventricular ejection fraction; NA, not applicable; NYHA, New York Heart
Association; RAAS-I, renin angiotensin aldosterone system inhibitors;
TTNtv, titin-truncating variants.
a Data on other race and ethnic groups are not available.

Figure 2. Sex Prevalence in the Total, Titin-Truncating Variants (TTNtv),
and Other Genetic Variant Cohorts
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diagnostic yield of genetic testing was considered low in older
patients35 and, therefore, its cost-effectiveness might be di-
luted if applied to older people.

From our analysis, 36% of patients with late-onset of
DCM had positive genetic testing, which was comparable
with the established positive genetic yield in younger
patients.3,30 This has important clinical and prognostic
implications. Indeed, patients with positive genetic testing
in our population had a significantly worse prognosis, and
they may have benefited from more tailored management,
including device implantation. Although 60% of patients
were familial cases, clinical characteristics were comparable
between sporadic and familial cases (eTable 5 in the Supple-
ment) and between probands and relatives (eTable 6 in the
Supplement). Indication for familial screening might help
earlier diagnosis of relatives, improving their outcomes.
Therefore, after careful exclusion of environmental factors
causing systolic dysfunction, genetic testing might be indi-
cated also in this subgroup of patients with DCM, who hith-
erto have not been routinely tested.

Genetic Landscape of the Late-Onset DCM
In our population, 25% of patients with late-onset DCM are car-
riers of TTNtv, which represents more than two-thirds of those
with positive genetic testing (46 [69%]). Notably, the preva-
lence of TTNtv in the late-onset DCM group is almost double
that reported in the literature among patients with DCM diag-
nosed in the third to fifth decade of life.3,30 Interestingly, phe-
notypic characteristics of patients with late-onset DCM were
comparable between TTNtv carriers and carriers of other P/LP
variants, suggesting a more homogeneous population than usu-
ally found in younger patients with DCM.

The enrichment of TTNtvs in our population supports the
known interaction between TTNtv and environmental fac-
tors that promotes the onset of a dilated phenotype.7-9,29 The
later onset of the disease may be secondary to either the de-

layed penetrance of TTNtv compared with other more aggres-
sive variants or to a need for a multiple-hit effect by accumu-
lation of environmental factors over time, thus preventing this
genetic form to present earlier in life. Indeed, while it is known
that penetrance of TTNtv increases with age,7 the penetrance
is lower earlier in life. Similarly, it has been described that ex-
trinsic factors, such as alcohol or pregnancy, synergistically in-
teract to affect the onset of DCM and are important prognos-
tic factors in those patients.7-9 In older patients, multiple
environmental factors might have synergistically played along-
side the genetic background, thus contributing to the pheno-
type. However, our population was thoroughly characterized
and potential secondary extrinsic causes of the disease were
excluded. In the future, detailed analyses are warranted to in-
vestigate the role and interplay of multiple environmental fac-
tors in promoting the DCM phenotypes in patients with patho-
genic variants.

Outcomes
Patients with genetically determined late-onset DCM showed
worse long-term outcomes than those with negative genetic test-
ing, while no difference was observed between TTNtv and other
classes of variant genes (Figure 3A). The event rate for late-onset
patients is higher than those observed in younger cohorts,
perhaps driven by competing noncardiovascular causes of
death.12,17,22 It iswellknownthatpatientswithTTNtvhavemilder
phenotype and better prognosis compared with those with more
aggressive variants, such as LMNA or FLNC. However, in patients
with later onset of the disease, this prognostic difference
softens.17,26-29 It cannot be excluded that patients with more ag-
gressive variations might have experienced an adverse outcome
earlier in life, whereas a further insult was necessary to develop
the phenotype in patients with TTNtv. This underlines the need
to pursue a proper etiological characterization of DCM, includ-
ing genetic testing, regardless of the age at onset as the patho-
genic variants might affect prognosis.

Figure 3. Long-term Prognosis of Late-Onset Dilated Cardiomyopathy (DCM) According to Genetic Testing Results and Sex Distribution
of Adverse Events
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Late-Onset DCM: A Different Disease?
The results of this study suggest that late-onset DCM may rep-
resent a specific population with different pathophysiology,
characterized by increased prevalence of TTNtv. The role of
TTNtv as modifiers of environmental factors rather than a men-
delian gene has been previously hypothesized.8,9,17 In our
study, aging and its associated multiple comorbidities could
be the trigger for the overt DCM phenotype in older patients
with TTNtv. Furthermore, the finding of a predominance of the
female sex is remarkable because it is the opposite of the sex
prevalence in the younger DCM population.2,3,12,21,30 Of note,
outcomes of female individuals appear more pronounced in
patients with variants other than TTNtv where women had a
nonsignificantly higher percentage of deaths (Figure 3B). This
finding may indicate the presence of specific sex-related mo-
lecular/metabolic mechanisms, including sex hormones, yet
to be fully elucidated. Similarly, it is possible that men are usu-
ally diagnosed earlier in life owing to a more aggressive dis-
ease or specific high-penetrant variants, which develop a phe-
notype at earlier stage. Furthermore, the similar distribution
of adverse events between sexes in TTNtv carriers supports the
concept of TTN as a modifier gene. In these patients, the oc-
currence of an environmental factor or aging itself, acting as a
second hit, might have contributed to the development of a
clinically overt phenotype. Future analyses are warranted to
elucidate the possible sex effect on the late-onset DCM popu-
lation.

Limitations
Owing to the retrospective nature of the study, the highly se-
lect nature of the cohort, and the different indications for ge-
netic testing, some selection biases of the population cannot
be entirely excluded. Although the exact date of the onset of
the disease is difficult to ascertain because DCM is often char-
acterized by asymptomatic left ventricular dysfunction, we

relied on the date of diagnosis when patients were older than
60 years. More granular data on comorbidities and additional
clinical and echocardiographic data, as well as data on car-
diac magnetic resonance and biomarkers, were not available
for each patient and limiting the analysis to patients with the
aforementioned data might have introduced further selec-
tion bias. Although less than a half of patients were diag-
nosed because of family screening programs, enrichment for
genetic DCM cannot be entirely excluded. Similarly, most pa-
tients were of European ancestry. Further studies are re-
quired to confirm these data in patients with different race and
ethnic groups. Furthermore, the prevalence of female sex in
this population might be secondary to less aggressive varia-
tions in this cohort and the known worse outcomes of male
individuals with DCM. Further studies comparing the charac-
teristics and genetic background of younger patients with those
with late-onset DCM might be required to elucidate this is-
sue. Owing to the relatively low event rate in patients with DCM,
robust multivariable analyses were not possible. Lastly,
follow-up data and specific causes of death were not avail-
able for this analysis. Prospective and unbiased cohorts are war-
ranted in the future to confirm these findings and drive tai-
lored and personalized treatment.

Conclusions
Late-onset DCM is a distinct subgroup of patients with nonisch-
emic DCM characterized by genetic testing yield comparable
with younger patients, a high prevalence of TTNtv, and a worse
prognosis among gene variation carriers. The high preva-
lence of TTNtv variants may suggest a specific gene-
environment interaction, favoring a later onset of the dis-
ease. Therefore, genetic testing might be considered in patients
with DCM diagnosed when they are older than 60 years.
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