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BACKGROUND: Rare variant genetics have been associated with peripartum cardiomyopathy (PPCM), but the role of genetics
remains unsettled. The study sought to compare dilated cardiomyopathy (DCM) genetic risk in first-degree relatives (FDRs) of
female patients (probands) with DCM or PPCM to gain causal inference, and to assess DCM-relevant rare variant prevalence
in DCM/PPCM probands and population controls.

METHODS: Clinical and genetic data were analyzed from the DCM Precision Medicine Study. Risk of DCM or partial DCM,
where partial DCM was defined as left ventricular enlargement or a left ventricular ejection fraction of <60%, was estimated
in 665 FDRs from 452 female probands, all of whom had been pregnant; 67 had PPCM and 385 had DCM,; prevalence of
pathogenic, likely pathogenic, or uncertain significance variants was estimated among probands.

RESULTS: The risk of DCM/partial DCM for FDRs of PPCM probands was similar to that for FDRs of DCM probands (hazard
ratio, 0.77 [95% Cl, 0.47-1.28]). Estimated DCM prevalence among the lowest-risk FDRs of non-Hispanic European ancestry
probands with PPCM (7.0% [95% ClI, 0%-14.1%)] females, 9.0% [95% CI, 1.6%-16.3%] males) exceeded population
estimates from a UK Biobank study (0.30% females, 0.63% males). Estimated prevalences of a pathogenic, likely pathogenic,
or uncertain significance variant among African ancestry and European ancestry probands with PPCM were 55.4% (95% Cl,
33.1%—77.7%) and 66.0% (95% Cl, 38.6%-93.3%), respectively. The estimated prevalence of pathogenic/likely pathogenic
variants among European ancestry PPCM probands (26.6% [95% Cl, 12.6%—-40.6%]) exceeded a population estimate from
a UK Biobank study (0.6%).

CONCLUSIONS: The risk of DCM/partial DCM among FDRs was similar regardless of whether their probands had PPCM or
DCM. Also, DCM-relevant rare variant findings for females with PPCM or DCM were similar and greater than in population
controls, suggesting a similar causal basis for PPCM and DCM. These findings underscore the need for genetic evaluations
in all patients with PPCM.
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Nonstandard Abbreviations and Acronyms

AA African ancestry

DCM dilated cardiomyopathy

EA European ancestry

FDR first-degree relative

LP likely pathogenic

Lv left ventricular

pDCM partial dilated cardiomyopathy
PPCM peripartum cardiomyopathy
vuUs variant of uncertain significance

ventricular (LV) systolic dysfunction that presents

with heart failure during pregnancy or in the post-
partum period without other clinically identifiable cardio-
vascular causes such as coronary or valvular disease.'?
PPCM is a significant contributor to maternal mortality.®
Previously identified risk factors for PPCM include Black
race, preeclampsia, hypertension, advanced maternal
age, and multigestational pregnancies."” The under-
lying cause of PPCM remains incompletely defined,
with alternative hypotheses suggesting genetic and/or
pregnancy-related clinical causes.? A genetic contribu-
tion to PPCM has been suggested based on familial
clustering of PPCM.*® Also, rare variants in genes asso-
ciated with dilated cardiomyopathy (DCM) have been
identified in females with PPCM,*"® including evidence
that equivalent fractions of females with PPCM and DCM
have DCM-relevant genetic findings.”® However, whether
genetics is only a contributing factor or constitutes a pri-
mary causal basis for PPCM has not been resolved.

To address this question, we analyzed data from the
family-based DCM Precision Medicine Study with its
central hypothesis that most of DCM has a genetic
basis.' The study enrolled 1220 DCM probands
(patients), of which 44% were female, and 1693
first-degree relatives (FDRs)."" The FDRs provided a
unique opportunity to evaluate the role of genetics in
females with PPCM as compared with those with DCM,
as this study postulated that if PPCM shared a com-
mon genetic basis with DCM, the risk of DCM or a
partial DCM (pDCM) phenotype among the FDRs of
females with PPCM would be similar to that in FDRs
of females with DCM. Conversely, if DCM-relevant
genetic risk factors did not contribute to PPCM, the
FDRs of females with PPCM would have a much lower
risk of DCM and pDCM. This was tested by evaluating
the FDRs of female probands from the DCM Precision
Medicine Study who had been pregnant at least once
with PPCM or DCM. The genetic findings for females
with PPCM were also compared with DCM and with
general population estimates from the UK Biobank
study.

Peripartum cardiomyopathy (PPCM) is defined as left
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METHODS

Participants

The DCM Precision Medicine study was a cross-sectional
study of families at 25 US clinical sites; patients with DCM
(probands) and FDRs were enrolled between June 2016 and
April 2021.'%"" All probands met criteria for DCM, defined as
LV systolic dysfunction (LV ejection fraction <60%) and LV
enlargement with other identifiable clinical causes, except
genetic, excluded.'®"" Cardiac magnetic resonance imaging
data, when available, validated DCM diagnoses.'? The institu-
tional review boards at the Ohio State University and all clinical
sites approved the initial study, followed by single institutional
review board oversight at the University of Pennsylvania. All par-
ticipants gave written informed consent. The data that support
the findings of this study are available from the corresponding
author on reasonable request.

Probands assigned as female at birth and with a history
of pregnancy were included in this analysis (Figure 1). PPCM
cases were females who met the above definition of DCM dur-
ing pregnancy or within 5 months of the postpartum period. All
other female probands were assigned to the DCM group for
comparison.

Data Collection

Clinical data were collected and centrally adjudicated to con-
firm DCM in probands, and DCM, pDCM, or neither in FDRs,
as previously described.""'®* pDCM was defined in FDRs as
LV enlargement or a LV ejection fraction <60%, as previously
defined."" The rationale for use of pDCM phenotypes is based
on prior experience with this approach by others, where family
studies have shown that approximately one-third of asymptom-
atic relatives had echocardiographic abnormalities at the time
of their clinical screenings, *6% had DCM, 16% to 20% had
LV enlargement, and 3% to 6% had LV systolic dysfunction.'*'
During follow-up evaluation, LV enlargement'“"'¢'8 or LVSD'®!7
both independently predicted DCM progression.

Participant demographic information, health history, and
cardiovascular clinical data were obtained through structured
interviews and review of medical records, including data for all
females regarding pregnancy history.’%'"'® Research exome
sequencing of probands was conducted, and data processed
as described previously.'®?° Rare protein-altering variants in 36
genes considered relevant for DCM at the development of the
study,'® including the 19 genes classified as definitive, strong,
and moderate evidence by the Clinical Genome Resource,?!
were identified and interpreted according to American College
of Medical Genetics/Association for Molecular Pathology and
Clinical Genome Resource—based criteria tailored to DCM."%2°

The DCM Consortium is aware of issues for the collection,
analysis, presentation, and discussion of race, ethnicity, and
ancestry and has adopted recommended approaches.?? Self-
reported race and ethnicity data were included in this study
because of their relevance for health outcomes; they were
self-reported by participants using structured race (Native
American or Alaska Native, Asian, African-American, Native
Hawaiian or Pacific Islander, White, >1 race, or unknown) and
Hispanic ethnicity (yes, no, or unknown) categories. Genomic
ancestry proportions in probands were estimated from lllumina
Global Screening Array genotypes and used to assign individu-
als to groups based on predominant ancestry as previously
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Probands consented (n = 1265)

Withdrawn from study (n = 41)
- Inclusion criteria not met (n = 26)
- Withdrew consent (n = 10)
- Unable to complete study assessments (n = 5)

Probands enrolled (n = 1224)

Failed sequencing or array-based
genotyping (n = 15)
- Missing exome data (n = 4)
- Missing array-based genotype data (n = 11)

Probands sequenced and genotyped
(n =1209)

Failed array-based genotype quality
control (n = 4)
- Excess ancestry-adjusted heterozygosity (n = 2)
- Possible sample swap (n = 1)
- Third degree or closer relative of previously
enrolled proband (n = 1)

Probands passing array-based
genotype quality control (n = 1205)
- African ancestry group (n = 507)
- European ancestry group (n = 669)
- Native American ancestry group (n = 26)
- Other ancestry group (n = 3)

Did not meet analysis-specific requirements
(n=753)
- Not in target genomic ancestry group (n = 29)
- Sex assigned as male at birth (n = 662)
- Never been pregnant (n = 62)

Probands analyzed (n = 452)
- PPCM group (n = 67)
- DCM group (n = 385)

Figure 1. Selection of dilated cardiomyopathy (DCM) precision medicine study participants for analysis.

PPCM indicates peripartum cardiomyopathy.

described.?® Individuals not in the African ancestry (AA) or
European ancestry (EA) group were not analyzed due to small
numbers (n=29).

Statistical Analysis

Detailed statistical methods are provided in the Supplemental
Material. All statistical analyses were performed in SAS/
STAT version 15.2 software, version 9.4 (technical support
level 1, maintenance 7) of the SAS System for 64-bit Linux
(SAS Institute, Inc) and R version 4.2.2 (R Foundation, Vienna,
Austria). Statistical tests and Cls were 2-sided with «=0.05
unless otherwise noted.

Differences in the distributions of demographic and clini-
cal characteristics between females in the PPCM and DCM
groups within proband enrollment sites were assessed using
a generalized Cochran-Mantel-Haenszel test?*?* (categorical)
and the Boos-Brownie test?® of the relative effect (continuous),
both of which treat sites as random.

To estimate ancestry-specific prevalences of PPCM for
a proband at a typical US advanced heart failure program, a
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generalized linear mixed model for a logit-linked binary out-
come (PPCM or DCM) with covariates for ancestry group (AA
or EA), ethnicity (Hispanic or non-Hispanic), and enrollment
age quartile was fit to the proband data. The model included
a random intercept to adjust for enroliment site heterogeneity.
Marginally standardized prevalence estimates at a typical US
advanced heart failure program were calculated for probands
of AA and EA as described in the Supplemental Methods.

