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IMPORTANCE ldiopathic dilated cardiomyopathy (DCM) aggregates in families, and early
detection in at-risk family members can provide opportunity to initiate treatment prior to
late-phase disease. Most studies have included only White patients, yet Black patients with
DCM have higher risk of heart failure-related hospitalization and death.

OBJECTIVE To estimate the prevalence of familial DCM among DCM probands and the
age-specific cumulative risk of DCM in first-degree relatives across race and ethnicity groups.

DESIGN, SETTING, AND PARTICIPANTS A family-based, cross-sectional study conducted by

a multisite consortium of 25 US heart failure programs. Participants included patients with
DCM (probands), defined as left ventricular systolic dysfunction and left ventricular
enlargement after excluding usual clinical causes, and their first-degree relatives. Enrollment
commenced June 7, 2016; proband and family member enrollment concluded March 15,
2020, and April 1, 2021, respectively.

EXPOSURES The presence of DCM in a proband.

MAIN OUTCOMES AND MEASURES Familial DCM defined by DCM in at least 1first-degree
relative; expanded familial DCM defined by the presence of DCM or either left ventricular
enlargement or left ventricular systolic dysfunction without known cause in at least 1
first-degree relative.

RESULTS The study enrolled 1220 probands (median age, 52.8 years [IQR, 42.4-61.8]; 43.8%
female; 43.1% Black and 8.3% Hispanic) and screened 1693 first-degree relatives for DCM.

A median of 28% (IQR, 0%-60%) of living first-degree relatives were screened per family.
The crude prevalence of familial DCM among probands was 11.6% overall. The model-based
estimate of the prevalence of familial DCM among probands at a typical US advanced heart
failure program if all living first-degree relatives were screened was 29.7% (95% Cl, 23.5% to
36.0%) overall. The estimated prevalence of familial DCM was higher in Black probands than
in White probands (difference, 11.3% [95% Cl, 1.9% to 20.8%]) but did not differ significantly
between Hispanic probands and non-Hispanic probands (difference, -1.4% [95% Cl, -15.9%
t013.1%]). The estimated prevalence of expanded familial DCM was 56.9% (95% Cl, 50.8% to
63.0%) overall. Based on age-specific disease status at enrollment, estimated cumulative
risks in first-degree relatives at a typical US advanced heart failure program reached 19%
(95% Cl, 13% to 24%) by age 80 years for DCM and 33% (95% Cl, 27% to 40%) for expanded
DCM inclusive of partial phenotypes. The DCM hazard was higher in first-degree relatives of
non-Hispanic Black probands than non-Hispanic White probands (hazard ratio, 1.89 [95% Cl,
1.26 t0 2.83]).

CONCLUSIONS AND RELEVANCE In a US cross-sectional study, there was substantial estimated
prevalence of familial DCM among probands and modeled cumulative risk of DCM among
their first-degree relatives.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCTO3037632
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Prevalence and Cumulative Risk of Familial Idiopathic Dilated Cardiomyopathy

ilated cardiomyopathy is defined as systolic dys-

function and left ventricular enlargement.2 In

heart failure clinical trials, patients are classified as
having ischemic or nonischemic dilated cardiomyopathy,
with the latter accounting for 40% to 50% of cases.>? Clini-
cal causes of nonischemic dilated cardiomyopathy include
valvular disease, endocrine disorders, exposure to myocar-
dial toxins, and other causes,? but no clinical cause can be
identified for most patients. Such patients are classified as
having idiopathic dilated cardiomyopathy (DCM). Accurate
measures of the prevalence of DCM remain elusive.»?> While
studies from the 1980s suggested DCM was rare,>* more
recent reports suggested that the prevalence of DCM may be
1in 250.%2:> DCM also aggregates in families, suggesting
genetic cause.'

This study sought to define the prevalence of familial
DCM. An estimate of 23% was obtained by a meta-analysis
based on 23 studies with individual estimates ranging from
2% to 65%.° This study also sought to define familial DCM
prevalence in Black and White patients, because DCM and
consequent heart failure have been shown to be more com-
mon and associated with higher risk of hospitalization and
death in Black individuals”° and attributed to hypertension
or adverse social determinants of health.®:°:!! Despite these
adverse outcomes in Black patients, most family-based DCM
studies have included only White families.

This study also sought to define the age-specific cumula-
tive risk of DCM for first-degree relatives using cross-
sectional age-specific data on DCM status at enrollment. As the
prevalence of DCM increases with age, such knowledge may
be helpful for clinicians to motivate family members to en-
gage in clinical screening. Information by race could also be
especially helpful for the care of Black patients with DCM and
their families.

Methods

Participants

The DCM Precision Medicine Study was a multisite, consortium-
based, cross-sectional study of families at 25 US clinical sites
(eFigure 1 in Supplement 1).1? Accrual of patients with DCM
(probands) and family members occurred from June 7, 2016,
to March 15, 2020 (probands), and April 1, 2021 (family mem-
bers). The institutional review boards at The Ohio State Uni-
versity and all clinical sites approved the initial period of the
study followed by single institutional review board oversight
at the University of Pennsylvania. Written informed consent
was obtained from all participants.

All probands met diagnostic criteria for DCM defined by
left ventricular systolic dysfunction (LVSD; left ventricular
ejection fraction <50%) and left ventricular enlargement
(LVE) with other usual clinical causes excluded, as previ-
ously defined.!? A proband was defined as having familial
DCM if at least 1 living first-degree relative had a DCM diag-
nosis meeting the same criteria. First-degree relatives who
had either LVSD or LVE without known cause were referred
to as having a partial DCM phenotype.'®> Because familial
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Key Points

Question What is the prevalence of familial disease among
patients with idiopathic dilated cardiomyopathy (DCM) and the
lifetime risk of DCM for their first-degree family members by race
and ethnicity?

Findings In this family-based, cross-sectional study of 1220
patients with DCM and their 1693 family members, the estimated
familial DCM prevalence was 29.7% and the estimated DCM risk by
age 80 years in family members was 19%.

Meaning These findings suggest substantial prevalence of familial
DCM among patients and elevated lifetime risk of DCM among
their first-degree family members.

DCM was assigned to probands based on clinical evidence in
their first-degree relatives, an expanded definition of famil-
ial DCM, which required at least 1 living first-degree relative
to have had DCM or either LVSD or LVE without known
cause, was also considered. Both definitions were restricted
to living first-degree relatives because the success of obtain-
ing medical records to establish a conclusive DCM diagnosis
in deceased individuals is highly variable.

At enrollment, study personnel collected a cardiovas-
cular history and a pedigree in a standardized interview.
Race and ethnicity were included because of their rele-
vance for health outcomes and were self-reported by
study participants using structured race (African American,
Asian, Native American or Alaska Native, Native Hawaiian
or Pacific Islander, White, more than 1 race, or unknown)
and Hispanic ethnicity (yes, no, or unknown) categories.
Probands were asked to inform all living first-degree rela-
tives of the study and to seek their oral permission for con-
tact from study personnel.!? Study staff then sought enroll-
ment of first-degree relatives who provided oral permission
for contact. For first-degree relatives without prior clinical
cardiovascular screening, a research-based cardiovascular-
directed history and examination, an electrocardiogram,
and a transthoracic echocardiogram were obtained in
most cases at a DCM Consortium site. Alternatively, the
results of clinical screening accomplished by the family
member’s physician as part of recommended clinical care
were used. A structured medical record query form was
used to abstract cardiovascular medical information for pro-
bands and family members.!?

Clinical data from probands and family members were
centrally adjudicated to establish whether DCM and partial
phenotypes were present at or prior to enrollment.'? Central
adjudication, including electrocardiogram interpretation,
was performed by The Ohio State University site principal
investigator (G.J.H.) without knowledge of family/pedigree
relationships or genetic information. Research echocardio-
grams were interpreted at sites by study site personnel.

Statistical Analysis
Technical descriptions of the statistical methods have been pro-
vided elsewhere (eAppendix in Supplement 1). All analyses
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were performed in SAS/STAT version 15.2 software, Version 9.4
(TS1M7) of the SAS System for 64-bit Windows (SAS Institute
Inc), and R version 4.0.2 (R Foundation). All statistical tests
and confidence intervals were 2-sided with a = .05.

Prevalence of Familial DCM Among Probands

The crude familial DCM prevalence was estimated as the pro-
portion of probands with 1 or more enrolled first-degree rela-
tives having DCM for descriptive purposes. Because it was not
possible to observe or confirm disease in unenrolled first-
degree relatives, the crude prevalence of familial DCM likely
underestimated the true familial DCM prevalence to an ex-
tent depending on first-degree relative participation (see eAp-
pendix in Supplement 1). Estimating the true familial DCM
prevalenceifall living first-degree relatives were screened re-
quired modeling the relationship between the number of
screened first-degree relatives with DCM and the possibly un-
observed number of living first-degree relatives with DCM. This
approach assumed that first-degree relative participation and
disease risk depended on only proband or family characteris-
tics, which was necessary in part due to lack of covariate data
on unenrolled first-degree relatives.

