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BACKGROUND: Whether prolonged and excessive alcohol consumption contributes to dilated cardiomyopathy (DCM) remains
uncertain. This study aimed to describe the prevalence of alcohol use in patients with DCM and their first-degree relatives
(FDRs) and determine if cumulative alcohol exposure associates with DCM/partial DCM or modifies the association of DCM
with DCM-relevant rare variants.

METHODS: All probands had DCM; FDRs were classified as with or without DCM or partial DCM. Alcohol exposure was
measured with the Alcohol Use Disorder Identification Test-Consumption questionnaire and years of drinking. Rare variants
in 36 DCM genes were classified as pathogenic, likely pathogenic, or variants of uncertain significance (pathogenic, likely
pathogenic, variant of uncertain significance). Generalized linear mixed models were used to assess the association of DCM/
partial DCM with alcohol use among FDRs.

RESULTS: DCM/partial DCM was found in 21.8% of 1373 FDRs of 1148 DCM probands. The prevalence of former or current
alcohol use was 68% for probands and 70% for FDRs. About 30% of probands and 37% of FDRs had positive Alcohol
Use Disorder Identification Test-Consumption scores, indicating moderate or heavy drinking. Among FDRs, DCM/partial
DCM was associated with the presence of pathogenic/likely pathogenic variants in DCM genes (odds ratio, 3.51 [95% C],
2.33-5.29]) but not with alcohol exposure. Cumulative alcohol exposure was not found to modify the association between
DCM/partial DCM and these variants (P=0.55).

CONCLUSIONS: Alcohol use was frequent among probands and FDRs. This study did not provide evidence supporting an
association of cumulative alcohol exposure with DCM/partial DCM or a modifying effect of alcohol use on the association of
DCM with DCM-relevant rare variants.
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Nonstandard Abbreviations and Acronyms

AUDIT-Cs Alcohol Use Disorder Identification
Test-Consumption

DCM dilated cardiomyopathy
FDR first-degree relative
LP likely pathogenic

health and social impacts and is a significant cause

of morbidity and mortality worldwide.! Understanding
the association of alcohol consumption with cardiovas-
cular disease is complex and challenging. Meta-analyses
have demonstrated an association between higher levels
of alcohol intake and greater risk for developing atrial
fibrillation,? stroke and heart failure,3* although increased
risk of heart failure was not observed in the Framingham
study® or a more recent Mendelian randomization study
conducted in Sweden.® Whether alcohol use is associ-
ated with the risk of dilated cardiomyopathy (DCM), a
condition characterized by left ventricular dilatation and
systolic dysfunction, has not been characterized in large
representative populations. A 2016 scientific statement
indicated alcohol as a leading cause of DCM and men-
tioned genetic susceptibility, but the data supporting this
are inconclusive.”

Understanding the role of alcohol in DCM cause is cru-
cial for clinical practice and for investigating the causality
of DCM. The multisite DCM Consortium Study recruited
a large number of patients with DCM to examine its rare
variant genetic architecture in a geographically represen-
tative, multiracial, and ethnic cohort while also collecting
key related medical and social information.?"° This report
aimed to: (1) describe the epidemiological profile of alco-
hol use among patients with DCM and their first-degree
relatives (FDRs); (2) assess the association between
cumulative alcohol exposure and prevalent DCM/partial
DCM among FDRs while controlling for potential con-
founding factors such as genetic risk, demographics, and
comorbidities; and (3) examine whether cumulative alco-
hol exposure modifies the association of DCM-related
rare variants with prevalent DCM/partial DCM among
FDRs.

Excessive alcohol intake has been shown to have major

METHODS
The DCM Precision Medicine Study

Access to the data from this analysis can be made upon reason-
able request. Genetic data from the DCM Precision Medicine
Study are available at dbGaP (the database of Genotypes and
Phenotypes) and can be accessed at www.ncbi.nlm.nih.gov/
gap under accession phs002641. Complete methods can be
found in Supplemental Material. The institutional review boards
at the Ohio State University and all clinical sites approved
the initial study, followed by single institutional review board
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oversight at the University of Pennsylvania. All participants gave
written informed consent.®

RESULTS

A total of 1148 probands with DCM and 1373 of their
FDRs were included in the analysis. Among FDRs,
299 (21.8%) had DCM/partial DCM (133 DCM and
166 partial DCM); of them, 165 (55%) were identified
through the study’s clinical screening. Table 1 shows the
distributions of demographic characteristics and life-
style factors of probands and their FDRs with and with-
out DCM/partial DCM. Probands and FDRs with DCM
or partial DCM tended to be older (51.8 and 49.6 years
of age), compared with FDRs without DCM or partial
DCM (44.7 years of age). The majority in the 3 groups
were White participants, followed by Black participants.
Most of the participants in the 3 groups had >12 years
of education and were married or living together with
a partner. The percentage of patients who were cur-
rent smokers or has quit was higher among probands
and FDRs with DCM or partial DCM, compared with
FDRs without DCM or partial DCM. Most of the par-
ticipants in the 3 groups had never used amphetamines
or cocaine. The frequencies with which probands and
FDRs harbored variants (pathogenic/likely pathogenic
[LP] or variants of uncertain significance) in each gene
are shown in Table S1.

Table 2 shows the prevalence and patterns of alcohol
use in these groups. Because the DCM Precision Medi-
cine Study did not exclude patients with DCM based on
high alcohol consumption, more than two-thirds of pro-
bands were current or former alcohol users, and 30.1%
had a positive Alcohol Use Disorder Identification Test-
Consumption (AUDIT-C) score. The prevalence of cur-
rent alcohol use was 45.6% for probands, 53.8% for
FDRs with DCM or partial DCM, and 65.8% for FDRs
without DCM or partial DCM. Among probands, about
23% reported quitting drinking at the time of the inter-
view; 3.7% reported consuming >7 drinks per occasion;
9.6% reported having >b drinks weekly or daily; the aver-
age years of drinking was 25.2. For FDRs with and with-
out DCM/partial DCM, 9.0% and 5.8% of them reported
quitting drinking; 2.4% and 2.2% reported consuming 7
drinks or more per occasion; 5.3% and 6.0% reported
having >b drinks weekly or daily; the average years of
drinking was 23.4 for those with DCM/partial DCM
and 20.7 for those without. For probands, the percent-
age of those with severe AUDIT-C risk scores was 7.5;
the median high/severe drinking years was 160.0. For
FDRs with and without DCM or partial DCM, 3.3% and
4.2% had severe AUDIT-C risk scores; the median high/
severe drinking years was 154.0 and 102.0, respectively.

Table 3 shows differences in cumulative alcohol expo-
sure by proband characteristics; differences in alcohol
use intensity (AUDIT-C score level) are shown in Table S2.
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Table 1. Social-Demographic Characteristics of Probands
and Their FDRs

Alcohol Exposure and DCM

Table 2. Prevalence and Patterns of Alcohol Use Among
Adult Probands and Their FDRs

*Other race group includes 5 Native American or Alaskan Native, and 20 par-
ticipants with > 1 race. DCM indicates dilated cardiomyopathy; and FDR, first-
degree relative.

After controlling for site, declining alcohol use inten-
sity with age did not achieve statistical significance,
but cumulative alcohol exposure did increase with the

Circ Genom Precis Med. 2025;18:¢004946. DOI: 10.1161/CIRCGEN.124.004946

FDRs with FDRs without FDRs with FDRs without
Probands DCM/partial DCM/partial Probands DCM/partial DCM/partial
Variable (n=1148) DCM (n=299) | DCM (n=1074) Alcohol use (n=1148) DCM (n=299) | DCM (n=1074)
Age at enrollment, mean | 51.8 (13.7) | 49.6 (15.9) 44.7 (17.1) Alcohol use status, n (%)
(SD) Never 366 (31.9) 111 (37.1) 305 (28.4)
0
Women, n (%) 510 (44.4) 180 (60.2) 667 (62.1) Quit 259 (22.6) 27 (9.0) 62 (5.8)
£ 0y
FEEE LY Current 523 (45.6) 161 (53.8) 707 (65.8)
Black 498 (43.4) 102 (34.1) 299 (27.9) How many times per week? n (%)
White 648 (564) | 195 (65.2) 752 (70.1) Never 366 (31.9) 111 (37.1) 305 (28.4)
Other 2(02) 2007 21 (20) Monthly or less 244 (21.3) 67 (22.4) 219 (20.4)
Missing 0 ° 2 9-4x/mo 250 (21.8) | 46 (15.4) 242 (22.5)
. . S
Hispanic, Yes; n (%) 99 (8.6) 28 (9.4) 110 (10.3) 9-3%/wk 160 (13.9) 42 (14.0) 187 (17.4)
Missing 0 2 ! >ax/wk 128 (11.1) 33 (11.0) 121 (11.3)
i 0
Education, n (%) How many drinks per occasion? n (%)
<12y 421 (38.8) 111898 870 (35.7) Never or <3 drinks 903 (78.7) 241 (80.6) 831 (77.4)
>12y 665 (61.9) 168 (60.2) 686 (64.3) 3-4 drinks 156 (13.6) 43 (14.4) 168 (15.6)
Missing 62 20 38 5-6 drinks 46 (4.0) 8 (2.7) 51 (4.7)
I 0
EGTENSERS 0 8] 7-9 drinks 21 (1.8) 5(1.7) 14 (13)
Married or live to- 657 (59.7) 160 (55.4) 557 (53.6) >10 292 (1.9) 2(0.7) 10 (0.9)
gether
ici inks? n (@
Divorced/widowed/ 443 (40.3) | 129 (44.6) 483 (46.4) How often does the participant have >5 drinks? n (%)
separated/never Never 829 (72.2) 2292 (74.2) 735 (68.4)
married Less than monthly | 152 (13.2) 41 (13.7) 183 (17.0)
Missing 48 10 34 Monthly 57 (5.0) 20 (6.7) 92 (8.6)
Tobacco use, n (%) Weekly 79 (6.9) 9(3.0) 47 (4.4)
Never 693 (60.5) 202 (68.2) 757 (70.8) Daily 31 (2.7) 7 (2.3) 17 (1.6)
Quit 389 (34.0) | 65(22.0) 199 (18.6) Average years of 252 (146) | 23.4(165) | 20.7 (15.2)
Current 63 (5.5) 29 (9.8) 113 (10.6) drinking*, mean (SD)
Missing 3 3 5 Positive AUDIT-C 345 (30.1) 96 (32.1) 406 (37.8)
0y
Amphetamine use, n (%) scoret, n (%)
_ 0y
Never 1086 (94.7) | 291 (97.3) 1026 (95.9) AUDIT-C score level, n (%)
Qutt 41 (36) 729 20 (1.9) Low 803 (69.9) 203 (67.9) 668 (62.2)
Current 20 (1.7) 1(0.3) 24 (2.9) Moderate 192 (16.7) 65 (21.7) 280 (26.1)
Missing 1 o 4 High 67 (5.8) 21 (7.0) 81 (7.5)
Cocaine use, n (%) Severe 86 (7.5) 10 (3.3) 45 (4.2)
Never 1071 (93.5) | 288 (96.3) 1034 (96.4) M9d§rate/hlghlsev§re 120.0 (125.0) | 100.0 (128.5) | 79.0 (95.0)
drinking years, median
Quit 67 (5.8) 8(2.7) 32 (3.0) (IQR)*
Current 8(0.7) 3(1.0) 7 (0.7) High/severe drinking 160.0 (150.0) | 154.0 (177.0) 102.0 (141.8)
Missing 9 o 1 years, median (IQR)§
Fes et et o () AUDIT-C indicates Alcohol Use Disorder Identification Test-Consumption;
! DCM, dilated cardiomyopathy; FDR, first-degree relative; and IQR, interquartile
Northeast 136 (11.8) | 32(10.7) 108 (10.1) range.
. “Excluded those who responded No to alcohol use question. There are 21
Mid t 363 (31.6 111 (371 397 (37.0
1qwes ( ) ®7) (37.0) missing values for probands, 11 missing values for FDRs with DCM/partial DCM,
South 476 (41.5) | 98 (32.8) 382 (35.6) and 20 missing values for FDRs without DCM/partial DCM.
West 173 (15.1) 58 (19.4) 185 (17.3) tA positive AUDIT-C score was defined by a total of AUDIT-C score >4 for
men and >3 for women.
Missing 0 0 2 $For those with moderate, high, or severe AUDIT-C scores, this variable is the

individual's alcohol drinking years multiplied by his or her AUDIT-C score.
§For those with high or severe AUDIT-C scores, this variable is the individual's
alcohol drinking years multiplied by his or her AUDIT-C score.