To investigate the potential association between PPCM
status and DCM-relevant rare variant findings, trinomial out-
comes were defined for each proband based on the number
of variants classified as pathogenic (P), likely pathogenic (LP),
or variant of uncertain significance (VUS; O, 1, or >1) and
the most deleterious variant identified (none, VUS, or P/LP).
These outcomes were modeled using a previously published
hierarchical logit mixed model®® with PPCM status, ances-
try group, ethnicity, and quartile of age at DCM diagnosis as
fixed effects and proband enrollment site random effects to
account for potential site heterogeneity. The Morel-Bokossa-
Neerchal bias—corrected empirical covariance estimator with
sites as independent units was used to counter the well-known
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downward bias in model-based covariance estimates.?®?” In
addition to odds ratios comparing groups, this model fit was
used to obtain marginally standardized estimates of outcome
probabilities at a typical US advanced heart failure program, as
described in the Supplemental Methods. In addition, a logistic
regression model with PPCM status, ancestry group, ethnicity,
and quartile of age at DCM diagnosis fixed effects was used
to estimate the prevalence of P/LP findings in the population
of PPCM probands for comparison with a general popula-
tion prevalence estimate from a prior UK Biobank study,”® as
described in the Supplemental Methods.

Variants were grouped by the PPCM classification of the
study proband(s) in whom they were identified (PPCM, DCM,
or both). Variant characteristics were compared using the exact
Pearson %2 test for nominal variables and the Kruskal-Wallis
test for continuous variables. For post hoc pairwise compari-
sons between PPCM classifications, Holm-Bonferroni cor-
rected exact Monte-Carlo Pvalues for the 2 test involving only
those 2 groups, or Dwass-Steel-Critchlow-Fligner multiplicity-
adjusted P values based on pairwise Wilcoxon rank sum tests
were used.?*® The exact Monte-Carlo P value estimate based
on 100000 replicates was used for the Pearson X2 test.

Data on the DCM or pDCM status of each enrolled FDR
at enrollment were used to model age-specific cumulative
risks using a previously published approach.” In this approach,
the unobserved age at disease onset in FDRs was assumed
to have a marginal distribution with a Weibull baseline survi-
vor function influenced by covariates and site random effects
through a proportional hazards model. Covariates included
proband PPCM status, ancestry group, ethnicity, and age at
diagnosis quartile and FDR biological sex. This model was fit
as a generalized estimating equation-type generalized linear
mixed model?**" with a binary outcome (presence or absence
of DCM or DCM/pDCM), complementary log-log link, and
working independence correlation structure using residual
subject-specific pseudolikelihood; intrafamilial correlation was
accounted for by using the Morel-Bokossa-Neerchal bias—cor-
rected empirical covariance estimator with sites as indepen-
dent units.?® In addition to conditional hazard ratios comparing
groups at a particular site, this model fit was used to obtain
estimates of age-specific cumulative risk among the lowest-
risk FDRs of non-Hispanic EA probands with PPCM or DCM
at a typical US advanced heart failure program and to estimate
DCM prevalence among such FDRs of patients with PPCM
seen at these programs for comparison to general population
DCM prevalence estimates from a prior UK Biobank study,*? as
detailed in the Supplemental Methods.

RESULTS

Of 1203 probands, 452 female probands with >1 preg-
nancy were evaluated (Figure 1), including 67 with
PPCM and 385 with DCM. The principal differences
observed between females with PPCM and DCM were
an earlier age of diagnosis and an earlier age of study
enrollment (Table 1). There was a higher percentage of
Black (self-identified) probands in the PPCM group, but
these differences were not statistically significant.

From the 452 female probands, 665 FDRs were
available for analysis (Table 2). The demographics of
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both groups were similar regardless of their proband’s
assignment as PPCM or DCM.

Ancestry-Specific PPCM Prevalence Estimates
in Probands

The prevalence of PPCM was estimated separately
for AA and EA probands using the model in Table S1.
Among AA probands, the estimated prevalence of PPCM
was 16.8% (95% CI, 11.1%-22.6%). For a similar pop-
ulation of EA probands, the estimated prevalence was
14.4% (95% ClI, 7.6%-21.2%). The mean difference in
PPCM prevalence between ancestries was 2.4% (95%
Cl, —6.8% to 11.6%), with no statistically significant
difference.

Genetic Findings in Probands With PPCM
Versus DCM

A detailed tabulation of P/LP/VUS variants by gene
and PPCM status of the proband(s) in whom they were
found is provided (Table S2). The model-based estimates
of the prevalence of harboring a variant classified as P/
LP/VUS among AA and EA probands with PPCM at a
typical US heart failure program were 55.4% (95% Cl,
33.1%-777%) and 66.0% (95% Cl, 38.6%-93.3%),
respectively (Table 3). These prevalences were simi-
lar among probands with DCM within each ancestry
(Table 3), reflecting similar odds of P/LP/VUS findings
in probands with PPCM or DCM (odds ratio, 0.79 [95%
Cl, 0.25-2.49]; Table 4).

The prevalence of harboring a variant classified as P/
LP among AA and EA probands with PPCM were 7.8%
(95% ClI, 0.0%-15.7%) and 29.56% (95% CI, 12.56%-—
46.5%), respectively (Table 3). The difference in preva-
lence by ancestry reflected substantially lower odds of
having at least 1 P/LP for AA compared with EA pro-
bands with at least 1 P/LP/VUS variant (odds ratio, 0.20
[95% CI, 0.09-0.44]; Table 4). The prevalence of harbor-
ing a P/LP variant was similar in probands with PPCM
and DCM within each ancestry group, reflecting similar
odds of harboring P/LP/VUS variant noted above as
well as similar odds of a P/LP variant among probands
with at least 1 P/LP/VUS variant (odds ratio, 1.12 [95%
Cl, 0.39-3.24]; Table 4).

Using a simplified model with a variant set harmonized
with a UK Biobank study?® (Comparison of Prevalence
of Harboring P/LP Variants in PPCM Probands With UK
Biobank in the Supplemental Methods), the estimated
prevalence of P/LP variants among the population of EA
probands with PPCM at US advanced heart failure pro-
grams was 26.6% (95% Cl, 12.6%—-40.6%) compared
with 0.6% in the general population as represented in
that study?® (Supplemental Methods).

PP/LP/VUS variants were classified depending on
the PPCM classification of the proband(s) in which they
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Table 1. Demographic and Clinical Characteristics of Female Probands With DCM, by PPCM
Classification
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PPCM (n=67) DCM (n=385) P value*
Characteristic
Predominant genomic ancestry,t n (%)
African 38 (56.7) 167 (43.4) 0.33
European 29 (43.3) 218 (56.6)
Self-identified race, n (%)
Black 38 (56.7) 171 (44.4) 0.43
White 29 (43.3) 213 (65.3)
More than 1 race 0 (0.0) 1(0.3)
Continental ancestry proportion, mean (SD)
African 0.48 (0.41) 0.37 (0.40) 0.15
European 0.47 (0.40) 0.59 (0.39) 0.28
Native American 0.02 (0.07) 0.02 (0.06) 0.43
East Asian 0.01 (0.01) 0.01 (0.08) 0.18
South Asian 0.02 (0.03) 0.02 (0.02) 0.001
Self-identified Hispanic ethnicity, n (%) 6 (9.0) 20 (5.2) 0.19
Age at enrolment, y, median (IQR) 41.6 (33.1-48.6) 56.2 (46.2-64.5) <0.001
Age at diagnosis, y, median (IQR) 29.7 (24.4-34.5) 47.4 (39.8-55.6) <0.001
BMI, median (IQR) 29.8 (26.2-36.3) 30.3 (26.1-35.7) 0.40
Comorbidities, n (%)
Hypertension 28 (41.8) 202 (52.5) 0.051
High cholesterol 8(11.9) 110 (28.6) 0.005
Diabetes 15 (22.4) 92 (23.9) 0.57
Cancer 1(1.5) 17 (4.4) 0.33
Lung disease 2 (3.0 25 (6.5) 0.32
Asthma 11 (16.4) 75 (19.5) 0.32
Presenting symptoms, n/no. avail., %
Dyspnea on exertion 26/ 66 (39.4) 166/ 384 (43.2) 0.76
Edema 19/ 66 (28.8) 104/ 384 (27.1) 0.45
Orthopnea 17/ 66 (25.8) 105/ 384 (27.3) 0.69
Weight gain 13/ 66 (19.7) 76/ 384 (19.8) 0.87
Fatigue 25/ 66 (37.9) 164/ 384 (42.7) 0.26
Palpitations 20/ 66 (30.3) 99/ 384 (25.8) 0.35
Syncope 4/ 66 (6.1) 37/ 384 (9.6) 0.25
Arrhythmia 10/ 66 (15.2) 62/ 384 (16.2) 0.85
Asymptomatic 0/ 66 (0.0) 19/ 384 (5.0) 0.02
Blood pressure measures, median (IQR) [no. avail ]+
Systolic, mmHg 112 (100-120) [55] 114 (108-126) [319] | 0.51
Diastolic, mmHg 72 (63-78) [55] 70 (63-77) [319] 0.80
Mean arterial, mmHg 85 (77-92) [55] 85 (77-93) [319] 0.88
Left ventricular ejection fraction, %, median (IQR) [no. avail.]§ | 23.0 (17.5-32.5) [66] 22.5 (16.0-30.0) 0.79
Left ventricular internal diastolic dimension, mm, median (IQR) | 61.0 (57.1-70.0) [66] 61.0 (57.0-68.0) 0.52
[no. avail.]§
Left ventricular internal diastolic dimension (Z score), median 4.4 (3.3-6.1) [66] 4.4 (3.2-5.9) 0.64
(IQR) [no. avail.]§||
Interventions (n/no avail.), %8§
Left ventricular assist device 10 (14.9) 66 (17.1) 0.91
Heart transplant 8(11.9) 40 (10.4) 0.51
(Continued)
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Table 1. Continued

Peripartum and Dilated Cardiomyopathy

PPCM (n=67) DCM (n=385) P value*
Biventricular pacemaker 5/ 66 (7.6) 67/ 371 (18.1) 0.13
Implantable cardioverter defibrillator 42/ 65 (64.6) 255/ 383 (66.6) 0.58

BMI indicates body mass index; DCM, dilated cardiomyopathy; IOR, interquartile range; No. avail, number available; and PPCM,

peripartum cardiomyopathy.

“For categorical variables, 2-sided P values are from a generalized Cochran-Mantel-Haenszel test using the general association
statistic, which is designed to detect within-site differences in the distribution of the row variable between PPCM and DCM that are con-
sistent across sites. For continuous variables, 2-sided P values are from the Boos-Brownie test of the relative effect, which is designed
to detect whether values in the PPCM group are systematically higher or lower than in the DCM group consistently across sites. Both

tests use proband enrollment sites as the primary sampling units.

tGenomic ancestry was determined based on global ancestry proportions inferred from array-based genotypes; an individual's
predominant ancestry group was defined as the continental ancestry group (African, East Asian, European, Native American, or South
Asian) accounting for the highest proportion of their genomic ancestry. Individuals with predominant continental ancestry other than
African or European ancestry were not analyzed due to small numbers (see Methods).