The crude prevalence also depended on the composition
of the sample due to heterogeneity in the patient populations
across DCM Consortium sites. To account for both this hetero-
geneity and intrafamilial correlation in disease status, a beta-
binomial mixed model was fit using maximum likelihood. This
model expressed the marginal disease probability in a first-
degree relative as a function of proband characteristics, in-
cluding fixed effects for race and ethnicity group, enrollment
age quartile, and sex, and random effects for site and race and
ethnicity group within site. In addition to conditional oddsra-
tios comparing groups at a particular site, this model fit was
used to obtain marginally standardized estimates of familial
DCM prevalence among probands at a typical US advanced
heart failure program, as described below.

Age-Specific Cumulative Risk for First-degree Relatives

For each screened first-degree relative, it was possible to
determine whether DCM or partial phenotypes were present
by the age at enrollment. This observation scheme yielded
current status data, a type of interval-censored survival
data'*'> that can be used to model age-specific cumulative
risks. To do this, the unobserved age at disease onset in first-
degree relatives was assumed to have a marginal distribution
with a Weibull baseline survivor function influenced by
covariates and random effects through a proportional haz-
ards model. Covariates included proband race and ethnicity
group, age at diagnosis quartile, and sex and first-degree rela-
tive sex; random effects included site and race and ethnicity
group within site. This model was fit as a generalized esti-
mating equation-type generalized linear mixed model'®-'”
with a compound symmetry working correlation structure to
account for intrafamilial correlation. Estimation within this
framework assumed that, given covariates and site, first-
degree relative participation did not depend on disease status
and age at enrollment did not depend on the age at disease
onset. In addition to conditional hazard ratios comparing
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groups at a particular site, this model fit was used to obtain
marginally standardized estimates of age-specific cumulative
risk among first-degree relatives at a typical US advanced
heart failure program, as described below.

Marginally Standardized Estimates for a Typical US Advanced

Heart Failure Program

For clinicians seeking to understand risks in different groups
at their programs, conditional estimates of familial DCM preva-
lence and age-specific cumulative risk for a single advanced
heart failure program in the US are most relevant.'®!° To fa-
cilitate broad application, conditional estimates for a typical
advanced heart failure program in the US, defined as a pro-
gram at the mean or mode of the random effects distribution
describing the population of such programs,'®!8-2! were pre-
sented. A more detailed explanation of this approach has been
provided (eAppendix in Supplement 1).

Marginal standardization, which involved taking weighted
averages of the conditional estimates for each combination
of covariates according to an assumed covariate distribution,
was used to obtain conditional estimates of familial DCM
prevalence and age-specific cumulative risk in representative
subpopulations.?? Detailed descriptions of the assumed covar-
iate distributions have been provided in the corresponding table
notes or figure legends. For familial DCM prevalence, which was
a function of the number of living first-degree relatives, mar-
ginal standardization involved taking a weighted average over
the assumed Poisson distribution of this number. The delta
method?® was used to provide standard errors for all margin-
ally standardized quantities.

. |
Results

The study cohort comprised 1220 patients with DCM (pro-
bands), of whom 43.1% were Black, 8.3% were of Hispanic eth-
nicity, and 43.8% were female. Probands were enrolled at a me-
dian age of 52.8 years (IQR, 42.4-61.8) and had a median of 4
(IQR, 3-6) living first-degree relatives at enrollment. A me-
dian of 28% (IQR, 0%-60%) of these per family were enrolled
and screened, which yielded 1693 first-degree relatives (eFig-
ure 2 in Supplement 1), 59.8% of whom were female. Charac-
teristics of probands and first-degree relatives by race and eth-
nicity are presented in Table 1.

Familial DCM Prevalence by Race and Ethnicity
The crude prevalence of familial DCM and the expanded defi-
nition of familial DCM in the cohort were 11.6% and 24.1%, re-
spectively (Table 2). Crude prevalences were 10.9% among non-
Hispanic Black and 12.0% among non-Hispanic White probands
for familial DCM, and 19.8% and 27.6% in these groups, re-
spectively, for the expanded definition of familial DCM. As de-
scribed in the Methods section, crude prevalences must be in-
terpreted with caution, particularly because family member
participation varied substantially between racial and ethnic
subgroups (Table 1).

The model-based estimate of the prevalence of familial
DCM among patients with DCM at a typical US heart failure
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Table 1. Characteristics of Probands and First-degree Relatives, by Proband Self-reported Race and Ethnicity

Characteristic

Median (IQR) [No.]

Hispanic

(probands, n = 102; relatives, n = 159)

Non-Hispanic

(probands, n = 1118; relatives, n = 1534)

Black
(probands, n = 10;
relatives, n = 13)

White
(probands, n = 92;
relatives, n = 146)

Black
(probands, n = 516;
relatives n = 492)

White
(probands, n = 602;
relatives, n = 1042)

Age at enrollment, y
Probands
Relatives

Sex
Female, No. (%)

Probands
Relatives
Male, No. (%)
Probands
Relatives

No. of living first-degree relatives
per proband

% Living first-degree relatives enrolled
per proband

Probands with 21 enrolled
first-degree relative, No. (%)

Relatives’ relationship to proband, No. (%)
Child
Full sibling
Parent
Age at diagnosis of probands, y
Interventions for probands, No. (%)
Left ventricular assist device
Heart transplant
Biventricular pacemaker
Implantable cardioverter defibrillator
Comorbidities of probands, No. (%)
Hypertension
High cholesterol
Diabetes
Cancer
Lung disease

Relatives with DCM diagnosis
prior to enrollment, No. (%)

DCM phenotype of relatives, No. (%)
Dilated cardiomyopathy
Left ventricular enlargement only
Left ventricular systolic dysfunction only

No left ventricular enlargement
or left ventricular systolic dysfunction

Left ventricular ejection fraction, %
Probands
Relatives

Left ventricular internal diastolic
dimension, mm

Probands
Relatives

Left ventricular internal diastolic dimension
(z score)?

Probands

Relatives

48.6 (34.8t056.4)
28.4(21.1t036.7)

3(30.0)
5(38.5)

7(70.0)
8(61.5)
3(2to5)

50.0(16.7 to 75.0)

8(80.0)

8(61.5)

4(30.8)

1(7.7)
42.3(34.3t052.4)

1(10.0)
1(10.0)
2(20.0)
7(70.0)

5(50.0)
3(30.0)
1(10.0)
0

0
1(7.7)

1(7.7)
1(7.7)

0
11(84.6)

23(10to0 37)
59 (54t067)[n=12]

66 (62 to 70)
47 (45t053) [n=12]

42(29t05.8)

0.1(-0.7t01.0)[n=10] 0.1(-1.4t01.1)[n = 140]

49.0(38.2t0 58.0)
36.6 (23.6t048.8)

39(42.4)
93(63.7)

53(57.6)
53(36.3)
4(3t06)

33.3(0.0t070.8)

64 (69.6)

76 (52.1)
42(28.8)
28(19.2)
39.7 (30.8 t0 50.6)

12(13.0)
26(28.3)
13(14.4)[n=90]
63 (68.5)

51 (55.4)
34(37.0)
25(27.2)
5(5.4)
2(22)
8 (5.5)

14(9.6)
12(8.2)
3(2.1)
117 (80.1)

20 (16 to 25)
62 (55 to 65) [n = 144]

66 (60 to 72)
47 (43to51) [n = 143]

4.7(3.5t05.8)

50.9 (41.7 t0 59.5)
40.6 (27.1t055.3)

228 (44.2)
325 (66.1)

288 (55.8)
167 (33.9)
4(3to6)[n=514]

16.7 (0.0 t0 50.0) [n = 508]

292 (56.6)

249 (50.6)

154 (31.3)

89 (18.1)
43.1(33.3t052.4)

136 (26.4)

60 (11.6)

50(10.1) [n = 496]
351(68.6) [n=512]

346 (67.1)
146 (28.3)
161(31.2)
22(4.3)
24 (4.7)
45(9.2)

59 (12.0)
34(6.9)
25(5.1)
374 (76.0)

20 (15t025) [n = 515]
57 (53to61) [n = 483]

65 (60to 71) [n = 514]
47 (44t052) [n = 483]

4.2(3.1t05.6) [n = 514]
-0.1(-1.1t01.3) [n = 474]

55.4(43.9t0 64.5)
44.5(28.1t060.1)

264 (43.9)
589 (56.5)

338(56.2)
453 (43.5)
4(3t06)

40.0(11.1t066.7)

460 (76.4)

491 (47.1)
335(32.2)
216 (20.7)
46.0 (35.7 t0 55.3) [n = 601]

106 (17.6)

96 (16.0)
101(17.3) [n = 583]
390(65.1) [n = 599]

245 (40.7)
149 (24.8)
115(19.1)
39(6.5)
27 (4.5)
61(5.9)

76 (7.3)
84(8.1)
47 (4.5)
835(80.1)

23 (16 to 30) [n = 598]
59 (55t063) [n = 1026]

64 (59 to 69) [n = 598]
48 (44t052) [n = 1015]

3.9(2.8t05.1) [n =596]
0.0(-1.1to1.1) [n = 994]

Abbreviation: DCM, dilated cardiomyopathy.