proband’s age, likely due to its relation to drinking years.
Higher alcohol use intensity and cumulative exposure
were found in men, White individuals, and less educated
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Table 3. Cumulative Alcohol Exposure Among Probands by Demographic, Clinical, and Genetic Characteristics

n (Row %)

Enrollment age, y 0.003
<45 355 239 (67.3) | 59 (16.6) 37 (10.4) 15 (4.2) 5(1.4) 0.03 (trend +)
45-64 575 408 (71.0) | 20 (3.5) 46 (8.0) 51 (8.9) 50 (8.7)
>65 218 156 (71.6) | 7 (3.2) 11 (5.0) 13 (6.0) 31 (14.2)

Sex 0.01
Women 510 390 (76.5) | 42 (8.2) 39 (7.6) 25 (4.9) 14 (2.7) 0.002 (means )
Men 638 413 (64.7) | 44 (6.9) 55 (8.6) 54 (8.5) 72 (11.3)

Race+ 0.047
Black 498 377 (75.7) | 33 (6.6) 32 (6.4) 30 (6.0) 26 (5.2) 0.004 (means )
White 648 424 (65.4) | 53 (8.2) 62 (9.6) 49 (76) 60 (9.3)

Hispanic 0.14
Yes 99 76 (76.8) | 6 (6.1) 4(4.0) 7 (7.1) 6(6.1)

No 1049 727 (69.3) | 80 (7.6) 90 (8.6) 72 (6.9) 80 (7.6)

Marital status 0.01
Married/live together | 657 457 (69.6) | 38 (5.8) 53 (8.1) 50 (7.6) 59 (9.0) 0.14 (means +)
Divorced/widowed/ 443 316 (71.3) | 46 (10.4) 34 (7.7) 24 (5.4) 23 (5.2)
separated/never mar-
ried
Missing 48 30 2 7 5 4

Education 0.006
<12y 421 293 (69.6) | 43 (10.2) 25 (5.9) 24 (5.7) 36 (8.6) 0.53 (means +)
>12y 665 467 (70.2) | 40 (6.0) 63 (9.5) 50 (7.5) 45 (6.8)

Missing 62 43 3 6 5 5

Comorbidities

Hypertension 0.01
Yes 612 437 (71.4) | 41 (6.7) 38 (6.2) 41 (6.7) 55 (9.0) 0.40 (means +)
No 536 366 (68.3) | 45 (8.4) 56 (10.4) 38 (7.1) 31 (5.8)

Medical history

Arrhythmia/conduction system disease 0.05
Yes 559 392 (70.1) | 37 (6.6) 42 (75) 31 (5.5) 57 (10.2) 019 (means +)
No 589 411 (69.8) | 49 (8.3) 52 (8.8) 48 (8.1) 29 (4.9)

Stroke 0.18
Yes 32 26 (81.2) | 2(6.2) 3(9.4) 0(0.0) 1(3.1)

No 1116 777 (69.6) | 84 (7.5) 91 (8.2) 79 (7.1) 85 (7.6)

Sudden cardiac death 0.57
Yes 55 32 (58.2) |5(9.1) 8 (14.5) 3(5.5) 7 (12.7)

No 1093 771 (70.5) | 81 (7.4) 86 (7.9) 76 (7.0) 79 (7.2)

Pathogenic/LP/VUS, Any 0.08
Yes 704 481 (68.3) | 60 (8.5) 68 (9.7) 41 (5.8) 54 (7.7)

No 444 322 (72.5) | 26 (5.9) 26 (5.9) 38 (8.6) 32 (7.2)

Most deleterious variant 0.25
Pathogenic/LP 210 138 (65.7) | 23 (11.0) 21 (10.0) 14 (6.7) 14 (6.7)

(Continued)
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Table 3. Continued

VUS 494 343 (69.4) | 37 (7.5)

322 (72.5) | 26 (5.9)

47 (9.5)
26 (5.9)

27 (5.5)
38 (8.6)

40 (8.1)
32 (7.2)

Negative 444

Percentages are row percentages defining the distribution among cumulative alcohol exposure categories for a group having the denominator given in the total column
for that row. AUDIT-C indicates Alcohol Use Disorder Identification Test-Consumption; LP, likely pathogenic; and VUS, variant of uncertain significance.

*Moderate-severe drinking years were obtained by multiplying participants’ AUDIT-C scores by alcohol drinking years among those with moderate to severe AUDIT-C
scores. Cumulative alcohol exposure was classified into one of 5 categories: low risk or 1st, 2nd, 3rd, or 4th quartile of moderate-severe drinking years among those
with moderate to severe AUDIT-C scores.

tTwo-sided P values from a generalized Cochran-Mantel-Haenszel test for correlated data with proband enrollment sites as the primary sampling units. The P value
for the general association statistic, which is designed to detect within-site differences in the distribution of the column variable across rows that are consistent across
sites, is always reported and was used as a gatekeeper test. If the null was rejected with this Pvalue at a=0.05, the Pvalue for a second test treating cumulative alcohol
exposure category as ordinal and the other variable as nominal (means) or ordinal (trend), as appropriate, is also reported to facilitate interpretation. The direction of the
association for the means statistic (for 2-row comparisons only) and trend statistic was determined by examining the underlying G statistic and noted next to the Pvalue.
For means statistic Pvalues for 2-row comparisons, the notation has the form (means®), with each* taking the value + (=) to indicate that the first row has a higher (lower)
mean cumulative alcohol exposure category score than the second row consistently across sites. For trend statistic P values, the notation has the form (trend*), with”
taking the value + (—) to indicate that categories in lower rows were associated with higher (lower) cumulative alcohol exposure category scores consistently across sites.

#Excluded 2 probands with other races.

individuals as compared with their reference groups. Dif-
ferences in use intensity or cumulative exposure among
the 3 genetic risk groups were small and did not achieve
statistical significance.

Table 4 and Table S3 show differences in cumulative
exposure and use intensity by FDR characteristics. After
controlling for site, alcohol use intensity decreased with
increasing age, but cumulative alcohol exposure showed
an increasing trend with age outside of the low-risk
group. Both use intensity and cumulative exposure were
higher in men and White individuals compared with their
reference groups.

Table 5 shows the adjusted associations between
cumulative alcohol exposure and DCM/partial DCM
among FDRs while controlling for proband enroliment
site, age at enrollment, and various combinations of the
presence of DCM-related rare variants, demographic
characteristics, and clinical characteristics. With site and
age adjustment only (Model 1), we were unable to find
evidence supporting an association between cumulative
alcohol exposure and DCM/partial DCM (P=0.69). In all
models including both cumulative alcohol exposure and
genetic risk categories, genetic risk was associated with
DCM/partial DCM (P<0.001), with the presence of at
least 1 pathogenic/LP variant being associated with a
>3-fold increase in the odds of DCM/partial DCM. How-
ever, we were unable to find evidence to support a pos-
sible association between cumulative alcohol exposure
and DCM/partial DCM (P=0.68) in any of these mod-
els. We were also unable to find evidence supporting
modification of the effect of genetic risk by cumulative
alcohol exposure in FDRs for either the pathogenic/LP
(P=0.55) or variant of uncertain significance (FP=0.93)
categories. A secondary analysis of FDRs that consid-
ered DCM and partial DCM separately yielded the same
inferences (Table S4). The case-only conditional logis-
tic regression analyses of probands also did not find

Circ Genom Precis Med. 2025;18:¢004946. DOI: 10.1161/CIRCGEN.124.004946

evidence supporting modification of the effect of genetic
risk by cumulative alcohol exposure for either the patho-
genic/LP category (P=0.28; Table S5) or the variant of
uncertain significance category (Table Sb).

DISCUSSION

Analysis of 1148 probands with DCM and 1373 of their
FDRs from the multiracial-ethnic and multicenter DCM
Precision Medicine Study found that moderate to severe
alcohol use was frequent in both probands and FDRs.
Patients with DCM who drank heavily were more likely to
be men, White, Hispanic, have an educational attainment
of <12 years, or have comorbidities such as hyperten-
sion and a history of arrhythmia and conduction disease.
However, we were unable to identify evidence supporting
an association between cumulative alcohol exposure and
prevalent DCM/partial DCM among FDRs. In contrast,
harboring DCM-relevant rare genetic pathogenic/LP
variants was strongly associated with DCM/partial DCM
among FDRs after adjusting for other confounding fac-
tors. Data were compatible with this association being
unmodified by cumulative alcohol exposure in 2 separate
analyses.