$Does not include measurements recorded after left ventricular assist device placement.

§The number available is not provided if it equates to the sample size defined in the column header.

|Calculated based on sex and height for all probands with heights of at least 137 cm.

were found, and their characteristics compared (Table
S3). Variants found only in the PPCM group were com-
parable in terms of pathogenicity classification, gene
evidence category, and predicted impact to those found
only in the DCM group. Those found only in the PPCM
group were similar to those found only in the DCM group
in terms of interpretation criteria met, although the for-
mer had a higher maximum alternate allele frequency in
gnomAD nonfounder populations (Table S4).

Familial Aggregation in PPCM Versus DCM

To understand familial aggregation of PPCM and DCM,
clinical imaging data in FDRs were assessed to deter-
mine whether a DCM or pDCM phenotype was present.
FDRs of AA probands had a higher hazard of both DCM
(Table Sb) and DCM/pDCM (Table 5) than FDRs of EA
probands after adjusting for FDR sex, proband enroll-
ment site, proband ethnicity, proband PPCM status, and
proband diagnosis age quartile. The hazard of DCM/
pDCM was also higher for FDRs of probands diagnosed
at younger ages (Table 5). Nonetheless, there was no
evidence supporting reduced familial aggregation in
FDRs of PPCM probands relative to those of female
DCM probands for either DCM (hazard ratio, 0.58 [95%
Cl, 0.23-1.47]; Table S5) or DCM/pDCM (hazard ratio,
0.77 [95% CI, 0.47-1.28]; Table 5). For an FDR of a
non-Hispanic EA proband with PPCM, the lowest esti-
mated DCM/pDCM risk by age 80 was 26.8% (95% Cl],
15.0%-45.0%) compared with 33.2% (95% ClI, 21.2%-—
49.5%) for an FDR of a proband with DCM (Figure 2).
For DCM risk by age 80, the corresponding estimates
were 12.2% (95% Cl, 4.5%-30.4%) and 20.0% (95%
Cl, 10.8%-35.3%). For a non-Hispanic EA proband with
PPCM, DCM prevalence among FDRs in the lowest-
risk category aged 40 to 69 years estimated from this
model (7.0% [95% ClI, 0%—14.1%)] females, 9.0% [95%
Cl, 1.6%—16.3%)] males) was higher than general popu-
lation estimates (0.30% females, 0.63% males) from a
prior UK Biobank study.?
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DISCUSSION

The family-based design of the DCM Precision Medicine
study offered a unique opportunity to assess the con-
tribution of genetics to PPCM by evaluating the pres-
ence of shared genetic risk of DCM in FDRs of females
with PPCM. Results from this analysis indicated that the
estimated prevalence of DCM/pDCM in FDRs of PPCM
probands was much higher than the general population
and that the hazard of DCM/pDCM in FDRs of PPCM
probands was not significantly lower than in FDRs of
female probands with DCM (hazard ratio, 0.77 [95%
Cl, 0.47-1.28]). In addition, the genetic findings in pro-
bands who had been pregnant were similar regardless
of whether they were diagnosed with PPCM or DCM,
expanding on results previously found by others.®*
Importantly, only female probands who had been preg-
nant at least once were included in the current analysis
so that all probands would have been exposed to any risk
arising from pregnancy. The availability of both PPCM
and DCM groups enrolled with the same inclusion/exclu-
sion criteria is a strength of this study, whereas previous
studies of PPCM have been less able to directly compare
PPCM to DCM. These complementary lines of evidence
demonstrate a shared heritable genetic risk in PPCM
similar to that which has been long established for DCM.

Although the genetic information identified in pro-
bands cannot be used for causal inference because
probands were identified for study due to their DCM or
PPCM phenotype, their FDRs were not identified based
on a DCM or PPCM phenotype but only due to their rela-
tionship to the proband. This provided the opportunity to
establish that similar genetic factors contributed to the
risk of PPCM and DCM in the probands by showing
that DCM/pDCM risk was similar and higher than in the
general population among their FDRs, who share these
genetic risk factors.

Most clinicians and much of the published litera-
ture consider PPCM to be fundamentally different from
DCM because it occurs during pregnancy. These data,
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Table 2. Demographic and Clinical Characteristics of
First-Degree Relatives of Female Probands With DCM, by
Proband PPCM Classification

First-degree First-degree
relatives of PPCM | relatives of DCM
probands; n=103 | probands; n=562
Characteristics
Biological sex, n (%)
Female 68 (66.0) 354 (63.0)
Male 35 (34.0) 208 (37.0)
Relationship to proband, n (%)
Parent 31 (30.1) 66 (11.7)
Full sibling 17 (16.5) 149 (26.5)
Child 55 (53.4) 347 (61.7)
DCM phenotype, n (%)
DCM 7 (6.8) 52 (9.3)
Partial DCM: left ventricular | 10 (9.7) 47 (8.4)
enlargement only
Partial DCM: left ventricular | 3 (2.9) 21 (3.7)
systolic dysfunction only
Normal 83 (80.6) 442 (78.7)
Age at enrolment, y, median 34.5 (17.5-58.5) 38.9 (27.6-56.1)
(IQR)
Left ventricular ejection 60.0 (65.0-65.0) | 58.0 (55.0-62.5)
fraction (%), median (IQR) [101] [555]
[no. avail.]
Left ventricular internal 48.0 (44.0-52.0) | 48.0 (44.0-52.0)
diastolic dimension, mm, [100] [554]
median (IQR) [no. avail.]
Left ventricular internal 0.1 (—1.1t0 1.4) 0.0 (—1.0t0 1.2)
diastolic dimension (Z score), | [96] [544]
median (IQR) [no. avail.]*

DCM indicates dilated cardiomyopathy; IQR, interquartile range; No. avail, num-
ber available; and PPCM, peripartum cardiomyopathy.

“Calculated based on sex and height for all first-degree relatives with heights
of at least 1562 cm (male) or 137 cm (female).

leveraging the causal inference from the analyses of
the clinical data of FDRs from women with PPCM or
DCM, suggest that PPCM is more likely an occurrence
of DCM related to DCM genetics before, during preg-
nancy, or soon after pregnancy. Because DCM is an age-
dependent genetic condition, whether pregnancy-related
factors triggered the onset or presentation of genetic
DCM in these women at an earlier age than would have
occurred without pregnancy remains uncertain despite
efforts to address that question.? Nevertheless, the
design and analyses of this study move consideration of
PPCM from a look-alike of DCM and a fundamentally
different condition to one that may be a subset of DCM
from a genetic perspective.

The relatively small fraction, here less than one-quarter
of PPCM and DCM probands, who carry P/LP variants
might lead one to conclude that genetics is relevant for
only a small fraction of patients with PPCM or DCM.
Three lines of evidence suggest a more expansive view
of the contribution of genetics to both PPCM and DCM.
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First, based only on imaging-confirmed DCM/pDCM in
FDRs in the whole DCM Precision Medicine Study cohort,
an estimated 56.2% (Black) or 60.6% (White) probands
would have at least one living FDR meeting criteria for
DCM/pDCM if all were screened with echocardiogra-
phy.!" This level of familial recurrence strongly supports
a genetic basis in more than half of all probands. Sec-
ond, the variant classification approach utilized for both
the parent study?® and this study was selected to meet a
highly stringent contemporary clinical standard in which
the emphasis was on ensuring that a P/LP designation
was not assigned without a very high level of evidence.
While appropriate for the use of variants for predictive
(family-based) cascade testing, this requirement likely
led to the underestimation of rare variant genetic causes.
Notably, nearly 45% of variants in the parent study were
classified as VUS, twice the number of Pic/LP variants.?°
Although it is likely that not all of the variants classified
as VUS were biologically relevant, it is also possible, if not
likely, that many may have biological relevance. In support
of this was the finding that analysis of VUSs in probands
was associated with DCM in FDRs in a prior study of
FDRs from this same cohort."”* We also note that one-
third of variants in the DCM Precision Medicine Study
were novel (ie, not present in any of the large population
databases), and, unless those novel variants were trun-
cating and thus much easier to classify as P/LP, nearly all
were classified as a VUS due to limited evidence.?® Finally,
this analysis has only focused on rare coding variants;
data suggest that common variants are relevant for DCM
risk,2*3% which has also been shown to be relevant for
PPCM.3¢ Also, possible intermediate effect variants not
yet identified in DCM (similar to those found for HCM®)
may also contribute to DCM genetic risk.

The utility of FDRs for assessing the impact of an envi-
ronmental factor in a population at heightened genetic
risk was also recently demonstrated in an analysis of the
full DCM Precision Medicine Study cohort to assess the
association between alcohol consumption and DCM. In
that analysis, rare variant genetics were associated with
prevalent DCM (odds ratio, 3.561, 95% Cl, 2.33-5.29) in
FDRs, but alcohol exposure was not independently asso-
ciated, nor did it modify the association between rare
variant genetics and DCM/pDCM in FDRs (P=0.55).38
As was the case with the analysis of DCM risk in FDRs
related to alcohol use® this study was focused exclu-
sively on assessing the underlying cause of PPCM/DCM
and not on factors that modify the penetrance or expres-
sivity of the putative genetic basis of PPCM. Such fac-
tors could include normal or aberrant pregnancy-related
physiology, such as severe hypertension."? Such factors
could trigger the clinical presentation of a genetic predis-
position. The resolution of such factors may also explain
the improvement of DCM after the peripartum period. It
is also well established that PPCM does not have onset
with a first pregnancy but can occur after 1, 2, or more
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Table 3. Variant Classification Results in Female Probands, by Ancestry and PPCM Classification

African; n=205 European; n=247
PPCM; n=38 DCM; n=167 PPCM; n=29 DCM; n=218
Crude Model-based* Crude Model-based* Crude Model-based* Crude Model-based*
Outcome | n (%) % (joint 95% CI) n (%) % (joint 95% CI) n (%) % (joint 95% CI) n (%) % (joint 95% CI)
Most deleterious variant identified
None 15 (39.5) 44.6 (22.3-66.9) 77 (46.1) 38.9 (19.7-58.2) 11 (37.9) 34.0 (6.7-61.4) 77 (35.3) 29.0 (18.5-39.6)
VUS 19 (50.0) 47.7 (25.2-70.1) 78 (46.7) 53.3 (32.5-74.1) 10 (34.5) 36.4 (7.9-64.9) 80 (36.7) 41.2 (27.5-54.8)
P/LP 4(10.5) 7.8 (0.0-15.7) 12 (7.2) 7.8 (1.1-14.4) 8 (27.6) 29.5 (12.5-46.5) 61 (28.0) 29.8 (15.5-44.2)
No. of P/LP/VUS variants identified
None 15 (39.5) 44.6 (22.4-66.7) 77 (46.1) 38.9 (19.8-58.1) 11 (37.9) 34.0 (6.8-61.3) 77 (35.3) 29.0 (18.6-39.4)
1 18 (47.4) 43.2 (19.2-67.3) 63 (37.7) 41.4 (24.8-58.0) 13 (44.8) 47.8 (16.0-79.7) 90 (41.3) 43.3 (31.6-55.0)
>1 5(18.2) 12.2 (1.4-23.0) 27 (16.2) 19.7 (9.2-30.1) 5(17.2) 18.1 (4.3-32.0) 51 (23.4) 27.7 (17.2-38.2)

DCM indicates dilated cardiomyopathy; LP, likely pathogenic; P, pathogenic; PPCM, peripartum cardiomyopathy; and VUS, variant of uncertain significance.