3 Calculated based on sex and height?* for all study participants with heights of at least 152 cm (male) or 137 cm (female).
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Table 2. Prevalence of Familial DCM in Probands, by Proband Self-reported Race and Ethnicity

Familial DCM prevalence

Standard definition® Expanded definition®
Crude Model-based® Crude Model-based®
Race and ethnicity group Total No. (%) % (95% Cl) No. (%) % (95% Cl)
All races and ethnicities 1220 141 (11.6) 29.7 (23.5-36.0) 294 (24.1) 56.9 (50.8-63.0)
All ethnicities
Black 526 57(10.8) 39.4(29.9-48.8) 104 (19.8) 60.6 (52.4-68.7)
White 694 84(12.1) 28.0(21.4-34.6) 190 (27.4) 56.2 (49.7-62.7)
All races
Hispanic 102 13(12.8) 28.6(14.1-43.1) 26 (25.5) 53.7 (40.0-67.3)
Non-Hispanic 1118 128(11.5) 30.0(23.7-36.2) 268 (24.0) 57.7 (51.4-63.9)
Hispanic
Black 10 1(10) 25.7 (0.0-68.3)° 2(20.0) 45.0(1.2-88.7)
White 92 12(13) 28.8(13.8-43.7) 24(26.1) 54.1(40.1-68.2)
Non-Hispanic
Black 516 56 (10.9) 40.3(30.8-49.9) 102 (19.8) 61.7 (53.7-69.7)
White 602 72(12.0) 27.8(21.2-34.5) 166 (27.6) 56.8 (50.1-63.5)

Abbreviations: DCM, dilated cardiomyopathy; LVE, left ventricular enlargement;
LVSD, left ventricular systolic dysfunction.

2 A proband has familial DCM if at least 1living first-degree relative has DCM by
the standard definition and if at least 1 living first-degree relative has DCM,
LVSD, or LVE without known cause by the expanded definition.

b Estimates from a beta-binomial mixed model (eTables 1and 3 in Supplement 1;
Supplement 2) were used to obtain marginally standardized estimates and
delta method 95% Cls for familial DCM prevalence if all living first-degree
relatives were screened. Probands without living or screened first-degree
relatives provide no information on the parameters of interest in the
likelihood; all model-based estimates were therefore derived from 822
probands (8 Hispanic Black, 64 Hispanic White, 290 non-Hispanic Black, 460
non-Hispanic White) with at least 1screened first-degree relative. The
reported estimates are for patients seen at a typical US advanced heart failure
program, defined as a program at the mean or mode of the random effects

distribution describing the population of such programs. Each patient
subpopulation defined by race and ethnicity was assumed to be balanced
across the 8 possible sex and age quartile combinations, and the number of
living first-degree relatives was assumed to follow a Poisson distribution with
amean of 4.53, which was the mean number of living first-degree relatives per
family in the cohort. In subpopulations containing multiple race and ethnicity
groups, constituent groups were represented in proportion to 2019 US Census
population estimates for the groups of interest (All races and ethnicities:
0.99% Hispanic Black, 13.97% non-Hispanic Black, 18.06% Hispanic White,
66.98% non-Hispanic White; All ethnicities, Black: 6.64% Hispanic, 93.36%
non-Hispanic; All ethnicities, White: 21.24% Hispanic, 78.76% non-Hispanic;
All races, Hispanic: 5.21% Black, 94.79% White; All races, non-Hispanic:
17.26% Black, 82.74% White).

€ The actual lower bound of the 95% Cl was negative and truncated at zero.

program if all living first-degree relatives were screened was
29.7% (95% CI, 23.5%-36.0%) overall. The estimated preva-
lence of familial DCM was higher in Black (39.4%) than in
White (28.0%) probands (difference, 11.3% [95% CI, 1.9%-
20.8%]) and was not significantly different in probands of
Hispanic compared with non-Hispanic ethnicity (95% CI,
-15.9% to 13.1%) (Table 2; eTable 2 in Supplement 1). First-
degree relatives of non-Hispanic Black probands had greater
odds of having DCM relative to first-degree relatives of non-
Hispanic White probands (odds ratio, 1.67 [95% CI, 1.14-2.46];
eTable 1in Supplement 1). An expanded definition of familial
DCM was also considered that included first-degree relatives
who had partial phenotypes in addition to first-degree rela-
tives who had DCM. The estimated prevalence with the
expanded definition of familial DCM was 56.9% (95% CI,
50.8%-63.0%), with the difference between Black probands
and White probands attenuated to 4.3% (95% CI, -3.9% to
12.5%) (Table 2; eTable 4 in Supplement 1).

Age-Specific Cumulative Risks in First-degree Relatives

of Patients With DCM

Model-based estimates of the age-specific cumulative risk
of DCM for first-degree relatives of patients diagnosed as

JAMA February1,2022 Volume 327, Number 5

having DCM at a typical US advanced heart failure program
were obtained from cross-sectional data on DCM status at
enrollment. Estimated cumulative risk of a DCM diagnosis
for a first-degree relative increased with age, reaching 19%
(95% ClI, 13%-24%) by age 80 years for DCM and 33% (95%
CI, 27%-40%) when considering DCM and partial pheno-
types (Figure, A). Estimated cumulative risk of DCM by age
80 years was 16% (95% CI, 11%-22%) for first-degree rela-
tives of non-Hispanic White probands and 28% (95% CI,
18%-38%) for first-degree relatives of non-Hispanic Black
probands (Figure, B). The DCM hazard was higher for first-
degree relatives of non-Hispanic Black probands than for
first-degree relatives of non-Hispanic White probands (haz-
ard ratio, 1.89 [95% CI, 1.26-2.83]; Table 3). Moreover, the
estimated cumulative risk of DCM by age 80 years was 13%
(95% CI, 6%-19%) among first-degree relatives of probands
in the oldest diagnosis age quartile and 26% (95% CI, 16%-
36%) for first-degree relatives of probands in the youngest
diagnosis age quartile (Figure, C). The DCM hazard was
higher for first-degree relatives of probands in the youngest
diagnosis age quartile than for the first-degree relatives of
probands in the oldest age quartile (hazard ratio, 2.19 [95%
CI, 1.19-4.00]; Table 3).
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Table 3. Model-Based Hazard Ratios for DCM and Partial DCM Phenotypes in First-degree Relatives

of Patients With DCM Abbreviations: DCM, dilated
cardiomyopathy; GEE, generalized
DCM? DCM or partial phenotypes® estimating equation;
Predictor HR (95% Cl) P value HR (95% Cl) P value GLMM, generalized linear mixed
Proband race and ethnicity model; HR, hazard ratio.
i . 2@ Within-program HRs and Wald 95%
Non I-_hspamc Cls for a Weibull proportional
White 1 [Reference] 1 [Reference] hazards survival model were
Black 1.89 (1.26-2.83) .002 1.27 (0.99-1.63) .06 obtained from a GEE-type GLMM fit
Hispanic to current disease status data
: (eTables 5 and 6 in Supplement 1;
White 1.28 (0.64-2.54) A48 1.04 (0.66-1.65) .87 Supplement 3) and are adjusted for
Black 1.51(0.29-7.82) 63 0.93(0.24-3.61) .92 proband and first-degree relative
; ; sex and site in addition to other
Proband age at diagnosis, X
quartile variables shown here; 1692
first-degree relatives contributed to
1(4.73-34.33Yy) 2.19(1.19-4.00) .01 1.67 (1.14-2.44) .008 this analysis (1 non-Hispanic White
11 (34.34-44.16 y) 1.64 (0.91-2.95) .10 1.60 (1.09-2.35) .02 first-degree relative was excluded
111 (44.18-53.62 y) 1.23(0.65-2.31) .53 1.28(0.91-1.79) .15 due to missing covariate data).

Two-sided P values are for the null

IV (53.66-82.67 y) 1 [Reference] 1 [Reference]

460

hypothesis that the HRis 1.

|
Discussion

In a US family-based, cross-sectional study, there was sub-
stantial estimated prevalence of familial DCM among DCM
probands and modeled cumulative risk of DCM among their
first-degree relatives. These findings are relevant to the care
of the families of patients diagnosed as having DCM and pro-
vide an estimate for clinicians practicing at a US advanced
heart failure program of the cumulative risks of DCM or par-
tial phenotypes in first-degree relatives of their patients. The
findings also suggest that first-degree relatives of non-
Hispanic Black probands or probands diagnosed at a young
age will be at higher risk of DCM.

While DCM is usually silent until late-phase disease,
often presenting with heart failure, conventional medical
treatment has been shown to mitigate asymptomatic DCM.2*
These findings, therefore, substantiate cardiomyopathy guide-
lines: that at diagnosis probands should be counseled regard-
ing familial risk and first-degree relatives should undergo
clinical screening.?® Although the yield and possible clinical
benefit of genetics and genetic testing have not been estab-
lished for this study, the familial aggregation data support these
phenotype- and family-based recommendations because clini-
cal detection of DCM can prompt interventions in first-
degree relatives regardless of possible genetic analysis.