These findings vary from conventional wisdom and
historical practice, both long established in the medical
and cardiovascular literature, that prolonged and exces-
sive alcohol consumption causes DCM and that the risk
of DCM can be mitigated through abstinence.”" This
wisdom has evolved in part from anecdotal accounts of
improved myocardial function upon cessation of alco-
hol use in patients with substantial exposure to alcohol,
although usually with concomitant implementation of
medical therapy. The underlying question is of causality—
does alcohol exposure itself cause myocardial dysfunc-
tion that presents as formally defined DCM? Or does
alcohol interact with genetic predisposition to hasten
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Table 4. Cumulative Alcohol Exposure Among FDRs of Patients With DCM by Demographic, Clinical, and Genetic

Characteristics

Cumulative alcohol exposure*

Total Low risk 1st Quartile 2nd Quartile ‘ 3rd Quartile ‘ 4th Quartile
Variable (N=1373) (n=871) (3-40; n=129) | (42-78; n=115) | (80-140; n=132) | (144-480; n=126) P valuet
n (Row %)
Enroliment age, y 0.06
<45 674 395 (58.6) | 111 (16.5) 101 (15.0) 59 (8.8) 8(1.2)
45-64 484 317 (65.5) | 14 (2.9) 13 (2.7) 67 (13.8) 73 (15.1)
>65 215 159 (74.0) | 4 (1.9) 1 (0.5) 6(2.8) 45 (20.9)
Sex 0.01
Women 847 573 (67.7) | 72 (8:5) 81 (9.6) 81(9.6) 40 (4.7) <0.001 {means )
Men 526 298 (56.7) | 57 (10.8) 34 (6.5) 51 (9.7) 86 (16.3)
Race# 0.03
Black 401 296 (73.8) | 40 (10.0) 30 (75) 17 (4.2) 18 (4.5) 0.004 (means —)
White 947 556 (58.7) | 88 (9.3) 83 (8.8) 114 (12.0) 106 (11.2)
Missing 2 1 1 0 0 0
Hispanic 0.93
Yes 138 109 (79.0) | 12 (8.7) 8 (5.8) 6 (4.3) 3(2.2)
No 1232 761 (61.8) | 116 (9.4) 107 (8.7) 126 (10.2) 122 (9.9)
Missing 3 1 1 0 0 1
Marital status 0.009
Married/live together 717 445 (62.1) | 37 (5.2) 57 (7.9) 84 (11.7) 94 (13.1) 0.002 (means +)
Divorced/widowed/ 612 393 (64.2) | 89 (14.5) 54 (8.8) 45 (7.4) 31 (56.1)
separated/never married
Missing 44 33 3 4 3 1
Education 0.02
<12y 481 319 (66.3) | 53 (11.0) 32 (6.7) 29 (6.0) 48 (10.0) 0.15 (means —)
>12y 834 509 (61.0) | 71 (8.5) 78 (9.4) 100 (12.0) 76 (9.1)
Missing 58 43 5 5 3 2
Comorbidities
Hypertension 0.04
Yes 397 273 (68.8) | 15 (3.8) 13 (3.9) 30 (7.6) 66 (16.6) 043 (means +)
No 976 598 (61.3) | 114 (11.7) 102 (10.5) 102 (10.5) 60 (6.1)
Medical history
Arrhythmia/conduction system disease 0.13
Yes 118 70 (59.3) 6 (5.1) 7 (56.9) 13 (11.0) 22 (18.6)
No 1255 801 (63.8) | 123 (9.8) 108 (8.6) 119 (9.5) 104 (8.3)
Stroke 0.21
Yes 13 9 (69.2) 0 (0.0) 2 (15.4) 0 (0.0 2 (15.4)
No 1360 862 (63.4) | 129 (9.5) 113 (8.3) 132 (9.7) 124 (9.1)
Sudden cardiac death 0.35
Yes 5 4 (80.0) 0 (0.0) 1(20.0) 0 (0.0) 0 (0.0)
No 1368 867 (63.4) | 129 (9.4) 114 (8.3) 132 (9.6) 126 (9.2)
Pathogenic/LP/VUS, Any 0.61
Yes 521 328 (63.0) | 52 (10.0) 48(9.2) 44 (8.4) 49 (9.4)
No 852 543 (63.7) | 77 (9.0) 67 (7.9) 88 (10.3) 77 (9.0)
Most deleterious of proband'’s variants harbored 0.74
Pathogenic/LP 154 94 (61.0) 16 (10.4) 15 (9.7) 17 (11.0) 12 (7.8)
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Table 4. Continued

vUs 367
Negative 852

234 (63.8) | 36 (9.8)
543 (63.7) | 77 (9.0)

33(9.0)
67 (7.9)

27 (7.4)
88 (10.3)

37 (10.1)
77 (9.0)

Percentages are row percentages defining the distribution among cumulative alcohol exposure categories for a group having the denominator given in the total column
for that row. AUDIT-C indicates Alcohol Use Disorder Identification Test-Consumption; FDR, first-degree relative; LP, likely pathogenic; and VUS, variant of uncertain
significance.

*Moderate-severe drinking years were obtained by multiplying participants’ AUDIT-C scores by alcohol drinking years among those with moderate to severe AUDIT-C
scores. Cumulative alcohol exposure was classified into one of 5 categories: low risk or 1st, 2nd, 3rd, or 4th quartile of moderate-severe drinking years among those
with moderate to severe AUDIT-C scores.

tTwo-sided P values from a generalized Cochran-Mantel-Haenszel test for correlated data with proband enroliment sites as the primary sampling units. The P value
for the general association statistic, which is designed to detect within-site differences in the distribution of the column variable across rows that are consistent across
sites, is always reported and was used as a gatekeeper test. If the null was rejected with this Pvalue at a =0.05, the Pvalue for a second test treating cumulative alcohol
exposure category as ordinal and the other variable as nominal (means) or ordinal (trend), as appropriate, is also reported to facilitate interpretation. The direction of the
association for the means statistic (for 2-row comparisons only) and trend statistic was determined by examining the underlying G statistic and noted next to the Pvalue.
For means statistic Pvalues for 2-row comparisons, the notation has the form (means®), with each* taking the value + (=) to indicate that the first row has a higher (lower)
mean cumulative alcohol exposure category score than the second row consistently across sites. For trend statistic P values, the notation has the form (trend*), with*
taking the value + (—) to indicate that categories in lower rows were associated with higher (lower) cumulative alcohol exposure category scores consistently across sites.

$Excluded 23 FDRs with other races.

the development of DCM? Alternatively, might alcohol
exposure in large amounts cause other organ dysfunc-
tion (eg, chronic liver disease) and thereby facilitate an
adverse biologic environment, such as hypertension or
nutritional deficiencies, that in turn affects the health
of the myocardium?'" Another possibility is that some
alcohol products carry myocardial toxins, as shown by
additives in beer such as cobalt or arsenic.'” The data
derived from this study, based on rigorous clinical and
genetic analyses of probands with DCM and their FDRs,
suggest that genetics, not alcohol, more likely underlies
the DCM found in patients who drink alcohol exces-
sively. These findings suggest that a genetic evaluation
should be undertaken regardless of a history of heavy
alcohol use.

Alcohol is a known cellular and organ system toxin,
but the mechanisms by which alcohol may damage the
heart and cardiovascular system are not yet fully under-
stood.'? Results from a population-based study showed
an association between alcohol drinking and subclini-
cal echocardiographic abnormalities in LV structure and
function, with a statistically significant decrement in left
ventricular ejection fraction, although the left ventricular
ejection fraction decrement was <2% and still within
normal limits.'® An earlier study of extremely heavy alco-
hol use in 50 men showed concurrent skeletal and car-
diac muscle dysfunction, including abnormal histology
at biopsy.' In agreement with the findings presented
here, a 2018 study observed no difference in the frac-
tion of patients with rare variants identified in the DCM
groups with and without alcohol exposure.’™ While the
data presented here are compelling, a larger study with
greater numbers of probands and relatives with sub-
stantial genetic diversity is needed to replicate these
results. It is important to note that although the cur-
rent study showed that excessive alcohol use should
not rule out a genetic cause in a patient with DCM, it

Circ Genom Precis Med. 2025;18:¢004946. DOI: 10.1161/CIRCGEN.124.004946

remains essential to educate DCM patients and their
family members regarding the adverse health effects
of excessive alcohol use, both for cardiovascular condi-
tions beyond DCM and for the many conditions beyond
cardiovascular.’

Table 5. Association of Cumulative Alcohol Exposure and
Genetic Risk With Prevalent DCM/Partial DCM Among FDRs

Model 1: controlling for proband enroliment site and enrollment age*

Cumulative alcohol exposure category 0.69
Low risk 1.35 (0.67-2.74) 0.40
1st Quartile (3-40) Reference

2nd Quartile (42-78) 1.34 (0.65-2.76) 0.43
3rd Quartile (80-140) 0.95 (0.40-2.31) 0.92
4th Quartile (144-480) 1.34 (0.60-3.01) 0.48

Model 2: controlling for proband enrollment site and enroliment aget

Cumulative alcohol exposure category 0.68
Low risk 1.39 (0.66-2.94) 0.38
1st Quartile (3-40) Reference

2nd Quartile (42-78) 1.34 (0.61-2.91) 0.47
3rd Quartile (80-140) 0.97 (0.88-2.51) 0.95
4th Quartile (144-480) 1.42 (0.59-3.42) 0.43
Genetic risk category <0.001
Pathogenic/LP 3.59 (2.39-5.38) <0.001
VUS only 1.40 (0.95-2.05) 0.09
Negative Reference

Model 3: controlling for proband enrollment site, enrollment age, and race*

Cumulative alcohol exposure category 0.77

Low risk 1.38 (0.67-2.87) 0.38

1st Quartile (3—40) Reference

2nd Quartile (42-78) 1.36 (0.62-2.96) 0.44

3rd Quartile (80-140) 1.05 (0.41-2.68) 0.92
(Continued)
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Table 5. Continued

Variable OR 95% CI P value
4th Quartile (144-480) 1.54 (0.64-3.72) 0.33
Genetic risk category <0.001
Pathogenic/LP 3.90 (2.55-5.95) <0.001
VUS only 1.41 (0.96-2.07) 0.08
Negative Reference

Model 4: controlling for proband enroliment site, enroliment age, race, and
comorbidities§

Cumulative alcohol exposure category 0.84
Low risk 1.32 (0.61-2.85) 0.48
1st Quartile (3—-40) Reference

2nd Quartile (42-78) 1.31 (0.60-2.86) 0.49
3rd Quartile (80-140) 0.95 (0.36-2.53) 0.92
4th Quartile (144-480) 1.25 (0.50-3.13) 0.64
Genetic risk category <0.001
Pathogenic/LP 3.51 (2.33-5.29) <0.001
VUS only 1.30 (0.86-1.96) 0.21
Negative Reference

For each model, a moments-based or generalized estimating equation—type
generalized linear mixed model with the logit link was fit to the binary outcome of
the presence of DCM/partial DCM among FDRs using residual subject-specific
pseudolikelihood. The linear predictor included a random effect for proband en-
roliment site to account for site heterogeneity; inferences are thus conditional on
site, and ORs compare randomly sampled FDRs of probands enrolled at the same
site. Intra-familial correlation was accounted for within a generalized estimating
equations framework by using a working independence correlation matrix and the
Morel-Bokossa-Neerchal bias-corrected empirical covariance estimator with sites
as independent units. All models included a fixed effect for enrollment age (<45,
45-64, >65) because DCM penetrance is age-dependent and alcohol exposure
category is related to age through drinking years. For each categorical variable, a
Wald Pvalue for the joint null hypothesis that the odds of DCM/partial DCM were
identical across categories was calculated using the ¥? distribution with 4 (cumu-
lative alcohol exposure) or 2 (DCM variant category) df and is reported next to the
variable name. ORs comparing individual categories with the reference, their Wald
95% Cls, and 2-sided Pvalues obtained with the standard normal distribution are
also reported. Two subjects were removed from models 3 and 4 due to missing
race. DCM indicates dilated cardiomyopathy; FDR, first-degree relative; LP, likely
pathogenic; OR, odds ratio; and VUS, variant of uncertain significance.

*Model 1 included the cumulative alcohol exposure category and enrollment
age.

tModel 2 additionally included the FDR's measured genetic risk category
(negative, VUS, pathogenic/LP), defined by the most deleterious of the proband’s
pathogenic/LP/VUS variants carried.