“Estimates from hierarchical logit mixed models for trinomial outcomes presented in Table 4 and the Morel-Bokossa-Neerchal bias—corrected estimate of their empiri-
cal covariance matrix with sites as independent units were used to obtain marginally standardized estimates of and delta method joint 95% Cls for outcome probabilities
for female probands in a particular ancestry group and PPCM classification. All Cls were produced using the standard normal distribution and the Bonferroni correction
over the 3 possible outcome categories. Each patient subpopulation defined by ancestry group and PPCM status was assumed to be balanced across the 2 youngest
age quartiles (€44.47 y of age) with a proportion of Hispanics equal to the 2021 US census population estimate (18.9%).3° As evidence of site heterogeneity was found
in both models, these estimates can be interpreted as applicable to 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.

pregnancies, a fact that has defied explanation, but may This analysis has used VUSs in probands to infer
be more fitting with genetics and its well-established age- ~ DCM risk to FDRs because our prior work has shown
dependent penetrance®® as an underlying causal factor. that the VUSs in probands in this cohort are associated

Table 4. Associations of PPCM Classification, Ancestry, Ethnicity, Sex, and Age at Diagnosis With Variant Classification
Results in Probands

Most deleterious variant No. of variants
P/LP vs VUS given P/LP/ >1 variant vs 1 variant given
P/LP/VUS vs none Vus 21 P/LP/VUS vs none 21 P/LP/VUS
Odds ratio Odds ratio Odds ratio Odds ratio
Predictor (95% CI)*t P value* | (95% CI)* P value* | (95% CI)*t P value* | (95% CI)*$ P value*
PPCM classification
PPCM 0.79 (0.25-2.49) 0.69 1.12 (0.39-3.24) 0.84 0.79 (0.25-2.48) 0.69 0.59 (0.19-1.85) 0.37
DCM 1.00 1.00 1.00 1.00
Ancestry group
African 0.64 (0.37-1.12) 0.12 0.20 (0.09-0.44) <0.001 0.64 (0.37-1.12) 0.12 0.74 (0.44-1.25) 0.26
European 1.00 1.00 1.00 1.00
Self-reported ethnicity
Hispanic 1.11 (0.35-3.57) | 0.86 0.76 (0.23-2.50) | 0.66 1.11 (0.35-3.54) | 0.86 1.47 (0.48-4.53) 0.50
Non-Hispanic 1.00 1.00 1.00 1.00
Diagnosis age quartile
1: [9.78-34.99] 1.00 1.00 1.00 1.00
II: [35.01-44.47] 0.82 (0.43-1.58) 0.55 0.75 (0.32-1.73) 0.50 0.82 (0.43-1.56) 0.55 0.89 (0.34-2.36) 0.82
Ill: [44.48-54.09] 0.65 (0.32-1.34) 0.25 0.89 (0.32-2.45) 0.83 0.65 (0.32-1.33) 0.24 0.72 (0.28-1.82) 0.49
IV: [64.21-78.31] 0.50 (0.27-0.95) 0.03 1.00 (0.83-3.05) 1.00 0.50 (0.27-0.94) 0.03 1.05 (0.85-3.12) 0.93

DCM indicates dilated cardiomyopathy; LP, likely pathogenic; P, pathogenic; PPCM, peripartum cardiomyopathy; and VUS, variant of uncertain significance.

*Odds ratios and Wald 95% Cls from hierarchical logit mixed models for trinomial outcomes based on the most deleterious P/LP/VUS variant identified (none, VUS,
or P/LP) and the number of P/LP/VUS variants identified (O, 1, or >1) were adjusted for all other variables shown in the table. Two-sided Wald P values are for the null
hypothesis that the odds ratio is 1. All Pvalues and Cls were produced using the Morel-Bokossa-Neerchal bias—corrected estimate of the empirical covariance matrix
and the standard normal distribution.

tAs evidence of site heterogeneity was found, these estimates can be interpreted as comparing patients with DCM within the same US advanced heart failure pro-
gram.

$As no evidence of site heterogeneity was found, these estimates can be interpreted as comparing patients with DCM within the same US advanced heart failure
program or between any 2 such programs.
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Table 5. Model Fit for Age-Specific Cumulative Risk of DCM or Partial DCM in a
First-Degree Relative of a Female Proband With PPCM or DCM

Parameter* Estimate SE Hazard ratio (95% CI) | Pvalue
Fixed effects
Weibull baseline survivor function parameterst
a —4.0830 0.7915
b 0.7436 0.2286
Proband PPCM classification
PPCM —0.2575 0.2570 0.77 (0.47-1.28) 0.32
DCM 0 1.00
First-degree relative sex
Female 0.06483 0.2365 1.07 (0.67-1.70) 0.78
Male (o] 1.00
Proband ancestry group
African ancestry 0.3688 0.1680 1.45 (1.04-2.01) 0.03
European ancestry 0 1.00
Proband self-reported ethnicity
Hispanic —0.2249 0.3976 0.80 (0.37-1.74) 0.57
Non-Hispanic 0 1.00
Proband diagnosis age
1: [9.78-34.99] 0 1.00
II: [35.01-44.47] —0.08501 0.3033 0.92 (0.51-1.66) 0.78
Il: [44.48-54.09] —0.1198 0.3100 0.89 (0.48-1.63) 0.70
IV: [64.21-78.31] —0.5965 0.3070 0.55 (0.30-1.01) 0.052
Variance components
Site (osite2) 0.03904 0.05139
Residual 0.9958 0.05543

DCM indicates dilated cardiomyopathy; and PPCM, peripartum cardiomyopathy.

*Parameters of a Weibull proportional hazards model for age-specific cumulative risk were estimated using
a generalized estimating equation-type generalized linear mixed model with a binary outcome (presence or
absence of DCM/partial DCM), complementary log-log link, random proband enroliment site intercept, and
working independence correlation structure fit using residual subject-specific pseudolikelihood. Bias-corrected
robust standard errors were obtained using the Morel-Bokossa-Neerchal correction with sites as independent
units. Two-sided P values and Wald 95% Cls were calculated using the standard normal distribution. Hazard

ratios and their 95% Cls were obtained by exponentiating corresponding estimates on the model scale.
taand b are parameters of the Weibull baseline survivor function of the form S t=exp[—exp(a)t‘]; 665 first-
degree relatives (103 of PPCM probands and 562 of DCM probands) contributed to this analysis.

with DCM risk in FDRs.'® We clarify that a VUS identified
in a proband is not recommended to be used for pre-
dictive testing of that proband’s FDRs, per usual clinical
genetic testing guidelines. 041

Despite these data suggesting a more substantial
genetic basis than reflected in the prevalence of P/LP
variants, current data are insufficient to prove that most
or all of DCM or PPCM has a genetic basis, which awaits
larger confirmatory studies. Nevertheless, these findings
are highly relevant for clinical care because they sug-
gest that a genetic evaluation is indicated for all females
who have PPCM, which is still considered elective by
many cardiologists, or only indicated with a compelling
family history of DCM. A genetic evaluation includes
a careful family history for cardiovascular disease and
genetic testing with pretest and posttest counseling.*?
The knowledge derived from such a genetic evaluation

Circ Genom Precis Med. 2026;19:e00554 1. DOI: 10.1161/CIRCGEN.125.00554 1

will directly contribute to the care of the patient’s car-
diomyopathy and may also inform her considerations
for possible future pregnancies. Genetic information
can also contribute to family-based care, including risk
assessments for heritable cardiomyopathy in FDRs,*
including any children of a patient with PPCM.

The findings of this study are also highly relevant for
public health, as PPCM is a leading cause of maternal
mortality,®> and maternal mortality driven in large part by
PPCM is higher in Black females for a variety of rea-
sons beyond genetics, including social determinants
of health.345%5 The evidence provided here that DCM
genetics are also key to assessing PPCM risk is rele-
vant for all females with PPCM, but particularly so for
females of AA due to disparities in access, genetic test-
ing utilization, and representation in genetic databases
for non-European individuals.*®#” Complicating genetic
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Figure 2. Model-based estimates of age-specific cumulative risk of dilated cardiomyopathy (DCM)/partial DCM among the
lowest-risk first-degree relatives of probands with either peripartum cardiomyopathy (PPCM) or DCM.