The primary study end point, familial DCM, required
only cardiovascular clinical data from living family members
to establish the diagnosis. While in usual clinical genetics
care the family history of DCM of deceased family members
is appropriately integrated into risk assessments, the valida-
tion with medical records to support such DCM diagnoses
frequently cannot be achieved. Thus, the familial DCM defi-
nition for this study, while more restrictive, provided a con-
servative but rigorous estimate of familial DCM prevalence
that can be achieved in clinical practice. Moreover, a partial
DCM phenotype was defined simply as LVSD or LVE in family
members with no other known cardiovascular disease. This
use of a partial DCM phenotype was in agreement with a

JAMA February1,2022 Volume 327, Number 5

prior evaluation of family members of patients with DCM.!3
That study identified 15.5% of family members who had LVE
without LVSD and 2.7% who had LVSD without LVE; of those,
20% progressed to DCM over a median follow-up of 57
months and only those 2 clinical findings were indepen-
dently associated with risk of future DCM. A second study
over an 11-year follow-up of patients without ischemic dis-
ease observed that an increase in left ventricular dimension
of 1 SD was associated with a risk factor-adjusted heart fail-
ure hazard ratio of 1.47.2” Long-term follow-up of this cohort,
which was much larger and had greater diversity, may pro-
vide additional insights into these prior findings.

The SOLVD prevention trial>®> showed that patients with
asymptomatic nonischemic DCM with an LV ejection fraction
less than 35% randomized to treatment with angiotensin-
converting enzyme inhibitor had reduced hospitalization and
mortality. In the ensuing 30 years, a randomized study has
not been undertaken for first-degree relatives receiving no
medical therapy who have clinically detectable but asymp-
tomatic very early DCM,?® or incipient DCM as indicated by a
partial phenotype, to prevent the symptomatic phase of
DCM. Such a study can now be considered, likely using
advanced imaging (eg, LV strain with transthoracic echocar-
diography or advanced cardiac magnetic resonance) to detect
very early disease.

This finding of greater risk to first-degree relatives of
non-Hispanic Black probands was consonant with existing
research on cardiovascular risk in this population. Black indi-
viduals with hypertension enrolled in HyperGEN were more
likely to have had isolated reduction of LV ejection fraction.?®
Moreover, incident heart failure has been observed more
commonly in Black individuals before 50 years of age, par-
ticularly when systolic dysfunction is present.”*° Nonethe-
less, the current study did not provide a clear explanation for
this elevated risk. The central hypothesis of the DCM Preci-
sion Medicine Study is that most DCM, whether familial or
nonfamilial, has a genetic basis.'? This finding could suggest
additional genetic risk in non-Hispanic Black populations. At
the same time, environmental factors beyond genetics and
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biology also affect disease presentation and progression. The
observed increased risk of heart failure in Black individuals,
for example, has been attributed to a greater incidence of
hypertension, diabetes, and other adverse social determi-
nants of health.! But DCM is a fundamentally different diag-
nosis than heart failure even though heart failure is the most
common presentation of DCM, and heart failure can occur
from conditions other than DCM. Furthermore, disentangling
risk of DCM from heart failure risk is complex, particularly
when considering the initiation of the heart failure syndrome
as a final end-stage progression from DCM.2® Moreover, from
a genetics perspective, the start of heart failure could be con-
sidered akin to an added biological or environmental insult to
the development or progression of DCM.

While increased risk of DCM was observed in Black com-
pared with White first-degree relatives, this risk was less when
family members with partial phenotypes were included. The
explanation for this observation remains uncertain, although
it is possible that the effect of adverse social determinants of
health may have been attenuated due to a more equitable op-
portunity to identify early signs of DCM within this family-
based research study.

Regardless of uncertainty of the underlying causes as noted
above, the finding that first-degree relatives of non-Hispanic
Black probands had increased risk of DCM underscores the im-
portance of making clinical screening of at-risk family mem-
bers available to this population. This is particularly relevant
because the end stage of DCM, heart failure, has significantly
greater morbidity and mortality among Black patients.”*! In
particular, Black patients were shown to have had increased
risk of heart failure death, with relative risks of 1.25 to 1.36 in
the SOLVD Treatment and Prevention trials, even after adjust-
ing for disease severity and treatment.>!

Limitations
This study has several limitations. First, the percentage of
first-degree relatives enrolled was lower among non-Hispanic
Black probands than other proband groups despite the use of
standardized recruitment processes and procedures across all
clinical sites, possibly due to differences in timing of enroll-
ment or mistrust in medical research.?? This enrollment dif-
ference implied that the racial differences in crude preva-
lence of familial DCM likely did not reflect differences in the
true prevalence with complete ascertainment of first-degree
relatives. However, it was not likely to have affected racial
differences in model-based estimates that accounted for
enrollment, family size, and other factors.

Second, the clinical data revealed that non-Hispanic Black
probands tended to be sicker than non-Hispanic White pro-
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bands, while enrolled non-Hispanic Black family members
were slightly more likely to have had a prior DCM diagnosis.
Whether the severity of illness in probands or family mem-
bersinfluences the likelihood of study enrollment is poorly un-
derstood. If these observations indicated preferential enroll-
ment of sicker Black families, the estimated prevalence of
familial DCM and age-specific cumulative risks for first-
degree relatives among Black families could have been over-
estimated. However, these same observations could also be ex-
plained by representative sampling, reflecting the higher
morbidity and prevalence of DCM among Black individuals,”*!
in which case there would have been no overestimation.

Third, this study was conducted solely among living pro-
bands and their first-degree relatives for better and consis-
tent phenotyping. Because some first-degree relatives may
have died with DCM prior to the study, the prevalence of
familial DCM and age-specific cumulative risk in first-degree
relatives would likely have been underestimated, and the
true magnitude of disease burden may be larger. As a slightly
higher percentage of non-Hispanic Black first-degree rela-
tives were deceased prior to the study (eTable 7 in Supple-
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group, suggesting that the actual racial differences might be
even larger.

Fourth, estimated age-specific cumulative risks were mod-
eled using age-specific disease status data at enrollment in-
stead of prospective cohort data. Long-term follow-up of this
cohort is needed to validate and extend these findings.

Fifth, this study was conducted in multiple, geographi-
cally representative advanced heart failure and transplanta-
tion programs, and caution should be taken when generaliz-
ing the results to primary care settings. Studies need to include
patients with DCM and families beyond academic medical cen-
ters to extend these findings.

Sixth, this analysis relied on statistical modeling and vari-
ous assumptions. Factors such as family member self-
selection bias, elevated polygenic background among DCM
families evaluated at advanced heart failure programs, and
nongenetic familial aggregation of social determinants of health
could have influenced estimates. Also, choices for marginal
standardization were not the only possible ones but were de-
signed to obtain estimates with the broadest applicability.

|
Conclusions

In a US cross-sectional study, there was substantial estimated
prevalence of familial DCM among DCM probands and modeled
cumulative risk of DCM among their first-degree relatives.
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eAppendix. Statistical Methods

Throughout, uppercase letters denote random variables and lowercase versions of the same letters denote realized
values. Probands are indexed by i, and m; = 1, ...,28 indexes the site of enrollment of proband i. Twenty-six of these
were advanced heart failure programs (one was inactivated after 3 probands were enrolled leaving 25 who completed
the study), one was a satellite site of a program, and one was a virtual site at the coordinating center. This study
included an embedded open-label randomized controlled trial of a behavioral intervention that was administered to
probands in order to increase screening and surveillance uptake in family members.! Analyses described below
included families in both the control and intervention arms because the analysis would be unaffected by variation in
screening uptake among families as long as other assumptions were correct.

Prevalence of familial DCM among probands

Let n; denote the number of living first-degree relatives of proband i that could have been screened at some point
during the study period, d; < n; denote the number of these who would have disease by a particular definition (dilated
cardiomyopathy [DCM] or DCM, left ventricular systolic dysfunction [LVSD], or left ventricular enlargement [LVE]
without known cause) if all n; first-degree relatives were screened, s; < n; denote the number actually screened by
the study, and z; denote a set of proband-level characteristics. A proband had familial DCM per a particular definition
if d; > 0; the goal was to model Pr(D; > 0|z;,m;), the prevalence of familial DCM among probands with
characteristics z; at site m;. However, because it was not possible to observe or confirm disease in unenrolled first-
degree relatives, the observed quantity was d; < min(s;, d;), the number of living first-degree relatives of proband i
who were enrolled in the study and found to have disease by a particular definition, rather than d;. The original analysis
plan' was to follow prior studies? in modeling Pr(D; > 0|z;, m;) directly. At each site, this probability represented a
lower bound on Pr(D; > 0]z;, m;) because, in order for D] > 0 to occur, D; > 0 must have occurred as well, which
implies that:

Pr(D; > 0|z;, m;) = Pr(D; > 0,D; > 0|z;, m;) = Pr(D; > 0|z;,m;) — Pr(D; = 0,D; > 0|z;, m;)

If all first-degree relatives that could have been screened were screened for all probands, then S; = N;, the event
{D; = 0,D; > 0} would have probability zero, and modeling Pr(D; > 0|z;, m;) would directly model Pr(D; >
0|z;, m;). However, if S; < N; for some probands, those with D; > 0 may have had D = 0 simply because not all
first-degree relatives were screened. In this case, Pr(D; =0,D; > 0|z;,m;) =0 and Pr(D; > 0|z, m;) <
Pr(D; > 0|z;, m;). Moreover, if the joint distribution of S; and N; depended on z;, Pr(D; = 0,D; > 0|z;, m;) would
also vary with z;, and variation in Pr(D; > 0|z;, m;) at a given site might not reflect variation in Pr(D; > 0|z;, m,).
Put differently, differences in the lower bound between proband subpopulations at a given site might reflect differences
in first-degree relative participation or family structure in addition to differences in familial DCM prevalence.