$Model 3 considered adjustment for potential demographic confounders such
as FDR race (White, Black, or other), education (<12 y, >12 y), ethnicity, and sex.
Results with adjustment for FDR race only are reported; addition of education
(£12y,>12'y), ethnicity, and sex to the model yielded identical inferences to the
results presented but reduced the sample size due to missing values in these
variables. A model using proband genomic ancestry group (African, Native Ameri-
can, or European) in lieu of FDR race also yielded identical inferences to the re-
sults presented. A Wald P value for the null hypothesis of no interaction between
genetic risk category and cumulative alcohol exposure variable was calculated
separately for the pathogenic/LP (P=0.55) and VUS (P=0.93) categories using
the %2 distribution with 4 df.

§Model 4 additionally controlled for the presence of hypertension and arrhyth-
mias/conduction system disease.

STUDY LIMITATIONS

Alcohol use was assessed using self-report and was
susceptible to under-reporting due to social desirability
bias, which may result in an underestimated prevalence
of alcohol use among probands with DCM and their

Circ Genom Precis Med. 2025;18:¢004946. DOI: 10.1161/CIRCGEN.124.004946

Alcohol Exposure and DCM

FDRs. In addition, the original AUDIT-C was designed
to measure current alcohol exposure by querying alcohol
use in the past year, whereas the questionnaire used in
this study queried lifetime alcohol use on average with-
out a specific timeframe to investigate the association
between cumulative alcohol exposure and DCM. Further-
more, only about one-third of living FDRs enrolled in the
DCM Precision Medicine Study,® and it is possible that
those enrolled into the study were more health-conscious.
Such selection also could lead to an underestimation of
the prevalence of excessive alcohol use among FDRs,
but this is unlikely to bias the association assessment
since it would affect FDRs with and without DCM/partial
DCM similarly. Because the study was cross-sectional,
the associations evaluated were with prevalent disease
and do not necessarily reflect the effect of prior cumula-
tive alcohol exposure on the risk of incident DCM/partial
DCM. For FDRs with prior DCM diagnosis, if their drink-
ing behavior changed to lower intake after the diagnosis,
the association between DCM and alcohol use could be
underestimated. However, the impact of this, if any, would
be minimal, as the alcohol assessment in the study was
based on lifetime alcohol use on average. Also, while we
were unable to find evidence supporting an association
or effect modification in the context of a large study with
a clear genetic signal, we were also unable to find evi-
dence supporting a usual clinical cause lack of associa-
tion or effect modification due to the wide Cls. Finally,
the association assessment was based on DCM/partial
DCM without a usual clinical cause,® and so these find-
ings cannot be generalized to other cardiomyopathies.

CONCLUSIONS

One-third of patients with DCM and their FDRs with
DCM or partial DCM were moderate to severe alco-
hol users. After accounting for the age-dependent
nature of DCM risk, we were unable to identify evi-
dence supporting an association between cumulative
alcohol exposure and DCM/partial DCM among FDRs
of probands with DCM. However, this study provides
strong evidence that harboring DCM-relevant rare vari-
ants was associated with DCM/partial DCM. We were
unable to find evidence that the association between
harboring DCM-relevant rare variants and DCM/partial
DCM is modified by excessive alcohol use. While this
rigorously conducted study did not provide evidence
supporting or ruling out clinically relevant associations
between alcohol use and DCM, untangling the variable
effects of alcohol is challenging, and it is possible that
other relevant factors beyond the available data were
not considered.
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Supplemental Methods
The DCM Precision Medicine Study

The aims, design, and data collection process and procedures of the DCM Precision Medicine Study have been
described previously.®'° Briefly, the study enrolled 1224 probands with DCM and 1781 of their FDRs between 2016
and 2021 to test the hypothesis that DCM has substantial genetic basis. Probands were patients identified by heart
failure/heart transplant cardiologists and clinical research personnel in heart failure and heart transplant programs at
25 sites of the DCM Consortium across the U.S.? The Institutional Review Boards (IRB) at the Ohio State
University (OSU) and all clinical sites approved the initial study, followed by single IRB oversight at the University
of Pennsylvania. All participants gave written informed consent.’

This analysis focused on probands and their FDRs aged 18 years and older. In addition to exclusions and inclusions
for the DCM Precision Medicine Study genetic analyses,'° this analysis excluded probands with insufficient data,
including 49 probands and 44 FDRs of those probands who did not respond to alcohol-related questions, leaving
1148 probands and 1373 FDRs for analysis (Supplemental Figure).

Cardiovascular Screening for DCM and DCM Partial Phenotypes

All probands met diagnostic criteria for DCM, which included left ventricular systolic dysfunction (LVSD; left
ventricular ejection fraction <50%) and left ventricular enlargement (LVE; left ventricular internal diastolic
dimension >95th percentile for age and sex) with other usual clinical causes excluded, as previously defined.®’
Available cardiac magnetic resonance imaging (CMR) data were used to retrospectively validate the study’s DCM
phenotype.'® FDRs who had either LVSD or LVE, but not both, without known cause were referred to as having
partial DCM.?

At enrollment, probands were asked to inform all living FDRs of the study and to seek their oral permission for
contact by study personnel. Study staff then sought enrollment of FDRs who provided oral permission for contact.
For FDRs 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 FDR’s physician as part of
recommended clinical care were used. Clinical data from FDRs were centrally adjudicated to establish whether
DCM or partial phenotypes were present. Research echocardiograms were interpreted at sites by study site
personnel. All clinical data were interpreted without knowledge of family relationships or genetic information.

Demographic and Other Clinical Information Collected

Structured interviews collected participant demographic and health history information; medical records were
abstracted and reviewed to obtain key cardiovascular clinical information, such as hypertension and diabetes. The
DCM Consortium is aware of issues!” for the collection, analysis, presentation and discussion of race, ethnicity and
ancestry and has adopted recommended approaches.!32! Race and ethnicity in both probands and FDRs were
included because of their relevance for health outcomes and were self-reported by participants using structured race
(Native American or Alaska Native, Asian, African American, Native Hawaiian or Pacific Islander, White, more
than one race, or unknown) and Hispanic ethnicity (yes, no, or unknown) categories. Lifestyle risk factors, such as
cigarette smoking, alcohol, amphetamine, and cocaine use were measured by a patient interview. The geographic
location of residence was based on the home address reported by participants. Educational attainment was obtained
by asking participants how many years of school they had completed.

Alcohol Exposure Measurements

The DCM study collected information on alcohol use frequency, quantity, binge drinking, and years of drinking
among probands and their FDRs. In an interviewer-administered patient interview survey, both probands and FDRs
were asked if they ever used alcohol and, if so, how many times per week, how many drinks per occasion, how often
they have more than 5 drinks (binge drinking), and how many years they have been drinking alcohol. The alcohol
use disorder identification test (AUDIT-C) was used to develop a gender-specific index score for alcohol use. The
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AUDIT-C is a validated 3-item survey adapted from the original 10-item AUDIT questionnaire developed by the
World Health Organization (WHO) to help identify patients who are hazardous drinkers or have active alcohol use
disorders in the primary care settings.?> The AUDIT-C score ranged from 0 to 12, with higher score representing
higher risk. The scores were classified as positive (=3 for women and >4 for men) or negative (<3 for women and <4
for men); also, they were classified as low (negative), moderate, high, or severe based on gender-specific cutoffs.?®
The validity of the AUDIT-C has been demonstrated previously.?*2* To obtain a cumulative exposure measurement
incorporating both alcohol use intensity and duration, the AUDIT-C score was multiplied by years of drinking for
participants with moderate to severe AUDIT-C scores to obtain moderate-severe drinking years. Participants with
AUDIT-C scores classified as negative were included with the never drinking group. Cumulative alcohol exposure
was then assigned to one of 5 categories: never drinking and negative AUDIT-C score, both considered low risk, or
1%, 204 3 or 4™ quartile of moderate-severe drinking years among those with moderate to severe AUDIT-C scores.

Exome Sequencing and Analysis

Research exome sequencing and analysis were conducted as described previously.!% 26 Variants in 36 genes
considered clinically relevant for DCM, including the 19 genes classified as definitive, strong and moderate
evidence by the Clinical Genome Resource (ClinGen),?” were assigned to an ACMG category: pathogenic (P), likely
pathogenic (LP), variant of uncertain significance (VUS), likely benign, or benign; P, LP, and VUS variants were
confirmed by Sanger sequencing.'® 2® Frequencies with which probands and FDRs harbored variants (P/LP or VUS)
in each gene are shown in Table S1.

Global genomic ancestry proportions in probands were inferred from Illumina Global Screening Array genotypes as
described previously.!® A proband’s ancestry group was defined as the inferred continental ancestry group (African,
East Asian, European, Native American, or South Asian) accounting for the highest proportion of genomic ancestry.
Probands in an ancestry group other than African, European, or Native American were not analyzed due to small
numbers (n=4; Supplementary Figure).

Statistical Analysis

All analyses were performed in R version 4.1.1 (R Foundation) and SAS/STAT 15.2 software, Version 9.4 (TS1M7)
of the SAS System for 64-bit Linux (SAS Institute). All statistical tests and p-values were two-sided with 0=0.05.
Additional detailed statistical methods are provided below.

Prevalence and patterns of alcohol use (drinking frequency, quantity, binge drinking, and years of drinking) among
probands and their FDRs were described overall and by demographics (age, sex, and race/ethnicity), other life style
factors (e.g., smoking and use of amphetamine and cocaine), cardiovascular risk factors (e.g., hypertension, obesity),
and presence of DCM-related rare variants (P/LP/VUS, P/LP, VUS, and negative). Differences in alcohol exposure
by subgroups of probands or FDRs were assessed using a generalized Cochran-Mantel-Haenszel test appropriate for
correlated data.”®?

Association of cumulative alcohol exposure with prevalent DCM/partial DCM and potential modification of genetic
associations by cumulative alcohol exposure were assessed in FDRs, a cohort of individuals with inherited rare
variant genetic risk from probands. A moments-based generalized linear mixed model*® 3! with the logit link was
used to model the probability of prevalent DCM/partial DCM among FDRs. Random effects for proband enrollment
site were used to account for site heterogeneity; inferences are thus conditional on site. Intra-familial correlation was
accounted for by using the Morel-Bokossa-Neerchal bias-corrected empirical covariance estimator with sites as
independent units.>? Four fixed effect specifications were used to assess whether cumulative alcohol exposure was
associated with DCM/partial DCM or modified the association between measured genetic risk and DCM/partial
DCM. Model 1 included the cumulative alcohol exposure category and enrollment age (<45, 45-64, >65) because
DCM penetrance is age-dependent® ** and cumulative alcohol exposure is related to age through drinking years.
Model 2 additionally included the FDR’s genetic risk category (negative, VUS, P/LP), defined by the most
deleterious of the proband’s P/LP/VUS variants carried. Model 3 considered potential demographic confounders
such as FDR race (White, Black, or other), education (<12 years, >12 years), ethnicity (Hispanic or non-Hispanic),
and sex. While the genomic ancestry of probands was also available for all FDRs,'? it was not included in this model



due to its less direct relevance to FDR alcohol exposure and high concordance with FDR race. Model 4 additionally
controlled for the presence of FDR comorbidities such as hypertension and arrhythmias/conduction system disease.
Modification of the genetic risk category effect by cumulative alcohol exposure was examined separately for the
VUS and P/LP categories in Model 3 because the pattern of effect modification could conceivably differ between
them. Potential confounding factors were selected by literature review and univariable analyses described above. A
secondary analysis using a trinomial outcome was performed by separating DCM and partial DCM into distinct
response categories.