A Weibull proportional hazards model for age-specific cumulative risk was fit to cross-sectional data on disease status at enrollment from
first-degree relatives (Table 5). Age-specific cumulative risks and 95% Cls of DCM/partial DCM are presented for female (A) and male (B)
first-degree relatives of female Non-Hispanic European probands diagnosed with DCM or PPCM between ages 35.0 and 44.5 years seen at a
typical US advanced heart failure program, defined as one at the mean or mode of the random effects distribution describing the population of

such programs.

assessments of PPCM and DCM for individuals of AA
is the currently incomplete knowledge of the differences
in the genetic architecture of DCM in AA versus EA°
as the fraction and number of P/LP variants, particu-
larly of TTN truncating variants, were lower in probands
of AA compared with EA2° Although the data from this
study did not show increased risk of PPCM in females
of AA compared with females of EA, prior data sug-
gest that DCM risk, more generally, may be increased in
individuals of AA relative to individuals of EA. Our find-
ings of increased age-specific cumulative risks of DCM
(hazard ratio, 2.18 [95% CI, 1.39-3.43];P”=0.001) and
DCM/pDCM (hazard ratio of 1.45; 95% Cl 1.04-2.01;
P=0.03) among FDRs of AA female probands shown in
this study support this possibility. An earlier case-control
study also observed an increased risk in both male and
female patients of AA with DCM.*® Our prior family-based
observations also support a possible increased risk of
DCM in AA, where the estimated prevalence of familial
DCM was higher in Black probands than in White pro-
bands (difference, 11.3% [95% ClI, 1.9%-20.8%]) and
the model-based estimates of age-specific cumulative
risk were higher in FDRs of Black probands compared
with those of White probands.!” The full bases for these

Circ Genom Precis Med. 2026;19:e00554 1. DOI: 10.1161/CIRCGEN.125.00554 1

differences of AA and EA remain to be identified, which
could include variable environmental factors, a rare vari-
ant shown to confer risk in AA%” that was not measured
in this study, common genetic risk, or social determinants
of health, as previously discussed.?

Limitations

Large Cls were related to the limited numbers of patients
with PPCM, which limits more robust conclusions for
this study. The limited number of patients with PPCM
was also insufficient to conduct sensitivity analyses for
combining DCM and pDCM cases, which could have
strengthened the study analysis. A much larger family-
based cohort of systematically enrolled females with
PPCM and DCM with complete pregnancy clinical data,
for example, gravidity, parity, pregnancy timing, etc, before
presentation of DCM, and all comorbidity data (eg, hyper-
tension, preeclampsia, diabetes, multiparity) is needed to
confirm and extend these observations. Furthermore,
identification of the onset of DCM as strictly meeting the
criteria for PPCM, as compared with antecedent DCM
that becomes apparent during pregnancy, is challenging,
as such a study design would require imaging to detect
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clinically silent partial or full DCM before pregnancy. We
acknowledge that the debate regarding PPCM as an
entity fully unrelated to DCM or DCM genetics continues
with alternative hypotheses, as reviewed.'? Long-term
outcomes data would also provide additional information
regarding genetic risk. Also, females with PPCM but with-
out LV dilation would have been excluded, as LV dilation
was an inclusion criterion for all probands, and a smaller
LV diameter has been associated with increased likeli-
hood of recovery of function.*® Because probands were
recruited from advanced heart failure clinics, our results
may not be generalizable to all patients with PPCM. Nev-
ertheless, the patients with PPCM reported here repre-
sent a cohort with advanced disease and undoubtedly an
outsized contribution to maternal morbidity and mortality,
providing relevant findings for the field. Only probands
had exome data generated, limiting analysis of FDR
genetics, which, for any future larger studies, will aug-
ment FDR clinical data.

Conclusions

The risks of DCM or pDCM in FDRs of female probands
with PPCM were similar to those in FDRs of female pro-
bands with DCM, and the prevalence of DCM in their
FDRs in both groups was much higher than in the gen-
eral population. Also, the prevalence of P/LP and P/LP/
VUS findings among females with PPCM was not differ-
ent from that of females with DCM, and the prevalence of
P/LP findings in EA probands was far higher than in the
general population. These results provide complemen-
tary lines of evidence supporting a shared genetic basis
for PPCM and DCM. This study suggests that genetic
evaluations are indicated for all females with PPCM.
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Supplemental Methods
Statistical Methods

Throughout, let k = 1, ...,28 index the proband’s enrollment site, j = 1, ..., n, index the probands at site k, and i =
1,...,njy index the included first-degree relatives of proband jk. Twenty-six enrollment sites were advanced heart
failure programs (one was inactivated after 3 probands were enrolled leaving 25 who completed the study), one was
a geographically remote satellite site of a such 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.

Generalized Cochran-Mantel-Haenszel Test with Randomly Selected Sites

The test statistic Tg;, = G'V; 1G was used with proband enrollment sites as primary sampling units, which treated site
effects as random in a manner consistent with our more complex models.?* 2* The statistic G was determined by the
row and column scoring appropriate for a general association hypothesis, and V; was its sample covariance matrix
across sites. Two-sided p-values were calculated by comparing (q — df)Tg./ (df (q - 1)) to a F(df,q —df)
distribution, where q is the number of sites and df = (R — 1)(C — 1) for a table with R rows and C columns. The p-
value is designed to detect within-site differences in the distribution of the column variable across rows that are
consistent across sites.

Boos-Brownie Test with Randomly Selected Sites

The relative effect for site k, 6y, is the probability that a randomly selected value from the peripartum cardiomyopathy
(PPCM) group was greater than a randomly selected value from the dilated cardiomyopathy (DCM) group.?> % If a
variable has no tendency to take larger or smaller values in PPCM patients compared to DCM patients at a particular
site, then 8, = 1/2 . The 6, for each informative site with at least one proband in each group was estimated from the
within-site midranks of the continuous variable, and the test statistic V;, which is a one-sample t statistic for the null
that the mean of these estimates across sites equals 1/2, was used to test the null hypothesis that 8, = 1/2 for all k.2
Like Ty, V; treats site effects as being random and is asymptotically normally distributed as the number of sites g
grows large.?> Two-sided p-values were calculated by comparing V; to a t distribution with ¢ — 1 degrees of freedom.
The p-value is meant to detect variables that tend to take larger or smaller values in PPCM patients compared to DCM
patients consistently at each site.

Logit Model for Ancestry-Specific Prevalence of PPCM Among Female Probands

For proband j at site k , let [y =1 (European),2 (African) denote the ancestry group, mj, =
1 (Non-Hispanic), 2 (Hispanic) denote the ethnicity, 7j, = 1, 2, 3, 4 denote the enrollment age quartile, and Y}, denote
the binary outcome equaling 1 if the proband had PPCM and 0 otherwise.

The target of inference was the probability of PPCM in an eligible proband conditional on site and other variables
included in the model. A generalized linear mixed model (GLMM)?! for the binary disease classification was defined
using the logit link as follows:

mj, = logistic (u +ay, + Bmy TV + ak) (D

where pu, Ay s ﬂmjk, and Vrjy are fixed effects with a; =, =y, =0, and a,~N(0,02,) are random effects
independently distributed across sites.

Under this model, exp(a;) is the ratio of the odds of having PPCM in a proband in ancestry group [ to those in a
comparable proband in the European ancestry group (I = 1). The odds ratios exp(f3,,) and exp(y,) are interpreted
similarly. If 63,, > 0, all odds ratios can be interpreted as comparing probands within the same US advanced heart
failure program. However, if 64, = 0, these odds ratios can also be interpreted as comparing probands between any
two such programs.

Parameters of the model in (1) were estimated using residual subject-specific pseudolikelihood (RSPL)?" 330 as
implemented in SAS/STAT PROC GLIMMIX. This approach is based on fitting an approximating linear mixed model
to a transformed pseudo-response and works well for nearly continuous outcomes or discrete outcomes when there



are a large number of observations per independent unit (i.e., site).?”> 3! 3% 5! Standard linear mixed model inferential
procedures can then be applied to the resulting fixed effects estimates, which have an approximate multivariate normal
distribution centered at the true parameter values.””-3! Inference on the model effects was performed using the Morel-
Bokossa-Neerchal (MBN) bias-corrected estimate of the empirical covariance matrix and the standard normal
distribution.?® 27 Odds ratios as well as their Wald 95% confidence intervals (CIs) and two-sided Wald p-values for
the null hypothesis that the odds ratio was 1 are shown in eTable 1. This model was also used to obtain ancestry-
specific marginally standardized estimates of outcome probabilities for probands seen at US advanced heart failure
programs, as described below.

Hierarchical Logit Models for Trinomial Outcomes in Probands

Our previously published model® for trinomial outcomes was adapted for the current analysis; its development is
recapitulated below with modifications specific to the current analysis. For proband j at site k, let [ =
1 (European), 2 (African) denote the ancestry group, mj, = 1 (Non-Hispanic), 2 (Hispanic) denote the ethnicity,
Tix = 1,2, 3, 4 denote the DCM diagnosis age quartile, s;;, = 1 (DCM), 2 (PPCM) denote the disease classification,
and Y, = (ijl, Yio: YVigs = 1 =Yy — ijz) be a vector of indicator variables, where Yy, = 1 and Yj,..r = 0 for ¢’ #
c if proband jk is in category c of three possible mutually exclusive and exhaustive categories. Conditional on
proband enrollment site and covariates, this random vector is a single trial from a multinomial distribution with
parameters (thkl, Tk, 1 — Ty — njkz). Using the well-known factorization of the multinomial probability into
binomial conditional probabilities along with reparameterization yields:>?

Y 1-Y k2 Vil 11 — k1~ k2
— Yijioa “Yjka J J J
Pr(vu) = (1 = m)' e ()

>1—ij1—ij2

1- Tk 1-— Tkt
Y; 1-Y; Y; LYo —y s
= pjléllﬂ(l - pjkl) Jklpjgz(l — pjk_z) jk17Y jkz2 o
Pjk1 if Yy, = (1,0,0)

(1 - ij1)ijz if Y;, = (0,1,0)
(1=pja)(1 = pjrz) if Vi = (0,0,1)

where pjyq = Tjx,, the marginal probability of falling in category 1, and pjx, = Tjx,/ (1 - njkl), the probability of
falling in category 2 conditional on not falling in category 1 (or conditional on falling in categories 2 or 3).

The probabilities pjy; and pjy, for proband j at site k were modeled as a function of disease classification, ancestry
group, ethnicity, and DCM diagnosis age quartile fixed effects as well as a random effect to account for site
heterogeneity using the logit link:

logit(pjkg) = (g + g + ﬁmjkg + Yrjg + 55jkg T Upg 3)

where (g, ®ijrgs ,ijkgs Vrikg> and 6Sjkg are fixed effects with @;4 = By =14 = 615 =0 for g = 1,2 and u, =

U 012 0'22

distributed across sites.

u of  o15]) . . ‘ o
kl] ~N (0,[ ! 12]) is a vector of random effects with an unstructured covariance matrix independently

Equations (2) and (3) define a GLMM?"-3! in which the marginal likelihood for each independent unit (i.e., site) with
n,, probands is given by:

+o Mg/ 1[Yjr=(1,0,0)

L,(8,0) = ﬂ 1_[ Pjit ][(1—ij1)ij2]

- =1 X [(1 - ijl)(l - ijz)]l[yjkz(o'al)]

where 0 denotes the fixed effects parameters in pj; 4, 6 denotes the variance components, and ¢ is the multivariate
normal density. Note that this likelihood component is identical to one that would be obtained if a proband with Yj;, =
(1,0,0) had one observation that was a success for a binary random variable with success probability p;x; a proband
with Y, = (0,1,0) had two observations, a failure and a success, for conditionally independent binary random
variables with respective success probabilities pj,; and pjy,; and a proband with Y;; = (0,0,1) had two observations,
both failures, for conditionally independent binary random variables with respective success probabilities pj; and

1[Y;=(0,1,0)]
D (Upeq, Upz, 0)duge1 Uy, 4)



Djkz- The marginal likelihood comprising the product of components in (4) across sites can therefore be maximized

using standard GLMM software applied to a binary outcome with one or two observations per proband obtained as
defined above.