An additional consideration was that Pr(D; > 0]z;, m;) depends on the distribution of N; because, for larger n;, there
are more chances that at least one first-degree relative who could be screened had disease. More formally:

Pr(D; > 0|z;,m;) = Z Pr(D; > 0|z;, m;,n) Pr(N; = n|z;, m;)
n=1

where Pr(D; > 0|z;, m;,n = 0) = 0 trivially. Thus, even if Pr(D; > 0|z;, m;,n) and Pr(D; > 0|z;,m;,n) were
identical for all n, it could happen that Pr(D; > 0|z;, m;) # Pr(D; > 0|z{,m;) if Pr(N; = n|z;,m;) # Pr(N; =
n|z;, m;) for some n. As a result, an approach using the observed data {d;, s;, n;} to model Pr(D; > 0|z;, m;, n;) was
chosen instead.

The distribution of D;" in a proband randomly selected from among those with characteristics {z;, n;, s;} at site m; was
obtained by treating D; as a latent variable and summing over its possible values with observed data {d}, s;, n;}. With
n; =0,d; =d; =0,and dj = 0 with s; = 0 regardless of n;. Thus, forn; = 0 ors; = 0, di = 0 with probability 1.
Ifn; > 0 and s; > 0, there were d; individuals who were screened and had disease and s; — d; who did not, which
implies that at least d; individuals and at most n; — (s; — d;) would have had disease if all n; were screened. It
follows that:

© 2022 American Medical Association. All rights reserved.



Pr(D; = d}|z;, mi, n;, s;)
I[d; = 0] ifn;,=00rs; =0
ne-(s1-4) @
Z Pr(D{ = d;|D; = d,z;, m;,n;,s;) Pr(D; = d|z;,m;,n;) ifn; >0ands; >0

d=d;

In the above expression, the conditional independence of D; from S; given {z;, m;, n;} follows from assumptions made
below about the probability model for first-degree relative screening.

To model Pr(D; = d|z;, m;,n;) in (1), D; was conceptualized as the sum of n; Bernoulli disease indicators in first-
degree relatives that were correlated due to shared genetic and other risk factors. Although the disease probability in
a particular first-degree relative may have depended on his or her age or gender, the former was not readily available
for unenrolled first-degree relatives. A family-specific first-degree relative disease probability, p;(z;, m;), that was
the same for all first-degree relatives of proband i with characteristics z; at site m; was therefore assumed; disease
statuses for first-degree relatives in a family were assumed conditionally independent given p;(z;, m;). The quantity
pi(z;, m;) can be conceptualized as an average disease probability for first-degree relatives in a particular family.
Within-family correlation arose because p; (z;, m;) was allowed to vary randomly across families with the same z; at
site m;, which implies a constant correlation between the disease statuses in pairs of first-degree relatives, also known
as an exchangeable correlation structure. Allowing random variation in p;(z;, m;) across families also captured
differences in this average first-degree relative disease probability between families arising from factors such as the
age and gender composition of living first-degree relatives. Each family-specific first-degree relative disease
probability was assumed to be an independent draw from a Beta(p(z;, m;)971, (1 —p(z;, ml-))ﬁ_l) distribution,
where 0 < p(z;, m;) < 1 is the marginal disease probability in the population of first-degree relatives of probands
with characteristics z; at site m;. As a result, D; for a randomly selected proband from the population with
characteristics {z;, n;} at site m; was assumed to follow a beta-binomial distribution given by:?

=tz my) + 9v) [ (1 = p(zi, my) + 9v)
5, A+ 9v)

Pr(D; = dlzymymy) = (17 @

with mean n; p(z;,m;) and variance n; p(zi,mi)(l —p(zi,mi)) (1 + (n—-1) 1%9), where 1%9 is the common
correlation between disease outcomes in pairs of first-degree relatives. Note that this probability mass function is
defined only for 9 > max (—p(z;, m)(n; — 171, —(1 —p(z;,m))(n; —1)7). A major benefit of this beta-
binomial parameterization, as opposed to a generalized linear mixed model (GLMM) with family-level random effects
in the linear predictor, was that it replaced an intractable high-dimensional integral with the closed form in (2) for
evaluating the marginal distribution of D; in a subpopulation of probands at a particular site, Pr(D; = d|z;, m;, n;).

The model in (2) required specification of p(z;, m;). Let j; = 1 (non-Hispanic White), 2 (non-Hispanic Black),
3 (Hispanic White), 4 (Hispanic Black) denote the ethnicity-race group of proband i, k; = 1,2,3,4 denote quartile of
proband age of enrollment, and [; = 1 (male), 2 (female) denote the proband sex. For z; = {j;, k;, ;}, the chosen
model was:

logit(p(z;,m;)) = a + Bj, + Vi, + 0y + U, + Ujim, 3)

where B; =y, = 6; = 0,upy,~N(O, 02) are random effects designed to reflect site-specific random variation in the
marginal disease odds for a first-degree relative, and w;,;,,~N (0, szm) are random effects designed to reflect variation
across sites in the differences in these odds between proband ethnicity-race groups at the same site. Under this model,
exp(yki) is the ratio of the disease odds for a first-degree relative of a proband in enrollment age quartile k; to those
for a first-degree relative of a proband in enrollment age quartile 4 at the same site who is identical on all other factors.
The odds ratio exp(dli) is interpreted similarly. The odds ratio comparing a first-degree relative of a proband in
ethnicity-race group j; to a first-degree relative of a non-Hispanic White proband at the same site who is identical on
all other factors is a random variable given by exp(ﬁji + Ujim,; — ulmi). As a result, exp(ﬁji) is interpretable as the
within-site odds ratio for a typical advanced heart failure program in the US (i.e., one at the mean or mode of the
random effects distribution describing the population of such programs)*® or the median within-site odds ratio across
such programs if aﬁn > 0.7 In the event that a]%n = 0, all sites have the same within-site odds ratio.
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Estimating the parameters in (2) and (3) required modeling Pr(D; = d;|D; = d, z;, m;,n;,s;) in (1) to obtain the
likelihood component for each proband. S; was also conceptualized as the sum of n; correlated Bernoulli random
variables that arose when each of the n; first-degree relatives in family i completed or did not complete screening
independently with a probability m;(z;, m;) that varied randomly across probands with the same z; at site m;. This
probability was assumed to depend on proband/family characteristics in a way that varied across sites but not on first-
degree relative characteristics, such as age and disease status. Under these conditions, Pr(Di* =d;,S; =si|D; =
d,z;,m;,n;,mw;(z;, mi)) was simply the probability of screening d; of the d first-degree relatives with disease and s; —
d; of the n; — d without disease when each is screened independently with probability 7;(z;, m;). As a result:

Pr(D; = d;|D; = d, z;, my, n;, mi (25, m;), 5;)
d\/n;—d ) i—Si
(di‘) (Sil_ df‘) iz ) (1 = iz m)) ™
Ll

T omin(@sy (d) (i —d ' s,
ZZ‘;ZO S (d:) (sil— d:> ﬂi(zi,mi)sz(l —1;(z, mi)) @

(&) (5~ &)
_ d: S;i — d:
= A
(Si)
where the second equality followed from applying the Vandermonde identity in the denominator.® Thus,
Pr(D; = d;|D; = d, z;, m;,n;, m;(z;,m;), s;) has the same hypergeometric distribution depending on only {d, n;, s;}
for every family, and it immediately follows that the marginal Pr(D; = d;|D; = d, z;, m;, n;, s;) in (1) was also given
by (4). Conditioning on s; removes the impact of any family-level factor that could influence 7;(z;, m;), including the
randomized trial intervention, as well as any site-level factor. It also immediately follows from the denominator in the
n s
first equality in (4) that Pr(S; = s;|D; = d, z;, m;, ny, m;(z;,m;)) = (s )ni(zi,mi)si(l - ni(zi,mi))nl *t " which

i
i

does not depend on d. This implies that, after marginalizing over m;(z;, m;), Pr(S; = s;|D; = d, z;, m;,n;) =
Pr(S; = s;|z;, m;, n;), thereby demonstrating conditional independence of D; from S; given {z;, m;, n;} assumed in