Modification of the genetic risk category effect by cumulative alcohol exposure was additionally assessed separately
for the P/LP and VUS categories using two case-only binary conditional logistic regression analyses in probands.**
35 These analyses use genetic risk category as the outcome and cumulative alcohol exposure category as an
explanatory factor while controlling for site, ancestry group (African, Native American, or European), ethnicity, sex,
and enrollment age (<45, 45-64, >65). If the disease is rare and the genetic risk category is independent of alcohol
exposure within strata of the general population defined by the adjustment variables, the odds ratio for each alcohol
exposure category estimates the same interaction odds ratio that would be tested in a standard logistic regression
analysis applied to a cohort or case-control study. Thus, a case-only odds ratio differing from 1 implies that a
particular alcohol exposure category modifies the effect of having a P/LP or VUS variant on DCM risk on the log
odds scale relative to the effect in the reference category. While a proband-only analysis can identify whether an
exposure modifies a genetic association with a phenotype in this specific manner when assumptions are met, it
cannot estimate independent associations of cumulative alcohol exposure and genetic risk category with the risk of
DCM.36’ 37

Detailed Statistical Methods

Throughout, let k = 1, ...,28 index the proband’s enrollment site and j = 1, ..., n; index the probands at site k.
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 probands 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 for Correlated Data

The test statistic Tz, = G'V; G was used with proband enrollment sites as primary sampling units, which treated
site stratum effects as random and accounted for all sources of within-site correlation.?® ?° The statistic G was
determined by the row and column scoring appropriate for a particular alternative hypotheses, as described in greater
detail below; V; was its sample covariance matrix across sites. Two-sided p-values were calculated by comparing
(q—df)Tg,/(df (@ — 1)) to a F(df, q — df) distribution, where q is the number of sites and df is determined by
the specific G being used. The p-value for the general association statistic, which has df = (R —1)(C — 1) fora
table with R rows and C columns, is designed to detect within-site differences in the distribution of the column
variable across rows that are consistent across sites. This p-value was always reported and used as a gatekeeper test
to control type I error for each variable at o = 0.05. If the null was rejected with a general association p < 0.05, the
p-value for the row means statistic (df = R — 1) or the trend statistic (df = 1), as appropriate for the particular row
variable of interest, was also reported to facilitate interpretation. Both statistics treat the column category as ordinal
(column scores were the column number read from left to right). The row means statistic treats the row category as
nominal and produces a vector G that measures the extent to which the mean column score varies among rows
consistently across sites. For R > 2, individual elements of G are difficult to interpret, but R = 2 produces a scalar
G that is positive (negative) if the first row has a higher (lower) mean column score than the last row consistently
across sites. The trend statistic treats the row category as ordinal (row scores are the row number read from top to
bottom) and produces a scalar G that is the weighted sum across sites of the within-site covariance between row and
column scores. A positive (negative) value indicates that higher row scores are associated with higher (lower)
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column scores consistently across sites. The nature of the association for the means statistic with R = 2 or trend
statistic was determined based on G and reported along with the p-value.

Logistic Model for Prevalent DCM/Partial DCM in First-Degree Relatives

Leti =1, ..., ny index the included first-degree relatives of proband jk. For first-degree relative ijk, let Y;;, denote
the bmary outcome equaling 1 if the individual had DCM/partial DCM and 0 otherwise, [;;; = 1,2,3,4,5 denote the
alcohol exposure group (low risk and 1%, 2%, 3, and 4" quartiles of moderate-to-severe drinking years among those
with moderate to severe AUDIT-C scores), m;j; = 1 (<45), 2 (45-64),3 (=65) denote the enrollment age group,
1ij = 1 (Negative), 2 (VUS), 3 (P/LP) denote the genetic risk category defined by the most deleterious of the
proband’s variants harbored, and z;;, denote a vector of additional explanatory variables.

The target of inference was the probability of prevalent DCM/partial DCM in an eligible first-degree relative
conditional on site and other variables included in the model. This target of inference allowed comparison of the
probability of prevalent DCM/partial DCM among randomly selected first-degree relatives of probands from the
same site with different degrees of alcohol exposure and measured genetic risk shared with the proband but
otherwise identical characteristics, thereby using conditioning to adjust for clustering within proband enrollment
site. While correlation between outcomes of eligible first-degree relatives within each proband could in theory be
addressed with a conditional approach involving shared genetic and environmental random effects, this would
change the target of inference to be conditional on these random effects. The resulting coefficients would then
reflect hypothetical within-individual comparisons that relied on correct specification of genetic and environmental
random effects while also not being directly observable in the data.*® Instead, residual within-family correlation was
addressed using a generalized estimating equations (GEE) approach in the context of what has been referred to as a
moments-based generalized linear mixed model (GLMM)*® or GEE-type GLMM?! involving both random effects in
the linear predictor and a conditional working covariance structure.

The GEE-type GLMM for the binary outcome in Model 1 was defined using the logit link and the following
conditional moment specifications for the vector of responses for first-degree relatives of proband jk:

T = lOngth ptay, + Bmg + a")

Yl]k nl]k
= T

"Jk]k T["kak )
a

Var| - |a; | = ¢diag (ﬂljk(l - ﬂljk), o Ty jk (1 - ”n,-kjk)) = Vi
Yn]-kjk

where u, Qo and Bmijk are fixed effects with a, = B3 = 0; a,~N(0,72,) are random effects independently

distributed across sites; ¢ represents a dispersion parameter that is estimated; and diag denotes a block diagonal
matrix with the given arguments as the diagonal. The moment specification in (1) embodies a working independence
assumption for residual correlation between binary outcomes in first-degree relatives of each proband. First-degree
relatives of different probands were also assumed to have conditionally uncorrelated outcomes, so the vector of
stacked outcomes for first-degree relatives of all probands in each independent top-level cluster (i.e., a site k), Yy,
has conditional mean and variance given by:

T
E[Yyla,] = [“Ik “fzkk]

. (2
Var[Yy|a,] = diag(Vyy, ...,Vnkk)

where superscript T denotes the transpose. Note that the working independence assumption for the conditional
covariance structure does not need to be correct to obtain valid inferences on the fixed effects, as discussed further
below.



To determine whether associations observed in Model 1 could be explained by other factors, the linear predictor in
(1) was modified to include such variables. Model 2 incorporated genetic risk group into the linear predictor:

T, = logistic (u +ay, + By + 6y ak) 3)

where §; = 0. Models 3 and 4 added various demographic variables and comorbidities captured by z; ;. in the
following general specification:

1, = logistic (u +ay, + ﬁmi].k + 5Tijk + Zy + ak) (4)

where y is a vector of fixed effects corresponding to the elements of the row vector z; ;.. To determine whether the
genetic risk group association was modified by alcohol exposure in Model 3, the linear predictor in (4) was modified
to include an interaction term ¢ ljkriji:

T35, = logistic (u + @+ By  Orijy T Puijirijie T Ziji¥ ak) 5)

where @11 = Q31 = QP31 = Q41 = QP51 = P25 = @43 = 0. Because modification of the genetic risk group effect
could conceivably differ for the VUS and P/LP groups, separate tests were performed in each group. Under this
model, the null hypothesis that the effect of being in the VUS group was not modified by cumulative alcohol
exposure is expressed as @, = @3, = P4y = @5, = 0. The corresponding null hypothesis for the effect of being in
the P/LP category is @13 = @33 = @43 = @53 = 0.

Under the linear predictors in (1), (3), and (4), exp(«;) is the ratio of the odds of prevalent DCM/partial DCM for a
first-degree relative in alcohol exposure group [ to those for a comparable first-degree relative (i.e., same proband
enrollment site and age group) in the 1% quartile of moderate-to-severe drinking years among those with moderate to
severe AUDIT-C scores (! = 2). The odds ratios exp(8,.) are interpreted similarly. If 73, > 0, all odds ratios can
be interpreted as comparing first-degree relatives of probands enrolled within the same US advanced heart failure
program. However, if 72, = 0, these odds ratios can also be interpreted as comparing first-degree relatives of
probands enrolled at any two such programs.

The models defined by (1) and (2) with linear predictors given in (1) and (3)-(5) were estimated using residual
subject-specific pseudolikelihood (RSPL)*% 3! 3% 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).30- 31340 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 if the
conditional mean model is correctly specified.’® 3! The empirical estimator of the covariance matrix of the fixed
effects with sites as independent units was used to provide robustness against misspecification of the conditional
covariance structure in (1) and (2).3! Given the moderate number of sites, the Morel-Bokossa-Neerchal bias-
corrected empirical covariance estimator was used to reduce potential bias.*!: 32 For the alcohol exposure and genetic
risk categorical variables, a Wald p-value for the joint null hypothesis that the odds of DCM/partial DCM were
identical across categories was calculated using the chi-square distribution with 4 (cumulative alcohol exposure) and
2 (genetic risk category) degrees of freedom and is reported next to the variable name in Table 5 of the main text.
Odds ratios comparing individual categories with the reference and their Wald 95% confidence intervals and two-
sided p-values obtained with the standard normal distribution are also reported in Table 5. Wald p-values for the
joint null hypothesis that the genetic risk group association was not modified by alcohol exposure in Model 3 were
calculated separately for the P/LP and VUS categories using the linear predictor in (5) and the chi-square
distribution with 4 degrees of freedom; these are reported in the footnotes to Table 5.

A secondary analysis using a trinomial outcome was performed by separating DCM and partial DCM into distinct
response categories. While the most direct approach would involve a GEE-type GLMM with a trinomial outcome,
baseline category logits given by (1) and (3)-(5) for each non-baseline response category (partial DCM or DCM),
and logit-specific site random effects, an empirical covariance matrix for the fixed effects could not be obtained for

6



this model in PROC GLIMMIX. However, it is well known that individual binary logistic regressions fit to the
subsample of observations in the baseline and each response category can be used to estimate the parameters of each
individual logit in a multinomial logistic regression with minimal efficiency loss,*! and PROC GLIMMIX can
produce empirical covariance matrices for the fixed effects in these binary logit models. Moreover, because the
hypotheses of interest involved parameters of a single logit, there was no need to account for covariance between
parameter estimates in different logits, and inference could be performed independently on the regression for each
response category. Thus, the approach described above was used to fit two binary GEE-type GLMMSs, one to the
subsample of individuals with DCM or no DCM/partial DCM using Y;;, = 1 if the individual had DCM and 0
otherwise, and the other to the subsample with partial DCM or no DCM/partial DCM using Y;, = 1 if the
individual had partial DCM and 0 otherwise. For the alcohol exposure and genetic risk categorical variables, Wald
p-values for the joint null hypothesis that the odds of the outcome were identical across categories were calculated
for each model using the chi-square distribution with 4 (cumulative alcohol exposure) and 2 (genetic risk category)
degrees of freedom and are reported next to the variable name for each model in Table S4. Odds ratios comparing
individual categories with the reference and their Wald 95% confidence intervals and two-sided p-values obtained
with the standard normal distribution are also reported for each model in Table S4. For each model, Wald p-values
for the joint null hypothesis that the genetic risk group association was not modified by alcohol exposure in Model 3
were calculated separately for the P/LP and VUS categories using the linear predictor in (5) and the chi-square
distribution with 4 degrees of freedom; these are reported in the footnotes to Table S4.