Under this model, exp(a;,) is the ratio of the odds having an outcome in category 1 in a proband in ancestry group [
to those in a comparable proband in the European ancestry group (I = 1). Likewise, exp(«a;;) is the ratio of the odds
of having an outcome in category 2 in a proband in ancestry group [ who did not have an outcome in category 1 to
those of a comparable proband in the European ancestry group. The odds ratios exp(S,1), eXp(Bmz2)> exp(Vr1)s
exp(¥r2), €xp(8gq), and exp(8,) are interpreted similarly. If 62 > 0, all odds ratios for that k can be interpreted as
comparing probands within the same US advanced heart failure program. However, if 62 = 0, these odds ratios can
also be interpreted as comparing probands between any two such programs.

Parameters of the model in (3) and (4) were initially estimated using RSPL?"- 3! 3% as implemented in SAS/STAT
PROC GLIMMIX. Due to the Cauchy-Schwartz inequality, 6;, = 0 unless both 6% and 63 are non-zero, so initial
model fits used a variance components structure in which o;, = 0 to determine if there was any evidence of site
heterogeneity for either or both outcomes. The model fits for both outcomes yielded estimates of zero for 63 only, so
the models were refit using RSPL including u,, only. Odds ratios as well as their Wald 95% Cls and two-sided Wald
p-values for the null hypothesis that the odds ratio was 1 are shown in Table 4. All p-values and Cls were produced
using the MBN bias-corrected estimate of the empirical covariance matrix and the standard normal distribution.?% 27
This model was also used to obtain marginally standardized estimates of outcome probabilities for probands with a
particular disease classification seen at US advanced heart failure programs, as described below.

Comparison of Prevalence of Harboring P/LP Variants in PPCM Probands with UK Biobank

The prevalence of harboring P/LP variants in a common set of genes was compared between PPCM probands from
the DCM Precision Medicine Study and the general population of European ancestry based on the data provided by
Shah and colleagues.?® These authors applied several filtering strategies to identify putatively pathogenic rare variants
in a set of DCM genes among 18665 individuals (96.8% White) from the UK Biobank. The one most similar to the
one used by the DCM Precision Medicine Study was the InterVAR FAF strategy, which used ACMG-based variant
interpretation and a filtering allele frequency of <8.4 x 10~°. To obtain the best comparison possible between the two
studies, we considered variants only in genes that were also included in the DCM Precision Medicine Study, which
eliminated 40 individuals harboring P/LP variants in CTF1, DTNA, GATAD1, MYL2, NKX2-5, OBSCN, PLEKHM?2,
PRDM16, PSEN2, TBX20, and TNNI3K (see their Table S8). The estimated prevalence of harboring P/LP variants in
the European ancestry general population obtained from this study was therefore (154 — 40)/18665 = 0.6%.

For the DCM Precision Medicine Study, we eliminated variants in three genes not considered by Shah and colleagues,
which included CRYAB, PDLIM3, and PKP2 (none P/LP). We also eliminated 1 variant classified as P/LP in the DCM
Precision Medicine Study with alternate allele frequency >8.4 x 107 in at least one gnomAD v2.1.1 non-founder
population.®* A GLMM for binary carrier status of proband j at site k for the remaining P/LP variants was defined
using the logit link as follows:

logit(njk) =ty + By + ¥y T 05, (5)

where [;; = 1 (European), 2 (African) denotes the ancestry group, m;;, = 1 (Non-Hispanic), 2 (Hispanic) denotes the
ethnicity, 75, = 1, 2, 3, 4 denotes the DCM diagnosis age quartile, sj, = 1 (DCM), 2 (PPCM) denotes the disease
classification, and p, s ﬁmjk, Vrjio and 5Sjk are fixed effects with a; = ; =y, =8, = 0, and u,~N(0,02%,) are
random effects independently distributed across sites.

Parameters of the model in (5) were initially estimated using RSPL?" 3! 30 as implemented in SAS/STAT PROC
GLIMMIX. This model fit yielded an estimate of zero for 6%, in which case the model reduces to a standard
generalized linear model for a binary outcome with independent observations and RSPL is equivalent to maximum
likelihood. Inference on the model effects was therefore performed in a maximum likelihood framework using the
inverse of the observed information matrix to estimate the covariance matrix of the fixed effects. Fixed effects
estimates and their covariance matrix were used to obtain marginally standardized estimates of the prevalence of
harboring P/LP variants among PPCM probands seen at US advanced heart failure programs, as described below.



Marginally Standardized Estimates

In addition to identifying factors associated with the outcome, the models in (1) and (3) can produce two types of
estimates: 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,?”- 50 % 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.5 5 For advanced heart failure programs in
our study, empirical Bayes predictions of the random effects a; and Uy could have been used to generate program-
specific estimates,?” 5557 but these would not apply to an external program not included in our sample.?” %% % To
facilitate application at such a program, conditional estimates for a typical advanced heart failure program in the US
with a;, = 0 (or uy, = 0),2” %% 54 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 27> 50. 54-56

To generate marginally standardized®® ancestry-specific PPCM prevalence estimates at a typical US advanced heart
failure program, the weighted average of probabilities derived from (1) was taken over the distribution of {m, r} in
each ancestry group assuming balance across the four possible enrollment age quartiles and a proportion of Hispanic
probands equal to the 2021 US census population estimates (18.9%).5% 3 The delta method® as implemented in
SAS/STAT PROC NLMIXED was applied to the parameter estimates for the model in (1) and their estimated
covariance matrix to obtain estimates and standard errors for the marginally standardized probabilities. The resulting
estimates and 95% Cls are reported in the manuscript text.

Because the dependence of pjx, on j and k in the hierarchical logit model in (3) and (4) derives exclusively from
{ij,ukg}, it can be expressed as a function of these quantities, pjxy = Dy (zjk, ukg). As the estimated variance
component for uy, was zero for both outcomes, pjx, = p, (ij) in the final model fits in which the random effect was
omitted for this linear predictor. Letting z = {l,m, 7, s} denote a particular possible value of z;, = {ljk, Mg, Tk sjk},
the multinomial probabilities in the subpopulation of probands with characteristics z at a typical US advanced heart
failure program were obtained as:

P1(z,0) ifY;, = (1,0,0)
Pr(ij|z, Uy = 0) = (1 —p.(z, 0))p2 (2) if Y; = (0,1,0) (6)
(1-pi(z0)(1-p.(2) ifYy =(0,01)

To generate marginally standardized ancestry- and disease-specific probabilities that apply to a proband seen at a
typical US advanced heart failure program, the weighted average of each multinomial probability in (6) was taken
over the distribution of {m, 7} in each combination of ancestry group and disease classification assuming balance
across the two youngest DCM diagnosis age quartiles and a proportion of Hispanic probands equal to the 2021 US
census population estimates (18.9%).% 3 Only the two youngest DCM diagnosis age quartiles were considered
because no probands with PPCM were observed in the older age quartiles encompassing ages >44.48 years. The delta
method®® as implemented in SAS/STAT PROC NLMIXED was applied to the parameter estimates for the model in
(3) and (4) and their estimated covariance matrix to obtain estimates and standard errors for the marginally
standardized multinomial probabilities. Joint Wald 95% ClIs with simultaneous 95% coverage over all 3 multinomial
probabilities were obtained using standard normal quantiles and the Bonferroni correction. The resulting estimates
and joint 95% Cls are presented in Table 3.

Finally, for comparison with population P/LP carrier prevalence estimates from the Shah and colleagues UK Biobank
study, a marginal estimate from the model in (5) applying to the entire population of PPCM probands of European
ancestry seen at US advanced heart failure programs was needed. Because the final model fit in (5) did not include v,
due to its zero estimated variance component, these could be obtained directly as predicted probabilities from the
model. The weighted average of these probabilities was taken over the distribution of {m,r} in PPCM probands of
European ancestry assuming balance across the two youngest DCM diagnosis age quartiles and a proportion of
Hispanic probands equal to the 2021 US census population estimates (18.9%).%%%? The delta method®® as implemented



in SAS/STAT PROC NLMIXED was applied to the parameter estimates for the model in (5) and their estimated
covariance matrix to obtain estimates and standard errors for the marginally standardized probability. The resulting
estimate and its 95% CI are reported in the manuscript text.

Age-Specific Cumulative Risk for First-Degree Relatives

Our previously published model'! for estimating the age-specific cumulative risk of DCM and partial phenotypes was
adapted for the current analysis; its development is recapitulated below with modifications specific to the current
analysis. 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 i = 1, ...,n; index the
screened first-degree relatives of proband jk, l;; = 1 (European), 2 (African) denote the proband’s ancestry group,
m;, = 1 (Non-Hispanic), 2 (Hispanic) denote the proband’s ethnicity, 7, = 1, 2, 3, 4 denote the proband’s DCM
diagnosis age quartile, sj, =1(DCM),2 (PPCM) denote the proband’s disease classification, and w;j =
1 (male), 2 (female) denote first-degree relative sex. Age at disease onset, Tjjy, in a first-degree relative with
characteristics {ljk, Mk, Tk Sjkr Wi jk} at site k 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(tlljk! mjk: r}'k! Sjk! Wl’]’k’ uk) = €exp [_ eXp(a) tb €xp (aljk + Bm]k + YTjk + 6Sjk + ('owijk + uk)] (7)

where s ijk, ) 5S].k, and Wy, Are fixed effects witha; = f; =y, = 6; = w; = 0 and u,~N (0, 03,,) are
random effects designed to reflect site-specific random variation in the marginal disease hazard for a first-degree
relative. Under this model, exp(§;) is the ratio of the disease hazard for a first-degree relative of a proband with
disease classification s to that for a first-degree relative of a proband with a DCM disease classification at the same
site who is identical on all other factors. If 6%, = 0, this hazard ratio can also be interpreted as comparing first-degree
relatives between any two sites. The hazard ratios exp(«;), exp(B,,), exp(¥y), and exp(w,,) are interpreted similarly.