(1.
Substituting (4) and (2) into (1) and simplifying the binomial coefficients yields the conditional likelihood component
for a proband randomly selected from the population with characteristics {z;, n;, s;} at site m;:
Pr(D; = djlz;; my,ny, ;)
( I[d; = 0] ifn;=00rs; =0

) { (Z) () (7 sy M) 4 90 Tty (= plemo + 00

d;)\d —d; 5,1+ 9v)

)

ifn; >0ands; >0
\ =g

for 0 <p(z,m) <1 and ¥ = max (—p(z;, m)(m; — 1)7, —(1 — p(z;,;m))(n; — 1)7). Probands’ D; were
assumed to be conditionally independent within each site given the random effects, so the conditional likelihood was
simply the product of the components in (5) over probands. To obtain estimates of the model parameters, SAS/STAT
PROC NLMIXED was used to maximize the marginal likelihood obtained by integrating the conditional likelihood
over the distributions of the u,,, and u;,, using adaptive Gaussian quadrature. Probands without living or screened
first-degree relatives do not influence the likelihood because they have d; = 0 with probability 1 for all parameter
values; such probands were therefore excluded from likelihood calculation. To prevent optimization steps outside of
the feasible region, constraints ¥ = 0, g;, = 0, and gj,,, = 0 were imposed. Although the probability mass function in
(5) is defined for some 9 < 0, ¥ = 0 was taken as the plausible range because correlation in the Bernoulli disease
status between first-degree relatives was expected to be positive in general. Negative correlation was implausible and
would likely indicate a model specification issue, so this constraint was not expected to be active at the solution. The
loglikelihood component was also set to -1e-20 for any p(z;, m;) within le-12 of 0 or 1 to avoid optimization steps
into these regions. Model-based estimates of the covariance matrix were obtained as the inverse of the Hessian matrix
at the solution.

Parameter estimates, standard errors, and odds ratios with Wald 95% confidence intervals (CIs) constructed using
standard normal quantiles are presented in eTables 1 and 3. This model fit was used to obtain marginally standardized
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estimates of familial DCM prevalence among probands at a typical US advanced heart failure program, as described
below.

Age-specific cumulative risk for first-degree relatives

For each screened first-degree relative, it was possible to determine whether DCM or partial phenotypes were present
by the age of enrollment. This observation scheme yielded current status data, a special type of interval-censored
survival data® '° that can be used to estimate age-specific cumulative risks. Let ¥ = 1, ..., s; index the screened first-
degree relatives of proband i, j; =1 (non-Hispanic White), 2 (non-Hispanic Black), 3 (Hispanic White),
4 (Hispanic Black) denote the proband ethnicity-race group, k; = 1,2, 3,4 denote quartile of proband age at first
diagnosis, l; = 1 (male), 2 (female) denote the proband sex, and l; = 1 (male), 2 (female) denote first-degree
relative sex. Age at disease onset, T}, in a first-degree relative with characteristics {j;, k;, l;, l;-} at site m; was assumed
to have a marginal distribution with a Weibull baseline survivor function Sy(t) = exp[— exp(a) t?] influenced by
covariates and random effects through a proportional hazards model,” '° yielding the following marginal survivor
function:

S(tlji, ki, Ly, iy, m;) = exp[— exp(a) t° exp(6), + i, + 7y, + @y, + Vi, + Vjym,)] (6)

where 0, = ¢y =71 = 0y =0, v, ~N(0, 02) are random effects designed to reflect site-specific random variation
in the marginal disease hazard for a first-degree relative, and vj;,, ~N (0, ajzm) are random effects designed to reflect
variation across sites in the differences in these hazards between proband ethnicity-race groups at the same site. Under
this model, exp(qb ki) is the ratio of the disease hazard for a first-degree relative of a proband in enrollment age quartile
k; to that for a first-degree relative of a proband in enrollment age quartile 4 at the same site who is identical on all
other factors. The hazard ratios exp (‘L’li) and exp(wlir) are interpreted similarly. The hazard ratio comparing a first-
degree relative of a proband in ethnicity-race group j; to a first-degree relative of a non-Hispanic White proband at
the same site who is identical on all other factors is a random variable given by exp(Hji + Vjm; — U1mi)- As aresult,
exp(Bji) is interpretable as the within-site hazard ratio for a typical advanced heart failure program in the US (i.e.,
one at the mean or mode of the random effects distribution describing the population of such programs)*® or the
median within-site hazard ratio across such programs if szm > 0.7 In the event that szm = 0, all sites have the same
within-site hazard ratio.

The parameters in (6) were estimated as follows using current status data. The age at disease onset was unobserved
because DCM and partial phenotypes are typically asymptomatic for months or years before presentation. However,
enrolling a first-degree relative at a particular age (C;,-) and examining him or her allowed determination of whether
T;- was before or after C;,- on the basis of whether the individual had disease at C;,.. Defining the observable random
variable Y;,. = I(T;, < ¢;;-) and assuming conditional independence of C;, and T;,. given {j;, k;, I;, I, m;} yielded:

Pr(Yi|Cirr = i jis kis Uiy lio my) =
[1 = SCeirljur ki Uiy Ly, m)1Vir SCeir i, ki Uiy Ly m)* Vi

Thus, Y;, was a Bernoulli random variable with conditional success probability Pr(Y;, = 1|cy., ji, ki, Ly iy my) = 1 —
S(eirlji kir L, L, m;). Furthermore, this probability can be related to the parameters in (6) by applying the
complementary log-log link:

ln(— ln(1 - Pl"(Yir = 1|Cir'ji! ki! li' liT' ml))) =a+bln Cir + 9]1. + ¢ki + Ty; + Wy, + Umi + vjimi (7)

With a single first-degree relative per proband, the model could have been fit using a standard GLMM with a binary
outcome, site-level random effects, a complementary log-log link, and a linear predictor given by (7). However, with
multiple first-degree relatives per proband, the effect of non-independence on estimated standard errors needed to be
taken into account. The parameters and variance components for the model in (7) were therefore estimated using a
generalized estimating equation (GEE)-type GLMM®* !! with a binary outcome, site-level random effects, a
complementary log-log link, a linear predictor given by (7), and a compound symmetry working correlation matrix
within families. This model was fit with residual subject-specific pseudolikelihood as implemented in SAS/STAT
PROC GLIMMIX, and inference on fixed effects used the Morel-Bokossa-Neerchal corrected empirical covariance
estimator with sites as independent units.* '!- 12 Estimation within this framework assumed that, given covariates and
site, first-degree relative participation did not depend on Y;,..
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As in the familial DCM prevalence analysis, DCM or partial phenotypes in a first-degree relative were required to
have no known cause for Y;, = 1. Thus, Y;, = 0 for individuals without LVSD or LVE as well as for those with DCM
or partial phenotypes with a probable environmental cause. This approach is tantamount to assuming that first-degree
relatives with a DCM phenotype arising from an environmental cause would not have developed disease absent this
exposure. As these first-degree relatives were genetically at-risk, they may still have developed disease absent the
exposure, and so this approach likely underestimates the age-specific cumulative risk.

Parameter estimates, standard errors, and hazard ratios with Wald 95% Cls constructed using standard normal
quantiles are presented in eTables 5 and 6. Select hazard ratios and their 95% ClIs are also shown in Table 4 of the
main text. This model fit was also used to obtain marginally standardized estimates of age-specific cumulative risk
among first-degree relatives at a typical US advanced heart failure program, as described below.

Marginally standardized estimates for a typical US advanced heart failure program

In addition to identifying factors affecting disease risk in first-degree relatives, the models in (3) and (7) can produce
two types of estimates of familial DCM prevalence and age-specific cumulative risk: conditional estimates for a single
advanced heart failure program in the US or marginal estimates across all advanced heart failure programs in the US.
These two types of estimates will not be equal unless there is no heterogeneity in these programs,*® and the appropriate
choice depends on how the estimates will be applied.'® '* In the current context, we expect that these estimates will
be used by clinicians to understand risks among different groups at their programs as well as for comparison with
prior single-center studies, in which case conditional estimates for a single advanced heart failure program in the US
are most relevant.!> 14 For advanced heart failure programs in our study, empirical Bayes predictions of the random
effects wyy,, and w;,,, (0r vy, and vj,,,) could have been used to generate program-specific estimates,* '**'* but these
would not apply to an external program not included in our sample.* '3 14 To facilitate application at such a program,
conditional estimates for a typical advanced heart failure program in the US with up,, = W1, = 0 (O Uy, = Vj, =
0),*® which have the best expected within-program calibration for external programs,'> '* were presented. Such a
typical US advanced heart failure program is defined by being at the mean or mode of the random effects distribution
describing the population of such programs in the US.+6 1314