Proband-Only Analysis for Modification of Genetic Risk Category Effect by Cumulative Alcohol Exposure

A case-only analysis of probands can be used to estimate and test the interaction term between a genetic risk factor
and environmental risk factor in a logistic model of disease risk.>* 3> The argument of Piegorsch et al.** is adapted
below to use the genetic risk factor as an outcome and allow for site heterogeneity. For proband j at site k, let Dy, be
an indicator variable taking the value of 1 if an individual has DCM and 0 otherwise, Y;, =

1 (Negative), 2 (VUS), 3 (P/LP) denote the genetic risk category defined by the most deleterious DCM-relevant
rare variant harbored, [;, = 1,2,3,4,5 denote the proband’s alcohol exposure category (low risk and 1%, 2nd 31 and
4™ quartiles of moderate-to-severe drinking years among those with moderate to severe AUDIT-C scores), Z ik bea
set of measured covariates that may influence DCM risk, and U, be unobserved site-level variables that may
influence DCM risk. If y = 1 and I = 2 are the reference categories for genetic risk and cumulative alcohol
exposure, the adjusted interaction odds ratio in a logistic disease risk model, IOR,,, is the ratio of the odds ratio
comparing Y, = y and Y, = 1 in cumulative alcohol exposure category ! to the same odds ratio in cumulative
alcohol exposure category [ = 2, which is the following function of the conditional DCM probabilities:

P(Dj = 1Y = y, Ly = L, Zjy, Uy ) P(Djye = 1Yy = 1,1y = 2, Zjy,, Uy )

10R,, = P(Djx = OlYj = y, Ly = 1, Zjy, Uy) P(Djy = 0¥y = 1, Ly = 2,Zyy,, Uy,) ©
Y P(Dj = 1Y = L4 = L, Zjx, Uy) P(Dje = 1Y = v, L = 2, Zjx,, Uy.)
P(Djx = 01V = 1,1y =1, Zy, Uy) P(Dye = 01V = v, i = 2,Zjy,, Uy,)

Note that this is identical to the definition given by Piegorsch et al.3*, IOR, = OR yi/ (OR1 lORyZ), where

P(Dj = 1Y = v, Lix = 1, Zjy,, Uy.)
OR,, = P(Dj = OV =y, Ly = 1, Zjy,, Uy.)
Y P(Dp = 1Y = 1, Ly = 2, Zjy, Uy)
P(Djy = OV, = 1,1y = 2,Zy,, Uy)

An application of Bayes’ rule yields an alternative expression for the conditional probability of DCM:

P(Yielbier Zjser Uior Djae)P(Djc | jser Zjaer Ue)
P(YielLjt Zjk Ure)

P(Djic|Yjio it Zjaor Uy ) =

Substitution into (6) and simplification yields:



P(Yy = y|lx =L Zjx, Uy, Dy = 1) P(Djy = 1|y = 1, Zyy,, Uy)

— P(Yix = y|lix =L Zjx, Uy, Dy = 0) P(Djy = 0|y = 1, Zyy,, Uy
PV = Ul = L Zjx, U, Djge = 1) P(Djie = 1L = L, Zjx, Uy,
P(Yy = 1|ljx =, Zjy, Uy, Dy = 0) P(Djy = O| Ly, = 1, Zjy,, Uy,)

P(Yy = 1)Uk = 2, Zjy, Uy, Djs = 1) P(Djxe = 1|Uy = 2, Zjx,, Uy,

y P(Yy = 1|l = 2,Zy,, Uy, Dy, = 0) P(Dj = 0|l = 2, Zy,, Uy,)

J

(7)
P(Yy = y|lk = 2, Zjx, U, Dji. = 1) P(Djy = 1|l = 2, Zjy,, Uy )
P(Yyx = y|lx = 2,Zy, Uy, Dy, = 0) P(Djy = 0|l = 2, Zy,, Uy,)
P(Yk = y|lik = LZjx, U Dy = 1) PV = y|lix = 2, Zjx,, Uy, Dy = 0)
_ P(Yy = 1|l = 1 Zjy, Uy, Dy = 1) P(Yjy = 1|l = 2,Zyy,, Uy, Djy = 0)
P(Yii = y|l = 2, Zjx, Uy, Dy = 1) P(Ye = y|li = L Zjse, Use, Djye = 0)
P(Yy = 1|l = 2,Z, Uy, Dy = 1) P(Yye = 1|l = 1, Zjy,, Uy, Djy = 0)
The distribution of ¥}, among individuals without DCM in the population is given by:
v Pkl Zik, Ur) = P(Yieel ik Zjke, U, Dye = 1)P(Dye = iy, Zyye, Uy
P(Yyelljior Zyser Uy Dyge = 0) =
P(Djx = Oll, Zjy, Uy.)
Because DCM is rare in the general population, it is reasonable to assume that P(Djk = Uy, Zjk, Uk) ~ (0 and
P(Djx = Olljx, Zjx, Uy) = 1, which implies that P(Yj,|Ljx, Zj, Uy, Djy. = 0) = P(Y|ljx» Zj, Uy ). Upon further
assuming that cumulative alcohol exposure and genetic risk category are conditionally independent within strata
defined by {Zjy, U, } in the population, P(Yj|lix, Zjx, U ) = P(Yik|Zjx, Uy ) and P(Y|Lix, Zjx, Uy, Dy = 0) =
P(ij [Zjk, Uk). As aresult, the terms conditional on Dj;, = 0 in (7) cancel and
IOR,, ~ P(Yi = y|l = L Zjx, Ups Dy = 1)/P(ij = Y|l = 2,Zjs, Uy, Dy = 1) (8)
|
T P(Yie = 1l = L Zjgo, Uy, Dige = 1)/ P(Vie = 1 Ljie = 2, Zjye, Uy, Dyye = 1)

Equation (8) implies that the adjusted interaction odds ratio can be estimated using a multinomial logistic model in
probands by the conditional odds ratio comparing [;; = [ and [, = 2.

To specify a multinomial logistic model for P(ij = y|ljk,Z]-k, U, Djy = 1), let my, =

1(European), 2 (African), 3 (Native American) denote the proband’s predominant ancestry group, 7, =

1 (Non-Hispanic), 2 (Hispanic) denote the proband’s ethnicity, s;, = 1 (< 45), 2 (45 — 64), 3 (= 65) denote the
proband’s enrollment age group, and wj, = 1 (male), 2 (female) denote the proband’s sex. The log odds of ¥}, =
y € {2,3} compared to Y, = 1 can each be modeled as a function of alcohol exposure category, ancestry group,

ethnicity, enrollment age group, and sex fixed effects as well as a site-specific intercept capturing the effect of the
unobserved Uy :

lo (P(ij = Y|l Zjk U, Dy = 1)
P(Yie = 1|l Zj, U Dyie = 1)

) = {yk + 77yljk + 193/mjk + Ayrjk + fysjk + Vijk (9)

where U ﬁym].k, Ayrjk’ fys,-ka and Vywj, are regression- or y-specific fixed effects with n,, =9,; = 4,; =
¢y3 = vy = 0. Based on the argument above, exp(7,,) in this model approximates the parameter /OR,,; that is

estimated from a logistic disease model applied to a cohort or case-control study. Because modification of the
genetic risk category effect by cumulative alcohol exposure could conceivably differ for the VUS and P/LP
categories, inference on 7),; and 7; should be performed separately.

Even if the U, are independent of [, Zj;, and Y}, in the population, they might not be independent of them among
subjects with D;;, = 1 due to conditioning on a common effect.** Thus, the {, could depend on the l;; and Z;, for



probands at the site, violating the exogeneity assumption required to model {y; as random effects.* The ,,; could
instead be modeled as fixed effects to avoid the exogeneity assumption, but doing so with our moderately large
number of sites might cause issues with model fitting in finite samples.** Conditional logistic regression can be used
in such situations with binary outcomes to avoid such issues.** Although this approach can be generalized to
multinomial outcomes,* it is not implemented in widely used software. However, using multiple binary conditional
logistic regressions can provide an attractive solution to this apparent dilemma. When applying logistic regression to
the conditional probability of ¥j; = y in a subsample restricted to individuals with either Yy, = y or ¥j, = 1, the
probability being modeled is:

P(Yix = ¥|lw Zjt» U, Djie = 1)
- . U, Dy =1,Y; 1, — J J J J
P(Y}k y|l]k,Z]k k» ¥jk jk € { Y}) P(Y]k — 1|ljk,ij: Uk; Djk — 1) + P(Y]k — y|ljk;ij; Uk: Djk — 1)

It follows immediately from the above and (9) that the binary logistic regression model for Yj, = y in this subsample
has an identical parameterization to (9):
lo ( P(Ye = Y|kt Ziwe- Uies Dine = 1, e € {1,33)
1- P(Y}'k = Y|ljk'ijﬁ U, Djr = 1, Yy € {1, v})

) = Zyk + nyl)'k + ﬁymjk + Ayrjk + fijk + Vijk (10)

Binary conditional logistic regression with site as the stratification variable can then be applied to estimate the
parameters in (10) in each subsample, an approach which avoids both the exogeneity assumption and finite-sample
issues with unconditional fixed effects.** For inference involving the parameters of each individual regression, such
as a joint test of the null that n,,, = 0 for all [ performed for a given y, the covariance matrix can be obtained
directly from the inverse information matrix for that regression because it is a conditional maximum likelihood
estimator for that parameter vector. The same is true in the related context of using individual binary logistic
regressions to approximate a multinomial logistic regression, in which case it has also been shown that minimal
efficiency is lost for estimation of the parameters of each individual regression.*!