The parameters in (7) 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;j;) and examining him or her allowed for determination of

whether T, was before or after C;j; on the basis of whether the individual had disease at C; j. Defining the observable
random variable Y =1 (Ti ik <€ jk) and assuming conditional independence of C;;, and Tjj given
{ljk, Mg, Tk Sjkr Wijkes uk} yielded:

Pr(Yyie|Cij = Cijio Liks Mjics Tier Sjier Wijior e )
= Pr(yijk“jk’ My, Tiks Sjkr Wijk, uk) (8)
= [1 = SCeujicl b Myt T 50 Wit )] S (el oo M T Sjior Wignor i)

Thus, Y, was a Bernoulli random variable with conditional success probability Pr(Yijk =

1|cijk, Lik» Mk, Tk Sjes wijk,uk) =1- S(cijk|ljk, Mk, Tk Sjkr Wijo uk). Furthermore, this probability can be related
to the parameters in (7) by applying the complementary log-log link:

ln(— ln(l — Pr(Yir = 1|cijk,ljk,mjk,rjk,sjk,wijk,uk))) ©)
=a+blncy +ay, + B + ¥ + 6, + 0w, +u

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 (9). 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 (9) were therefore estimated using a
moments-based or generalized estimating equation (GEE)-type GLMM?"-3! with a binary outcome, site-level random
effects, a complementary log-log link, a linear predictor given by (9), and a working independence correlation matrix
for first-degree relatives within each family. This model was fit with RSPL as implemented in SAS/STAT PROC
GLIMMIX; if the model fit yielded an estimate of zero for 6., the model with u, omitted was refit using RSPL. In
either case, inference on fixed effects used the MBN corrected empirical covariance estimator with sites as



independent units to account for residual within-family correlation.?® 273! Estimation within this framework assumed
that, given covariates and site, first-degree relative participation did not depend on Y.

DCM or partial phenotypes in a first-degree relative were required to have no known cause for Y;j, = 1. Thus, Y;j;, =
0 for individuals without left ventricular systolic dysfunction or left ventricular enlargement 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 Table 5 and eTable 5. The age-specific cumulative risk for a first-degree relative with
characteristics {l, m,, s, w, u; } at a typical US advanced heart failure program was obtained as:

F(t|l,m,7,s,w,u, =0) =1— exp[—exp(a) t? exp(a; + B, + ¥, + 65 + w,,)] (10)

The value of {{,m,r,s,w} was chosen to reflect the lowest-risk first-degree relatives of a Non-Hispanic European
proband in the youngest two DCM age quartiles, as in the implied DCM prevalence analysis below. The delta method®
as implemented in SAS/STAT PROC NLMIXED was applied to the parameter estimates for the model in (9) and their
estimated covariance matrix to obtain estimates and standard errors for the probabilities in (10) at a given age. The
resulting estimates and pointwise 95% Cls are shown in Figure 1.

Implied DCM Prevalence Among First-Degree Relatives

DCM prevalence among first-degree relatives of PPCM probands of non-Hispanic European ancestry aged 40 to 69
was estimated from the model in (9) for comparison with imaging-based estimates of population DCM prevalence
from the UK Biobank.* Because 3,, = 0 for DCM, the marginal age-specific cumulative risk of DCM at age t could
be obtained directly from (10). A lower bound on the implied prevalence among the lowest-risk group of these first-
degree relatives of sex w between 40 and 69 years of age was then given by:

70
f Fitll=1m=1r=2,5=2,w)g(t|40 <t <70,w)dt
40

89 t+1

= Z f Fisll=1m=1r=2,5s =2,w)g(s|40 < s < 70,w)ds
t=40"t
69 t+1 (11)
ZZF(t|l=1,m=1,r=2,s=2,w)f g(s]40 < s < 70,w)ds
t

t=40
69

= Z Fitll=1m=1r=2,5s=2,w)[G(t+ 1[40 <t <70,w) —G(t|40 <t < 70,w)]
t=40
=K
where F(t|l,m,r,s,w) is determined by (10) and G (t + 1|w) — G (t|w) is the probability that an individual of sex w
in the US population aged 40 to 69 is age t based on 2023 US census population single-year age distribution estimates
by sex.% The delta method®® as implemented in SAS/STAT PROC NLMIXED was applied to the parameter estimates
for the model in (9) and their estimated covariance matrix to obtain sex-specific K estimates and standard errors from

(11).
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Table S1. Model fit for the probability of PPCM in the population of female probands
with specified characteristics at a particular US advanced heart failure program

Standard Odds Ratio
Parameter?® Estimate Error (95% CI) P-value
| Fixed Effects
Intercept -4.2149 0.6960 - -
Genomic ancestry
African 0.2164 0.4235 1.24 (0.54 — 2.85) 0.61
European 0 - - -
Ethnicity
Hispanic 0.8223 0.6516 2.28 (0.64 — 8.16) 0.21
Non-Hispanic 0 - - -
Enroliment age
I: [20.01, 43.15] 3.3800 0.7483 29.37 (6.78 — 127.32) <0.001
II: [43.27, 54.11] 2.2765 0.7862 9.74 (2.09 — 45.49) 0.004
I1l: [54.12, 62.78] 1.4244 0.9875 4.16 (0.60 — 28.79) 0.15
IV: [62.92, 85.12] 0 - - -
Variance Component
Site (%) 0.07817 0.1432 - -

Cl = confidence interval.

a Estimated parameters for the logistic mixed model in (1) were obtained using residual subject-specific
pseudolikelihood. Bias-corrected robust standard errors were obtained using the Morel-Bokossa-Neerchal correction
with sites as independent units. The odds ratios and their 95% Cls, which were calculated by exponentiating
corresponding estimates on the model scale, represent the change in odds of PPCM between two probands at the
same site. Two-sided p-values and Wald 95% confidence intervals were calculated using the standard normal

distribution.



Table S2. Variants classified as P, LP, or VUS, by gene and PPCM classification of female proband(s) in which they were

observed
Variants Observed in Both
Classifications? Total
Gene N = 365
N P/ILP Vus PILP VUS P/ILP VUS PILP VuUs
% column =10 =39 N =64 =247 N=2 N=3 N=76 N =289
I ABCC9 0 1 0 2 0 0 0 3
0.0 26 0.0 0.8 0.0 0.0 0.0 1.0
ACTC1 0 1 0 0 0 0 0 1
0.0 26 0.0 0.0 0.0 0.0 0.0 0.4
ACTN2 0 0 0 2 0 0 0 2
0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.7
ANKRD1 0 0 0 3 0 0 0 3
0.0 0.0 0.0 1.2 0.0 0.0 0.0 1.0
BAG3 0 0 2 3 0 0 2 3
0.0 0.0 3.1 1.2 0.0 0.0 2.6 1.0
CRYAB 0 0 0 0 0 0 0 0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CSRP3 0 0 0 2 0 0 0 2
0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.7
DES 0 1 0 2 0 0 0 3
0.0 26 0.0 0.8 0.0 0.0 0.0 1.0
DSG2 0 3 0 5 0 0 0 8



DSP

EYA4

FLNC

ILK

JPH?2

LAMA4

LDB3

LMNA

MYBPC3

MYH6

MYH7

0.0

0.0

0.0

10.0

0.0

0.0

0.0

0.0

10.0

0.0

0.0

0.0

7.7

15.4

26

5.1

0.0

26

5.1

7.7

0.0

26

10.3

26

0.0

7.8

0.0

13

20.3

0.0

0.0

0.0

0.0

94

0.0

0.0

1.6

2.0
22
8.9

0.8
22
8.9

0.0

1.6
13
5.3
12
4.9

2.0
20
8.1
19
7.7
18
7.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

33.3

0.0

33.3

0.0

0.0

0.0

0.0

0.0

33.3

0.0

0.0

18.4

2.8
29
10.0

1.0
25
8.7

0.0

1.7
15
5.2
15
5.2

1.7
22
7.6
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8.0
19
6.6



MYPN

NEBL

NEXN

PDLIM3

PKP2

PLN

RBM20

SCN5A

SGCD

TCAP

TNNC1

TNNI3

0.0

0.0

0.0

0.0

0.0

0.0

10.0

0.0

0.0

0.0

0.0

5.1

26

0.0

0.0

0.0

0.0

7.7

26

0.0

0.0

26

0.0

0.0

0.0

0.0

0.0

0.0

1.6

0.0

0.0

1.6

0.0

1.6

3.2

24

1.2

11

4.5

0.0

11

4.5

17

6.9

0.4

0.8

0.8

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

26

0.0

0.0

1.3

0.0

2.1

3.1

2.1

1.0

11

3.8

0.0

14

4.8

18

6.2

0.4

0.7

1.0



0.0 2.6 0.0 0.8 0.0 0.0 0.0 1.0

TNNT2 0 1 2 6 0 0 2 7
0.0 26 3.1 24 0.0 0.0 26 24
TPM1 0 0 0 1 0 0 0 1
0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4
TTN 7 2 33 14 2 0 42 16
70.0 5.1 51.6 5.7 100.0 0.0 55.3 55
VCL 0 0 0 3 0 0 0 3
0.0 0.0 0.0 1.2 0.0 0.0 0.0 1.0

DCM = dilated cardiomyopathy; LP = likely pathogenic; P = pathogenic; PPCM = peripartum cardiomyopathy; VUS = variant of uncertain significance.
a PPCM or DCM variants were observed exclusively in probands with the corresponding PPCM classification; variants identified in probands from both classifications
are shown in the Variants Observed in Both Classifications column.