On the basis of the beta-binomial mixed model in (2) and (3), the familial DCM prevalence in the subpopulation of
probands with characteristics {z;, n;} at a typical US advanced heart failure program was obtained as:

] (1 — (1 +exp(=(a+p; +ve, + 5zi)))_1 + 1917)

Pr(D; > 0lz;,n;, up, = 0) = 5 (1 + 9v)
v=0

®

To generate marginally standardized'® ethnicity-race-specific familial DCM prevalence estimates at a typical US
advanced heart failure program, the weighted average of prevalences in (8) was taken over {k;, l;, n;} in each ethnicity-
race group assuming balance across the eight possible sex and age quartile combinations and n;~Poisson(4.53). The
sum over n; was truncated at 31, the smallest n; for which the Poisson cumulative distribution function was within
machine epsilon of 1. To marginalize over multiple ethnicity-race groups, the weighted average of the groups’ familial
DCM prevalences determined as described above was taken with weights given by the appropriate conditional
distribution derived from 2019 US census population estimates.!” For example, to calculate the marginally
standardized familial DCM prevalence among Black probands, the average of the marginally standardized prevalences
in Hispanic and non-Hispanic Black probands weighted by the estimated proportions of Hispanic and non-Hispanic
Black individuals among those who identify as Black in the US population was taken. Further details regarding
specific weights are provided in the footnotes to Table 2. The delta method'® as implemented in SAS/STAT PROC
NLMIXED was applied to these parameter estimates and their covariance matrix to obtain estimates and standard
errors for marginally standardized familial DCM prevalence estimates, and Wald 95% CIs were obtained using
standard normal quantiles. Marginally standardized familial DCM prevalence estimates for various ethnicity-race
groups are presented in Table 2 of the main text, and differences between these estimates are presented in eTables 2
and 4.

The age-specific cumulative risk for a first-degree relative with characteristics {j;, k;, [;, l;} at a typical US advanced
heart failure program was obtained as:

F(tljy, ki 1y, Lir) Vi, = 0)=1- exp[— exp(a) t? exp(eji + ¢y, t T, + wlir)] 9
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Marginally standardized age-specific cumulative risk functions were obtained as the weighted average of
F(tlji, ki li) lipy Vi, = O) over the distribution of {j;, k;, I;, i} or a subset of these factors in a subpopulation of first-
degree relatives for each t = 1, ...,80. Further details regarding weights are provided in the legend to the Figure in the
main text. The delta method'® was applied to these parameter estimates and their covariance matrix to obtain estimates
of marginally standardized age-specific cumulative risk functions and their standard errors at each t, which were used
to construct Wald pointwise 95% Cls at each t using standard normal quantiles. These age-specific cumulative risk
functions are shown in the Figure in the main text.

Different choices of weights could yield different absolute familial DCM prevalence and age-specific cumulative risk
estimates than those reported. However, these choices were designed to reflect the likely experience at a typical
advanced heart failure program serving a population representative of the US population in terms of the ethnicity-race
groups considered, which should be a broadly relevant presentation for practicing clinicians. Moreover, differences in
the odds or hazard of disease between subpopulations of first-degree relatives at such a program are also reflected as
odds and hazard ratios that do not depend on our choices for marginal standardization. To assist researchers wishing
to obtain their own marginally standardized estimates under different assumptions, parameter estimates and covariance
matrices for each model have been provided in the following supplemental files:

1) fam_prev_ests_cov.csv (Supplement 2): For each model, this data set contains estimates for each parameter
in the beta-binomial mixed model from (3) and (5) and their model-based covariance matrix. The MODEL
column identifies the model in which a particular parameter was estimated, and the PARAMETER column
identifies the parameter with data appearing in that row. The ESTIMATE column contains the parameter
estimate, and the covariance matrix row for that parameter is displayed in the columns named for parameters.
Each of these columns contains the covariance matrix column for the named parameter.

2) fdr_risk ests_cov.csv (Supplement 3): For each outcome, this data set contains estimates for each fixed effect
parameter in the binary-normal GEE-type GLMM in (7) and their Morel-Bokossa-Neerchal bias-corrected
robust covariance matrix. The OUTCOME column identifies the outcome model in which a particular
parameter was estimated, and combination of PARAMETER and LEVEL columns identifies the parameter
with data appearing in that row. The ESTIMATE column contains the parameter estimate, and the covariance
matrix row for that parameter is displayed in the columns with names COL#n. The number # in the ROW
column indicates that the covariance matrix column for that parameter appears in COL#; for example, the
covariance between LOG _ENROLL AGE and FEMALE = Yes can be found in COL3 of the
LOG_ENROLL AGE row and COL2 of the FEMALE = Yes row. Reference levels with estimates fixed to
zero and the corresponding rows and columns of the covariance matrix that are identically zero have been
omitted.
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eTable 1. Model Fit for the Marginal Probability of DCM in the Population of First-
Degree Relatives of Probands with Specified Characteristics at a Particular US
Advanced Heart Failure Program

©/(1+9))

Proband Characteristic Estimate | Standard Error Odds Ratio (95% CI) P value
Intercept -2.7354 0.2351 - -
Non-Hispanic White 0 - 1.00 -
Non-Hispanic Black 0.5146 0.1968 1.67 (1.14 — 2.46) 0.009
Hispanic White 0.0432 0.3536 1.04 (0.52 — 2.09) 0.90
Hispanic Black -0.1020 1.0741 0.90 (0.11 -7.41) 0.92
Enroliment age [15.78, 42.35] 0.3418 0.2428 1.41 (0.87 — 2.27) 0.16
Enroliment age [42.38, 52.81] -0.1744 0.2662 0.84 (0.50 — 1.42) 0.51
Enroliment age [52.83, 61.83] -0.1099 0.2598 0.90 (0.54 — 1.49) 0.67
Enrollment age [61.86, 85.12] 0 - 1.00 -
Female 0.3340 0.1776 1.40 (0.99 — 1.98) 0.06
Variance Parameter Estimate | Standard Error

Site (oy,,) 0.3274 0.1360

Ethnicity-race within site (gj,,) 02 -

First-degree relative correlation 0.0098 0.0316

included.

Estimated parameters for the beta-binomial mixed model from (3) and (5) were obtained using maximum likelihood with
adaptive Gaussian quadrature. Model-based standard errors were obtained using the inverse Hessian, and two-sided p-values
and Wald 95% confidence intervals were calculated using the standard normal distribution. Within-site odds ratios and their
95% confidence intervals were obtained by exponentiating corresponding estimates on the model scale. Probands without living
or screened first-degree relatives provided no information on the parameters of interest in the likelihood; all model-based
estimates were therefore derived from 822 probands (8 Hispanic Black, 64 Hispanic White, 290 Non-Hispanic Black, 460 Non-
Hispanic White) with at least one screened first-degree relative.
2 The final model excluded this random effect because convergence occurred on the boundary constraint of zero when it was
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eTable 2. Differences in Marginally Standardized Familial DCM Prevalences
(Standard Definition) between Proband Subpopulations Defined by Self-Reported
Ethnicity and Race at a Typical US Advanced Heart Failure Program

Difference % (95% CI)
Non-Hispanic Black — Non-Hispanic White 12.5(2.9-22.1)
Hispanic Black — Hispanic White -3.1(-47.4-41.2)
Black — White 11.3 (1.9-20.8)
Hispanic White — Non-Hispanic White 0.9 (-14.3-16.2)
Hispanic Black — Non-Hispanic Black -14.6 (-57.9 — 28.6)
Hispanic — Non-Hispanic -1.4 (-15.9-13.1)

Differences between marginally standardized estimates for familial DCM prevalence (standard definition) in Table 2 with 95%
confidence intervals (Cls) obtained using the delta method.
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eTable 3. Model Fit for the Marginal Probability of DCM or Partial Phenotypes in
the Population of First-Degree Relatives of Probands with Specified
Characteristics at a Particular US Advanced Heart Failure Program

¥/(1+9))

Proband Characteristic Estimate | Standard Error Odds Ratio (95% CI) P value
Intercept -1.6177 0.1661 - -
Non-Hispanic White 0 - 1.00 -
Non-Hispanic Black 0.1692 0.1442 1.18 (0.89 — 1.57) 0.24
Hispanic White -0.0916 0.2540 0.91 (0.55 — 1.50) 0.72
Hispanic Black -0.4102 0.7955 0.66 (0.14 — 3.15) 0.61
Enroliment age [15.78, 42.35] 0.2800 0.1797 1.32 (0.93 - 1.88) 0.12
Enroliment age [42.38, 52.81] 0.2054 0.1825 1.23 (0.86 — 1.76) 0.26
Enroliment age [52.83, 61.83] -0.0790 0.1867 0.92 (0.64 — 1.33) 0.67
Enrollment age [61.86, 85.12] 0 - 1.00 -
Female 0.2619 0.1261 1.30 (1.01 — 1.66) 0.04
Variance Parameters Estimate | Standard Error

Site (o) 0.2417 0.0906

Ethnicity-race within site (oj,,) 02 -

First-degree relative correlation 0.0457 0.0330

included.