Maximum conditional likelihood estimation of the parameters in (10) was performed in SAS/STAT PROC
LOGISTIC separately for VUS/negative and P/LP/negative subsamples, and inference on the interaction odds ratio
effects in each model was performed using the inverse of the information matrix to estimate the covariance matrix of
the fixed effects. Odds ratios, their Wald 95% confidence intervals, and two-sided Wald p-values for the null
hypothesis that the odds ratio was 1 were obtained using the standard normal distribution and are shown in Table S5.
A Wald p-value for the joint null hypothesis that the interaction odds ratio was 1 across all alcohol exposure
categories for a given comparison (P/LP vs. negative or VUS vs. negative) was calculated using the chi-square
distribution with 4 degrees of freedom.
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Table S1. Prevalence of harboring DCM-relevant variants of a particular classification in
each gene among probands and FDRs with and without DCM/partial DCM

FDRs with FDRs without
Adjudication Probands DCM/partial DCM DCM/partial DCM*

Gene type (N =1148) (N =299) (N =1074)
ABCCO P/LP 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 13 (1.1) 3 (1.0) 8 (0.7)
ACTC P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 1(0.1) 0 (0.0) 2(0.2)
ACTNZ P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 14 (1.2) 1(0.3) 5 (0.5)
ANKRD P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 14 (1.2) 0 (0.0) 3(0.3)
BAGS P/LP | 10 (0.9) 5(1.7) 2(0.2)
VUS | 13 (1.1) 0 (0.0) 4 (0.4)
CRYAB P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 0 (0.0) 0 (0.0) 0 (0.0)
CSRP3 P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 5 (0.4) 0 (0.0) 3(0.3)
DES P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 9 (0.8) 1(0.3) 4 (0.4)
DSG2 P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 32 (2.8) 9 (3.0) 17 (1.6)
bsp P/LP | 13 (1.1) 5(1.7) 7 (0.7)
VUS | 70 (6.1) 6 (2.0) 36 (3.4)
EvAg P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 12 (1.0) 3 (1.0) 2(0.2)
NG P/LP | 21 (1.8) 8 (2.7) 11 (1.0)
VUS | 65 (5.7) 10 (3.3) 23 (2.1)
LK P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 5 (0.4) 0 (0.0) 4 (0.4)
o P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 10 (0.9) 0 (0.0) 4 (0.4)
L AMAG P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 40 (3.5) 4(1.3) 21 (2.0)
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FDRs with FDRs without
Adjudication Probands DCM/partial DCM DCM/partial DCM*

Gene type (N = 1148) (N =299) (N =1074)
B3 P/LP 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 34 (3.0) 9 (3.0) 16 (1.5)
L NA P/LP | 19 (1.7) 4(1.3) 14 (1.3)
VUS | 18 (1.6) 1(0.3) 11 (1.0)
YBPCS P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 59 (5.1) 9 (3.0) 27 (2.5)
YHG P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 58 (5.1) 9 (3.0) 19 (1.8)
Wy P/LP | 4 (0.3) 2(0.7) 0 (0.0)
VUS | 48 (4.2) 11 (3.7) 21 (2.0)
VPN P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 22 (1.9) 2 (0.7) 16 (1.5)
NEBL P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 22 (1.9) 2(0.7) 7(0.7)
NEXN P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 15 (1.3) 0 (0.0) 9 (0.8)
PDLIMS P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 7 (0.6) 0 (0.0) 4 (0.4)
oKD P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 28 (2.4) 1(0.3) 8(0.7)
PN P/LP | 1(0.1) 1(0.3) 4 (0.4)
VUS | 0 (0.0) 0 (0.0) 0 (0.0)
REM20 P/LP | 8(0.7) 6 (2.0) 1(0.1)
VUS | 39 (3.4) 2(0.7) 24 (2.2)
SCN5A P/LP | 1(0.1) 0 (0.0) 0 (0.0)
VUS | 49 (4.3) 7 (2.3) 17 (1.6)
P/LP 0 (0.0) 0 (0.0) 0 (0.0)
S6eh VUS } 5 (0.4) 1(0.3) 1(0.1)
oap P/LP | 4 (0.3) 1(0.3) 2(0.2)
VUS | 6 (0.5) 1(0.3) 1(0.1)
NG P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 5 (0.4) 1(0.3) 1(0.1)
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FDRs with FDRs without
Adjudication Probands DCM/partial DCM DCM/partial DCM*
Gene type (N = 1148) (N =299) (N =1074)
P/LP 0 (0.0 0.0 0(0.0
TNNI3 (0.0) 0 (0.0) (0.0)
VUS | 7 (0.6) 5(1.7) 2(0.2)
P/LP | 5 (0.4) 1(0.3) 0 (0.0)
TNNT2
VUS | 14 (1.2) 3 (1.0) 5 (0.5)
P/LP 0 (0.0 0(0.0 0
o | (0.0) (0.0) (0.0)
VUS | 8 (0.7) 5(1.7) 4 (0.4)
P/LP | 127 (11.1) 32 (10.7) 52 (4.8)
TTN
VUS | 51 (4.4) 10 (3.3) 22 (2.0)
VoL P/LP | 0 (0.0) 0 (0.0) 0 (0.0)
VUS | 19 (1.7) 1(0.3) 7 (0.7)

Each cell represents the number of individuals within each group (probands, FDRs with DCM/partial DCM, and FDRs without
DCM/partial DCM) harboring at least one variant with a particular classification (P/LP or VUS) in a particular gene. The sum of
column percentages may exceed 1 because an individual can harbor variants of more than one classification in more than one
gene.

*2 FDRs without DCM/partial DCM have missing genotypes for their VUSs.
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Table S2. Alcohol use intensity (AUDIT-C score level) among probands by demographic,

clinical and genetic characteristics

AUDIT-C score level

Total Low Moderate High/Severe
Variable (N =1148) (N =803) (N =192) (N =153) P value*
N (Row %)
Enrollment age, years 0.06
<45 355 239 (67.3) 62 (17.5) 54 (15.2)
45-64 575 408 (71.0) 89 (15.5) 78 (13.6)
=65 218 156 (71.6) 41 (18.8) 21 (9.6)
Sex 0.002
Women 510 390 (76.5) 92 (18.0) 28 (5.5)
<0.001 (means -)
Men 638 413 (64.7) 100 (15.7) 125 (19.6)
Racet 0.002
African American 498 377 (75.7) 63 (12.7) 58 (11.6)
. 0.01 (means -)

White 648 424 (65.4) 129 (19.9) 95 (14.7)
Hispanic 0.08
Yes 99 76 (76.8) 5(5.1) 18 (18.2)
No 1049 727 (69.3) 187 (17.8) 135 (12.9)
Marital status 0.89
Married/live 657 457 (69.6) 109 (16.6) 91 (13.9)
together
Divorced/widowed/ 443 316 (71.3) 73 (16.5) 54 (12.2)
separated/never
married
Missing 48 30 10 8
Education 0.008
<12 yrs 421 293 (69.6) 53 (12.6) 75 (17.8)

0.02 (means +)
>12 yrs 665 467 (70.2) 127 (19.1) 71 (10.7)
Missing 62 43 12 7
Comorbidities
Hypertension 0.01
Yes 612 437 (71.4) 80 (13.1) 95 (15.5)

0.52 (means +)
No 536 366 (68.3) 112 (20.9) 58 (10.8)
Medical history
Arrhythmia/conduction system disease 0.55
Yes 559 392 (70.1) 88 (15.7) 79 (14.1)
No 589 411 (69.8) 104 (17.7) 74 (12.6)
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AUDIT-C score level

Total Low Moderate High/Severe
Variable (N =1148) (N =803) (N =192) (N =153) P value*
N (Row %)
Stroke 0.07
Yes 32 26 (81.2) 5(15.6) 1(3.1)
No 1116 777 (69.6) 187 (16.8) 152 (13.6)
Sudden cardiac death ' 0.26
Yes 55 32 (58.2) 15 (27.3) 8 (14.5)
No 1093 771 (70.5) 177 (16.2) 145 (13.3)
P/LP/VUS, Any ' 0.08
Yes 704 481 (68.3) 127 (18.0) 96 (13.6)
No 444 322 (72.5) 65 (14.6) 57 (12.8)
Most deleterious variant ' 0.18
P/LP 210 138 (65.7) 44 (21.0) 28 (13.3)
VUS 494 343 (69.4) 83 (16.8) 68 (13.8)
Negative 444 322 (72.5) 65 (14.6) 57 (12.8)

Note: Percentages are row percentages defining the distribution among AUDIT-C score levels for a
group having the denominator given in the total column for that row.

" Two-sided p-values from a generalized Cochran-Mantel-Haenszel test for correlated data with proband
enrollment sites as the primary sampling units. The p-value for the general association statistic, which is
designed to detect within-site differences in the distribution of the column variable across rows that are
consistent across sites, is always reported and was used as a gatekeeper test. If the null was rejected
with this p-value at @ = 0.05, the p-value for a second test treating AUDIT-C category as ordinal and the
other variable as nominal (means) or ordinal (trend), as appropriate, is also reported to facilitate
interpretation. The direction of the association for the means statistic (for two-row comparisons only) and
trend statistic was determined by examining the underlying G statistic and noted next to the p-value. For
means statistic p-values for two-row comparisons, the notation has the form (means *), with * taking the
value + (-) to indicate that the first row has a higher (lower) mean AUDIT-C category score than the
second row consistently across sites. For trend statistic p-values, the notation has the form (trend *), with
* taking the value + (-) to indicate that categories in lower rows were associated with higher (lower)
AUDIT-C category scores consistently across sites.

1 Excluded 2 probands with “other” races.
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Table S3. Alcohol use intensity (AUDIT-C score level) among FDRs of DCM patients by
demographic, clinical and genetic characteristics

AUDIT-C score level

Total Low Moderate High/Severe
Variable (N =1373) (N =871) (N = 345) (N =157) P value*
N (Row %)
Enrollment age, years 0.01
<45 674 395 (58.6) 187 (27.7) 92 (13.6)
<0.001 (trend -)
45-64 484 317 (65.5) 108 (22.3) 59 (12.2)
=65 215 159 (74.0) 50 (23.3) 6 (2.8)
Sex 0.006
Women 847 573 (67.7) 219 (25.9) 55 (6.5)
0.001 (means -)
Men 526 298 (56.7) 126 (24.0) 102 (19.4)
Racet 0.01
African American 401 296 (73.8) 73 (18.2) 32 (8.0)
. 0.003 (means -)
White 947 556 (58.7) 271 (28.6) 120 (12.7)
Missing 2 1 0 1
Hispanic 0.52
Yes 138 109 (79.0) 18 (13.0) 11 (8.0)
No 1232 761 (61.8) 326 (26.5) 145 (11.8)
Missing 3 1 1 1
Marital status 0.72
Married/live 717 445 (62.1) 190 (26.5) 82 (11.4)
together
Divorced/widowed/ 612 393 (64.2) 148 (24.2) 71 (11.6)
separated/never
married
Missing 44 33 7 4
Education 0.05
<12 yrs 481 319 (66.3) 89 (18.5) 73 (15.2)
0.57 (means +)
>12 yrs 834 509 (61.0) 248 (29.7) 77 (9.2)
Missing 58 43 8 7
Comorbidities
Hypertension 0.16
Yes 397 273 (68.8) 82 (20.7) 42 (10.6)
No 976 598 (61.3) 263 (26.9) 115 (11.8)
Medical history
Arrhythmia/conduction system disease 0.35
Yes 118 70 (59.3) 37 (31.4) 11 (9.3)
No 1255 801 (63.8) 308 (24.5) 146 (11.6)
Stroke 0.05



AUDIT-C score level

Total Low Moderate High/Severe
Variable (N =1373) (N =871) (N = 345) (N =157) P value*
N (Row %)

Yes 13 9 (69.2) 4 (30.8) 0 (0.0)

No 1360 862 (63.4) 341 (25.1) 157 (11.5)

Sudden cardiac death ' 0.22
Yes 5 4 (80.0) 1(20.0) 0 (0.0)

No 1368 867 (63.4) 344 (25.1) 157 (11.5)

P/LP/VUS, Any ' 0.92
Yes 521 328 (63.0) 131 (25.1) 62 (11.9)

No 852 543 (63.7) 214 (25.1) 95 (11.2)

Most deleterious of proband’s variants harbored ' 0.67
P/LP 154 94 (61.0) 39 (25.3) 21 (13.6)

VUS 367 234 (63.8) 92 (25.1) 41 (11.2)

Negative 852 543 (63.7) 214 (25.1) 95 (11.2)

Note: Percentages are row percentages defining the distribution among AUDIT-C score levels for a
group having the denominator given in the total column for that row.