Table S3. Characteristics of variants classified as P, LP, or VUS observed in female probands by PPCM classification

Variants Observed in

PPCM? Variants DCM? Variants Both Classifications
Variant Characteristics N=49 N =311 N=5 P-value®
' Classified P or LP, No. (%) 10 (20.4) 64 (20.6) 2 (40.0) 0.70
ClinGen gene classification 0.81
TTN (definitive) 9 (18.4) 47 (15.1) 2 (40.0)
Non-TTN definitive or strong evidence® 19 (38.8) 138 (44.4) 2 (40.0)
Moderate evidence® 3(6.1) 18 (5.8) 0(0.0)
Other® 18 (36.7) 108 (34.7) 1(20.0)
Predicted impact 0.86
Loss-of-function 10 (20.4) 74 (23.8) 2 (40.0)
Missense 37 (75.5) 221 (71.1) 3 (60.0)
Other 2 (4.1) 16 (5.1) 0(0.0)
Band of TTN variants, No. (%) [N=9] [N = 47] [N=2] 0.81
A 8(88.9) 32 (68.1) 2 (100.0)
| 1(11.1) 11 (23.4) 0 (0.0)
M 0 (0.0) 2 (4.3) 0 (0.0)

Z 0 (0.0) 2 (4.3) 0(0.0)



Maximum alternate allele frequency in
gnomAD non-founder populations, %,
median (IQR)

Absent in non-founder gnomAD populations,
No. (%)

REVEL score for missense variants, median
(IQR)

Classification criterion met, No. (%)’
Population frequency domain

Absent from gnomAD or rare (<0.05%)
in all gnomAD nonfounder populations
with available data (PM2)

Variant allele frequency is >0.05% in
any gnomAD nonfounder population
(BS1)

None of PM2, BS1, or BA1
Null variant in gene/region

Null variant in LMNA or SCN5A
(PVS1)

Null variant in FLNC, BAG3, DSP, or
TTN (PVS1_Strong)

Null variant in VCL or, PLN,
(PVS1_Moderate)

None of PVS1, PVS1_Strong, or
PVS1_Moderate

Segregation domain

0.025 (0.008 - 0.059)

[N = 31]

18 (36.7)

0.50 (0.23 - 0.77)

[N = 37]

32 (65.3)

3(6.1)

14 (28.6)

1(2.0)

8 (16.3)

0(0.0)

40 (81.6)

0.012 (0.004 - 0.044)

N = 221]

90 (28.9)

0.47 (0.25 - 0.71)

[N = 220]

226 (72.7)

19 (6.1)

66 (21.2)

3(1.0)

53 (17.0)

0(0.0)

255 (82.0)

0.055 (0.021 - 0.104)
[N =4]

1 (20.0)

0.36 (0.24 - 0.61)
[N=3]

2 (40.0)

1 (20.0)

2 (40.0)

0(0.0)

2 (40.0)

0(0.0)

3 (60.0)

0.02

0.54

0.79

0.35

0.53

0.02



Variant segregates with disease in 27 0 (0.0) 5(1.6) 0 (0.0)
meioses in DCM genes with
established evidence (PP1_Strong)

Variant segregates with disease in =25 0 (0.0) 1(0.3) 1(20.0)
meioses in DCM genes with
established evidence (PP1_Moderate)

Variant segregates with disease in 23 0 (0.0) 3(1.0) 0 (0.0)
meioses in DCM genes with
established evidence (PP1)

None of PP1_Strong, PP1_Moderate, 49 (100.0) 302 (97.1) 4 (80.0)
PP1, or BS4

Case counts or reported association domain 0.08
Prevalence of variant in affected 0(0.0) 5(1.6) 1(20.0)

individuals is significantly increased
compared with controls OR variant
identified in 215 probands with
consistent phenotypes OR variant
identified in 210 confirmed unrelated
probands with consistent phenotypes

(PS4)
Variant identified in 26 probands with 0 (0.0) 8 (2.6) 0 (0.0)
consistent phenotypes
(PS4_Moderate)
Variant identified in 22 probands with 7 (14.3) 57 (18.3) 1(20.0)
consistent phenotypes
(PS4_Supporting)
None of PS4, PS4 Moderate, or 42 (85.7) 241 (77.5) 3 (60.0)
PS4 Supporting

In silico predictions domain 0.34
Multiple lines of computational 14 (28.6) 62 (19.9) 0(0.0)

evidence support a deleterious effect
(REVEL score >0.7; PP3)



Multiple lines of computational
evidence suggest no impact on gene
or gene product (REVEL score <0.15;
BP4)

Neither PP3 nor BP4

Functional studies domain

Well-established in vitro or in vivo
functional studies supportive of a
damaging effect (PS3)

Well established in vitro or in vivo
functional studies show no damaging
effect (BS3)

Neither PS3 nor BS3

Missense change domain

Different missense change at same
amino acid residue previously
established as pathogenic (PM5)

Neither PS1 nor PM5

De novo domain

De novo (paternity confirmed) in a
patient with disease and no family
history (PS2)

De novo without confirmation of
paternity (parental clinical data
required; PM6)

Neither PS2 nor PM6

3(6.1)

32 (65.3)

0(0.0)

0(0.0)

49 (100.0)

28 (9.0)

221 (71.1)

2 (0.6)

0(0.0)

309 (99.4)

2 (0.6)

309 (99.4)

310 (99.7)

0(0.0)

5 (100.0)
1.00

0(0.0)

0(0.0)

5 (100.0)
0.38

0(0.0)

5 (100.0)
0.27

0(0.0)

0(0.0)

5(100.0)



Located in hotspot (for DCM, RBM20 1(2.0) 1(0.3) 0(0.0) 0.27
exon 9, amino acids 634, 636, 637, 638;

PM1)

In-frame deletions/insertions of any size 2(4.1) 17 (5.5) 0 (0.0) 0.82
in a nonrepeat region or stop-loss variants

(PM4)

Observed as a compound heterozygote 0 (0.0) 0 (0.0) 0 (0.0) -

(in trans) or double heterozygote in genes
with overlapping function (BP2)

DCM = dilated cardiomyopathy; IQR = interquartile range; LP = likely pathogenic; P = pathogenic; PPCM = peripartum cardiomyopathy; VUS = variant of uncertain
significance.

aPPCM and DCM variants were observed exclusively in probands with the corresponding classification; variants identified in probands from both classifications
are shown in the Variants Observed in Both Classifications column.

bVariant characteristics were compared across ancestries using the exact Pearson chi-square test for nominal variables and the Kruskal-Wallis test for continuous
variables. The exact Monte Carlo p-value estimate based on 100,000 replicates was reported for the Pearson chi-square test. Post-hoc pairwise comparisons
between ancestries for p<0.05 are presented in eTable 4.

¢Non-TTN definitive or strong genes by ClinGen classification that were included in this study were BAG3, DES, DSP, FLNC, LMNA, MYH?7, PLN, RBM20,
SCN5A, TNNC1, and TNNT2.

4Non-TTN moderate genes by ClinGen classification that were included in this study were ACTC1, ACTN2, JPH2, NEXN, TNNI3, TPM1, and VCL.

¢ Other genes included ABCC9, ANKRD1, CRYAB, CSRP3, DSG2, EYA4, ILK, LAMA4, LDB3, MYBPC3, MYH6, MYPN, NEBL, PDLIM3, PKP2, SGCD, and
TCAP.

fMutually exclusive criteria relating to a single domain (e.g., population frequency) were analyzed as a multinomial outcome for that domain. Criteria not met for
any variant that was manually classified, which included BA1 (population frequency domain), BPA1, BP7, PS1 (missense change domain), PM3, and BS4
(segregation domain), are not shown in the table.



Table S4. Post-hoc pairwise comparisons of variant characteristics that differed across PPCM classifications with P<0.05

Variants Observed in
Variant Characteristics Probands of... Compared to... P-value?®

T
PPCM DCM 0.04
Maximum alternate allele
frequency in gnomAD non- PPCM Both PPCM and DCM 0.68

founder populations

DCM Both PPCM and DCM 0.32

| ' PPCM ' DCM | 0.68
Segregation domain PPCM Both PPCM and DCM 0.19
DCM Both PPCM and DCM 0.11

DCM = dilated cardiomyopathy; PPCM = peripartum cardiomyopathy.
@ Holm-Bonferroni corrected exact Monte-Carlo p-values based on 100,000 replicates for the chi-square test involving only the two disease groups of interest are
presented for nominal variant characteristics, while the Dwass, Steel, Critchlow-Fligner method was applied to continuous variant characteristics.



Table S5. Model fit for the age-specific cumulative
relative of a female proband with PPCM or DCM

risk of DCM only in a first-degree

Hazard Ratio

Standard
Parameter? Estimate Error (95% CI) P
' Fixed Effects
Weibull baseline survivor function parameters®
a -7.9183 1.6234 - -
b 1.5291 0.4313 - -
Proband PPCM classification
PPCM -0.5421 0.4721 0.58 (0.23 - 1.47) 0.25
DCM 0 - 1.00 -
First-degree relative sex
Female -0.2696 0.3403 0.76 (0.39 - 1.49) 0.43
Male 0 - 1.00 -
Proband ancestry group
African Ancestry 0.7794 0.2310 2.18 (1.39 - 3.43) 0.001
European Ancestry 0 - 1.00 -
Proband self-reported ethnicity
Hispanic 0.2138 0.8197 1.24 (0.25-6.17) 0.79
Non-Hispanic 0 - 1.00 -
Proband diagnosis age
I: [9.78, 34.99] 0 - 1.00 -
II: [35.01, 44.47] -0.01464 0.4027 0.99 (0.45-2.17) 0.97
1l: [44.48, 54.09] -0.3490 0.4795 0.71 (0.28 — 1.81) 0.47
IV: [54.21, 78.31] -0.6165 0.5356 0.54 (0.19 — 1.54) 0.25

Variance Components




Residual 0.9532 0.05263 - -

Cl = confidence interval; DCM = dilated cardiomyopathy; PPCM = peripartum cardiomyopathy.

@ Parameters of a Weibull proportional hazards model for age-specific cumulative risk were estimated
using a generalized estimating equation-type generalized linear mixed model with a binary outcome
(presence or absence of DCM), complementary log-log link, random proband enrollment site intercept,
and working independence correlation structure fit using residual subject specific pseudolikelihood. Bias-
corrected robust standard errors were obtained using the Morel-Bokossa-Neerchal correction with sites
as independent units. The site random effect was estimated to be zero and was therefore excluded from
the model. Two-sided p-values and Wald 95% confidence intervals were calculated using the standard
normal distribution. Hazard ratios and their 95% confidence intervals were obtained by exponentiating
corresponding estimates on the model scale.

® a and b are parameters of the Weibull baseline survivor function of the form S, (t) = exp[—exp (a)t”].
665 first-degree relatives (103 of PPCM probands and 562 of DCM probands) contributed to this analysis.
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