Estimated parameters for the beta-binomial mixed model from (3) and (5) were obtained using maximum likelihood with
adaptive Gaussian quadrature. Model-based standard errors were obtained using the inverse Hessian, and two-sided p-values
and Wald 95% confidence intervals were calculated using the standard normal distribution. Within-site odds ratios and their
95% confidence intervals were obtained by exponentiating corresponding estimates on the model scale. Probands without living
or screened first-degree relatives provided no information on the parameters of interest in the likelihood; all model-based
estimates were therefore derived from 822 probands (8 Hispanic Black, 64 Hispanic White, 290 Non-Hispanic Black, 460 Non-
Hispanic White) with at least one screened first-degree relative.
@ The final model excluded this random effect because convergence occurred on the boundary constraint of zero when it was
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eTable 4. Differences in Marginally Standardized Familial DCM Prevalences
(Expanded Definition) between Proband Subpopulations Defined by Self-
Reported Ethnicity and Race at a Typical US Advanced Heart Failure Program

Difference % (95% CI)
Non-Hispanic Black — Non-Hispanic White 4.9 (-3.2-13.0)
Hispanic Black — Hispanic White -9.2 (-54.4 - 36.1)
Black — White 4.3 (-3.9-12.5)
Hispanic White — Non-Hispanic White -2.7 (-17.2-11.8)
Hispanic Black — Non-Hispanic Black -16.7 (-60.8 — 27.3)
Hispanic — Non-Hispanic -4.0 (-17.8-9.9)

Differences between marginally standardized estimates for familial DCM prevalence (expanded definition) in Table 2 with 95%

confidence intervals (Cls) obtained using the delta method.
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eTable 5. Model Fit for the Age-Specific Cumulative Risk of DCM in a First-Degree
Relative of a Patient with DCM at a Particular US Advanced Heart Failure Program

Weibull Baseline Survivor

Function Parameters Estimate SE 95% CI

a -8.1069 | 0.9188 -9.9078 — -6.3061

b 1.3554 | 0.2205 0.9232 - 1.7876

Covariates Estimate SE P Hazard Ratio (95% CI)

First-degree relative
Female -0.3339 | 0.2014 0.10 0.72 (0.48 — 1.06)

Proband
Non-Hispanic White 0 - - 1.00
Non-Hispanic Black 0.6365 | 0.2063 0.002 1.89 (1.26 — 2.83)
Hispanic White 0.2468 | 0.3499 0.48 1.28 (0.64 — 2.54)
Hispanic Black 0.4102 | 0.8397 0.63 1.51 (0.29 —7.82)
Diagnosis age [4.73, 34.33] 0.7816 | 0.3088 0.01 2.19 (1.19-4.00)
Diagnosis age [34.34, 44.16] 0.4936 | 0.3009 0.10 1.64 (0.91 —2.95)
Diagnosis age [44.18, 53.62] 0.2041 | 0.3224 0.53 1.23 (0.65—-2.31)
Diagnosis age [563.66, 82.67] 0 - - 1.00
Female 0.3465 | 0.1600 0.03 1.41 (1.03 — 1.93)

Variance Parameters Estimate SE

Site (6;3) 0.1065 | 0.0820

Ethnicity-race within site (ajzm 02 -

Compound Symmetry 0.0176 | 0.0304

Residual 0.8687 | 0.0421

Estimated parameters for the binary-normal GEE-type GLMM in (7) with a compound symmetry working correlation structure
within each family were obtained using residual subject-specific pseudolikelihood. Bias-corrected robust standard errors were
obtained using the Morel-Bokossa-Neerchal correction, and two-sided p-values and Wald 95% confidence intervals were
calculated using the standard normal distribution. Within-site hazard ratios and their 95% confidence intervals were obtained by
exponentiating corresponding estimates on the model scale. a and b are from the Weibull baseline survivor function of the

form S, (t) = exp[— exp(a) t?]. 1692 first-degree relatives contributed to this analysis (1 non-Hispanic White first-degree relative
was excluded due to missing covariate data).

2 The final model excluded this random effect because convergence occurred on the boundary constraint of zero when it was
included.
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eTable 6. Model Fit for the Age-Specific Cumulative Risk of LVE, LVSD, or DCM in
a First-Degree Relative of a Patient with DCM at a Particular US Advanced Heart

Failure Program

Weibull Baseline Survivor

Function Parameters Estimate SE 95% CI

a -4.9505 | 0.5662 -6.0602 — -3.8409

b 0.8224 | 0.1397 0.5486 — 1.0961

Covariates Estimate SE P Hazard Ratio (95% CI)

First-degree relative
Female -0.0583 | 0.1311 0.66 0.94 (0.73 - 1.22)

Proband
Non-Hispanic White 0 - - 1.00
Non-Hispanic Black 0.2403 | 0.1279 0.06 1.27 (0.99 — 1.63)
Hispanic White 0.0395 | 0.2351 0.87 1.04 (0.66 — 1.65)
Hispanic Black -0.0706 | 0.6908 0.92 0.93 (0.24 — 3.61)
Diagnosis age [4.73, 34.33] 0.5109 | 0.1934 0.008 1.67 (1.14 — 2.44)
Diagnosis age [34.34, 44.16] 0.4690 | 0.1966 0.02 1.60 (1.09 —2.35)
Diagnosis age [44.18, 53.62] 0.2445 | 0.1718 0.15 1.28 (0.91-1.79)
Diagnosis age [53.66, 82.67] 0 - - 1.00
Female 0.2031 0.1216 0.10 1.23 (0.97 — 1.56)

Variance Parameters Estimate SE

Site () 0.0458 | 0.0345

Ethnicity-race within site (ajzm) 02 -

Compound Symmetry 0.0605 | 0.0309

Residual 0.9130 | 0.0421

Estimated parameters for the binary-normal GEE-type GLMM in (7) with a compound symmetry working correlation structure
within each family were obtained using residual subject-specific pseudolikelihood. Bias-corrected robust standard errors were
obtained using the Morel-Bokossa-Neerchal correction, and two-sided p-values and Wald 95% confidence intervals were
calculated using the standard normal distribution. Within-site hazard ratios and their 95% confidence intervals were obtained by
exponentiating corresponding estimates on the model scale. a and b are from the Weibull baseline survivor function of the

form S, (t) = exp[— exp(a) t?]. 1692 first-degree relatives contributed to this analysis (1 non-Hispanic White first-degree relative

was excluded due to missing covariate data).

2 The final model excluded this random effect because convergence occurred on the boundary constraint of zero when it was

included.

© 2022 American Medical Association. All rights reserved.




eTable 7. Vital Status of First-Degree Relatives at Proband Enroliment, by
Proband Ethnicity and Race

Hispanic Non-Hispanic
N =566 N = 6640
Black White Black White
N =48 N =518 N = 3135 N = 3505
Deceased at proband 17 (35) 109 (21.0) 754 (24.1)? 800 (22.8)
enrollment, No. (%)

a Actual denominator was 3133 due to 2 first-degree relatives having unknown vital status.
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eFigure 1. Clinical Sites of the DCM Consortium.
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Shown are the 25 clinical sites of the DCM Consortium who enrolled probands and family members for this study through the close
of family member enroliment on April 1, 2021. The Ohio State University site served as an enrolling site as well as the coordinating
center for this study. The table below shows the probands and first-degree relatives contributed to the final sample in eFigure 2 per
clinical site. One inactivated clinical site included in the table is not shown on the map.

Probands First-Degree Relatives
Clinical Site No. % No. %
Cedars-Sinai Medical Center 49 4.0 130 7.7
Cleveland Clinic 110 9.0 153 9.0
Emory University 45 3.7 48 2.8
Houston Methodist 60 4.9 56 3.3
Inova Heart and Vascular Institute 53 4.3 50 3.0
Louisiana State University 25 2.1 18 1.1
Medical University of South Carolina 8 0.7 9 0.5
Medstar Washington Hospital Center 149 12.2 192 11.3
New York University Langone Medical Center 26 21 39 23
Northwestern University 34 2.8 35 2.1
Ohio State University 168 13.8 318 18.8
South Miami Hospital 32 2.6 38 2.2
Stanford University 29 2.4 54 3.2
Tufts University 49 4.0 42 25
University of California Los Angeles Medical Center 16 1.3 14 0.8
University of Texas Southwestern Medical Center 28 2.3 40 2.4
University of Alabama Birmingham 32 26 43 25
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Probands

First-Degree Relatives

Clinical Site No. % No. %
University of Arizona 52 4.3 52 3.1
University of Maryland 26 21 20 1.2
University of Michigan 18 1.5 24 1.4
University of Mississippi 10 0.8 12 0.7
University of Nebraska 38 3.1 69 4.1
University of Pennsylvania 72 59 85 5.0
University of Washington 39 3.2 36 2.1
Washington University 49 4.0 113 6.7
Inactivated Site 3 0.3 3 0.2
Total 1220 100 1693 100
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eFigure 2. DCM Precision Medicine Study Participant Recruitment
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