“Two-sided p-values from a generalized Cochran-Mantel-Haenszel test for correlated data with
proband enroliment sites as the primary sampling units. The p-value for the general association
statistic, which is designed to detect within-site differences in the distribution of the column variable
across rows that are consistent across sites, is always reported and was used as a gatekeeper test. If
the null was rejected with this p-value at « = 0.05, the p-value for a second test treating AUDIT-C
category as ordinal and the other variable as nominal (means) or ordinal (trend), as appropriate, is also
reported to facilitate interpretation. The direction of the association for the means statistic (for two-row
comparisons only) and trend statistic was determined by examining the underlying G statistic and noted
next to the p-value. For means statistic p-values for two-row comparisons, the notation has the form
(means *), with * taking the value + (-) to indicate that the first row has a higher (lower) mean AUDIT-C
category score than the second row consistently across sites. For trend statistic p-values, the notation
has the form (trend *), with * taking the value + (-) to indicate that categories in lower rows were
associated with higher (lower) AUDIT-C category scores consistently across sites.

1 Excluded 23 FDRs with other races.
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Table S4. Association of cumulative alcohol exposure and genetic risk with prevalent

DCM and partial DCM among FDRs

DCM vs. None Partial DCM vs. None
Variable OR (95% CI) P value OR (95% CI) P value
Model 1. Controlling for proband enrollment site and enrollment age*
Cumulative alcohol exposure 0.57 0.65
category
Low risk | 1.51(0.48,4.77) 0.49 | 1.27 (0.63, 2.57) 0.51
18t Quartile (3 — 40) | Reference - | Reference -
2" Quartile (42 — 78) | 1.18 (0.34, 4.05) 0.79 | 1.44 (0.69, 3.02) 0.33
3 Quartile (80 — 140) | 0.89(0.22, 3.61) 0.87 | 1.02(0.36,2.88) 0.97
4% Quartile (144 — 480) | 1.81 (0.62, 5.25) 0.28 | 1.00 (0.37, 2.71) 1.00
Model 2. Controlling for proband enroliment site and enrollment aget
Cumulative alcohol exposure 0.47 0.71
category
Low risk | 1.71 (0.51, 5.74) 0.39 | 1.29 (0.61, 2.74) 0.51
18t Quartile (3 — 40) | Reference - | Reference -
2" Quartile (42 — 78) | 1.23 (0.31, 4.83) 0.77 | 1.43 (0.64, 3.17) 0.38
3 Quartile (80 — 140) | 0.98 (0.22, 4.46) 0.98 | 1.01 (0.34, 3.02) 0.98
4% Quartile (144 — 480) | 2.21(0.71, 6.83) 0.17 | 1.02 (0.35, 2.96) 0.98
Genetic risk category | <0.001 | 0.03
P/LP | 7.44 (4.31, 12.84) <0.001 | 1.88 (1.18, 3.01) 0.008
VUS only | 2.39 (1.36, 4.21) 0.003 | 0.97 (0.61, 1.53) 0.89
Negative | Reference - | Reference -
Model 3. Controlling for proband enrollment site, enroliment age, and racet
Cumulative alcohol exposure 0.37 0.81
category
Low risk | 1.68 (0.49, 5.70) 0.41 | 1.27 (0.60, 2.69) 0.53
18t Quartile (3 — 40) | Reference - | Reference -
2" Quartile (42 — 78) | 1.25 (0.31, 5.02) 0.76 | 1.44 (0.63, 3.27) 0.38
3 Quartile (80 — 140) | 1.16 (0.28, 4.83) 0.84 | 1.04 (0.34, 3.18) 0.94
4™ Quartile (144 — 480) | 2.68(0.88, 8.15) 0.08 | 1.06(0.36,3.14) 0.92
Genetic risk category | <0.001 | 0.03
P/LP | 9.25 (5.06, 16.91) <0.001 | 1.95 (1.20, 3.17) 0.007
VUS only | 2.44 (1.38, 4.30) 0.002 | 0.99 (0.62, 1.58) 0.97
Negative | Reference - | Reference -
Model 4. Controlling for proband enrollment site, enroliment age, race, and comorbidities§
Cumulative alcohol exposure 0.44 0.72
category
Low risk | 1.59 (0.42, 6.04) 0.50 | 1.25 (0.59, 2.67) 0.56
18t Quartile (3 — 40) | Reference - | Reference -
2" Quartile (42 — 78) | 1.14 (0.27, 4.81) 0.86 | 1.44 (0.63, 3.25) 0.38
3 Quartile (80 — 140) | 0.99(0.20, 4.99) 0.99 | 1.02(0.33,3.15) 0.98
4% Quartile (144 — 480) | 2.38 (0.76, 7.49) 0.14 | 0.92 (0.30, 2.78) 0.88
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Genetic risk category ‘ <0.001 ‘ 0.03
P/LP | 8.10 (4.23, 15.50) <0.001 | 1.93 (1.17, 3.18) 0.01
VUS only | 2.16 (1.16, 4.01) 0.01 | 0.96(0.60, 1.55) 0.88
Negative | Reference - | Reference -

OR = odds ratio; Cl = confidence interval

Note: Two logit models were used to perform inference on the baseline category logits in a trinomial model while allowing for a site
random effect and intra-familial correlation. For each model, a moments-based or generalized estimating equation—type generalized
linear mixed model with the logit link was fit to the binary outcome among the subsample of FDRs noted in the column header using
residual subject-specific pseudolikelihood. The linear predictor included a random effect for proband enrollment site to account for
site heterogeneity; inferences are thus conditional on site, and ORs compare randomly sampled FDRs of probands enrolled at the
same site. Intra-familial correlation was accounted for within a generalized estimating equations framework by using a working
independence correlation matrix and the Morel-Bokossa-Neerchal bias-corrected empirical covariance estimator with sites as
independent units. All models included a fixed effect for enrollment age (<45, 45-64, 265) because DCM penetrance is age-
dependent and alcohol exposure category is related to age through drinking years. For each model, a Wald p-value for the joint null
hypothesis that the odds of the outcome were identical across categories was calculated using the chi-square distribution with 4
(cumulative alcohol exposure) or 2 (DCM variant category) degrees of freedom and is reported next to the variable name. ORs
comparing individual categories with the reference, their Wald 95% Cls, and two-sided p-values obtained with the standard normal
distribution are also reported. The “Other” category for FDR race was excluded due to convergence issues caused by small
numbers; 23 FDRs were removed from models 3 and 4 for the DCM vs. None analysis, and 25 FDRs were removed from models 3
and 4 of the partial DCM vs. None analysis due to race being missing or “Other”.

" Model 1 included the cumulative alcohol exposure category and enroliment age.

T Model 2 additionally included the FDR’s measured genetic risk category (negative, VUS, P/LP), defined by the most deleterious of
the proband’s P/LP/VUS variants carried.

i Model 3 considered adjustment for potential demographic confounders such as FDR race (White, Black), education (<12 years,
>12 years), ethnicity, and sex. Results with adjustment for FDR race only are reported; addition of education (<12 yrs, >12 yrs),
ethnicity, and sex to the model yielded identical inferences to the results presented but reduced the sample size due to missing
values in these variables. A model using proband genomic ancestry group (African, Native American, or European) in lieu of FDR
race also yielded identical inferences to the results presented. A Wald p-value for the null hypothesis of no interaction between
genetic risk category and cumulative alcohol exposure variable was calculated separately for the P/LP (p=0.57 in DCM vs None
model; p=0.96 in partial DCM vs None model) and VUS (p=0.79 in DCM vs None model; p=0.99 in partial DCM vs None model)
categories using the chi-square distribution with 4 degrees of freedom.

§ Model 4 additionally controlled for the presence of hypertension and arrhythmias/conduction system disease.
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Table S5. Proband-only estimates of the interaction odds ratios comparing the effect of
being in a particular genetic risk category on the odds of DCM between each cumulative
alcohol exposure category and the reference category

Interaction

Odds Ratio 95% CI P-value
P/LP vs. Negative Category 0.28
Low risk ‘ 0.63 (0.32, 1.22) 0.17
18t Quartile (0 — 63) ‘ Reference - -
2" Quartile (64 — 120) ‘ 1.05 (0.44, 2.52) 0.91
3 Quartile (125 — 189) ‘ 0.47 (0.19, 1.14) 0.10
4% Quartile (192 — 540) ‘ 0.72 (0.28, 1.85) 0.49
VUS vs. Negative Category ‘ 0.05*
Low risk ‘ 0.76 (0.44, 1.31) 0.32
18t Quartile (0 — 63) ‘ Reference - -
2" Quartile (64 — 120) ‘ 1.37 (0.67, 2.80) 0.39
3 Quartile (125 — 189) ‘ 0.50 (0.24, 1.05) 0.07
4% Quartile (192 — 540) ‘ 0.98 (0.47, 2.04) 0.96

Note: Interaction odds ratios were obtained from conditional logistic regressions stratified on site fit
separately to subsamples of P/LP and negative probands or VUS and negative probands. Interaction
odds ratios were also adjusted for ancestry group (African, Native American, or European), self-
reported ethnicity (Hispanic or Non-Hispanic), sex, and enrollment age group (<45, 45-64, 265). Each
interaction odds ratio describes how the effect of being in the higher genetic risk category on the odds
of DCM, described by an odds ratio relative to the negative group, differs between individuals in a
particular cumulative alcohol exposure category compared to the reference category given that they
are in the same site catchment area and have the same ancestry group, self-reported ethnicity, sex,
and enrollment age group. If the odds ratios describing the genetic risk category effect on DCM do not
differ between a particular alcohol exposure category and the reference within strata defined by the
other covariates, their ratio, which is the interaction odds ratio, will be 1. Wald 95% confidence intervals
(Cls) and two-sided Wald p-values for the null hypothesis that the odds ratio was 1 were obtained
using the standard normal distribution. A Wald p-value for the joint null hypothesis that the interaction
odds ratio was 1 across all alcohol exposure categories for a given comparison (P/LP vs. negative or
VUS vs. negative) was calculated using the chi-square distribution with 4 degrees of freedom.

* Although p=0.05 for the joint test that all interaction odds ratios were 1, individual interaction odds
ratios did not provide evidence supporting effect modification even without correction for multiple
testing, and the pattern of interaction odds ratios did not suggest that the effect of VUS genetic risk
increased or decreased systematically with increasing cumulative alcohol exposure.

20



Supplemental Figure

Figure S1. Selection of DCM Precision Medicine Study participants for analysis
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