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ABSTRACT

Substance use disorders (SUDs) incur serious social and personal costs. Risk for SUDs
is complex, with risk factors ranging from social conditions to individual genetic variation. We
examined whether models that include a clinical/environmental risk index (CERI) and polygenic
scores (PGS) are able to identify individuals at increased risk of SUD in young adulthood across
four longitudinal cohorts for a combined sample of N = 15,134. Our analyses included participants
of European (Neur = 12,659) and African (Narr = 2,475) ancestries. SUD outcomes included: 1)
alcohol dependence, 2) nicotine dependence; 3) drug dependence, and 4) any substance
dependence. In the models containing the PGS and CERI, the CERI was associated with all three
outcomes (ORs = 1.37 — 1.67). PGS for problematic alcohol use, externalizing, and smoking
guantity were associated with alcohol dependence, drug dependence, and nicotine dependence,
respectively (OR = 1.11 — 1.33). PGS for problematic alcohol use and externalizing were also
associated with any substance dependence (ORs = 1.09 — 1.18). The full model explained 6% -
13% of the variance in SUDs. Those in the top 10% of CERI and PGS had relative risk ratios of
3.86 - 8.04 for each SUD relative to the bottom 90%. Overall, the combined measures of clinical,
environmental, and genetic risk demonstrated modest ability to distinguish between affected and
unaffected individuals in young adulthood. PGS were significant but added little in addition to the
clinical/environmental risk index. Results from our analysis demonstrate there is still considerable

work to be done before tools such as these are ready for clinical applications.
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INTRODUCTION

Substance use disorders (SUDs) are associated with substantial costs to affected
individuals, their families, and society. An estimated 107,000 Americans died as the result of an
overdose in 2021 [1]. In 2016, alcohol use contributed 4.2% to the global disease burden and
other drug use contributed 1.3% [2]. Excessive alcohol use and illicit drug use cost the United
States an annual $250 billion [3] and $190 billion [4] respectively. Given the substantial human
and economic costs of substance misuse and disorders, understanding the combined impact of
important risk factors across multiple levels of analysis has important public health implications.

Substance use disorders are complex phenomena, and the development of substance
related problems can be attributed to factors ranging from broader social and economic conditions
to individual genetic variation [5—10]. Prior research using a multifactorial index of clinical and
environmental risk factors (e.g., childhood disadvantage, family history of SUD, childhood conduct
problems, childhood depression, early exposure to substances, frequent use during adolescence)
found it useful in identifying those with persistent SUDs [11].

More recently, polygenic scores (PGS), which aggregate risk for a trait across the genome
using information from genome-wide association studies (GWAS), were robustly associated with
substance use [12] and substance related problems [13] across adolescence and into young
adulthood. However, though robustly associated, current PGS do poorly in identifying individuals
affected by SUDs [14]. To date, there is limited work on the combined impact of genetic,
environmental, and clinical risk factors for SUDs. Prior work combining individual genetic variants
and clinical features outperformed clinical features alone [15], but individual variants have limited
predictive power. In other medical conditions, such as melanoma [16] or ischemic stroke [17],
combining clinical and genetic risk factors showed improvement predicting risk for a specific

outcome over models using individual risk factors.
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In the current study, we examine the joint association of early life clinical/environmental
risk factors and PGSs with SUDs in early adulthood across four longitudinal cohorts: the National
Longitudinal Study of Adolescent to Adult Health (Add Health); the Avon Longitudinal Study of
Parents and Children (ALSPAC); the Collaborative Study on the Genetics of Alcoholism (COGA);
and the youngest cohort of the Finnish Twin Cohort Study (FinnTwinl12). These samples include
population-based cohorts from three countries (United States, England, and Finland) and a
predominantly high-risk sample. Two of the samples (COGA and Add Health) are ancestrally
diverse. We focus on early adulthood as this is a critical period for the development and onset of
SUDs [18]. Our research questions are guided by the understanding that risk factors for SUDs

range across multiple levels of analysis.

METHODS

Samples

Add Health is a nationally representative longitudinal study of adolescents followed into
adulthood in the United States [19]. Data have been collected from Wave | when respondents
were between 11-18 (1994-1995) to Wave V (2016-2018) when respondents were 35-42. The
current analysis uses data from Waves I, Il, and Wave |V.

ALSPAC is an ongoing, longitudinal population-based study of a birth cohort in the
(former) Avon district of Southwest England [20—-23]. Pregnant female residents with an expected
date of delivery between April 1, 1991 and December 31, 1992 were invited to participate (N =
14,541 pregnhant women, 80% of those eligible). This analysis uses data up to the age 24
assessment (details of all the data that is available through a searchable, web-based tool:
http://lwww.bristol.ac.uk/alspac/researchers/our-data/).

COGA is a family-based sample consisting of alcohol dependent individuals (identified

through treatment centers across the United States), their extended families, and community
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controls (N ~16,000) [24, 25]. We use a prospective sample of offspring of the original COGA
participants (baseline ages 12-22, N = 3,573) that have been assessed biennially since
recruitment (2004-2019) [26].

FinnTwinl2 is a population-based study of Finnish twins born 1983-1987 identified
through Finland’s Central Population Registry. A total of 2,705 families (87% of all identified)
returned the initial family questionnaire late in the year in which twins reached age 11 [27]. Twins
were invited to participate in follow-up surveys when they were ages 14, 17, and approximately
22.

Each cohort includes a wide range of social, behavioral, and phenotypic data measured
across the life course. The SUD measures were derived from the corresponding young adult
phases of data collection in each cohort (mean ages ~ 22 - 28). A full description of each sample

is presented in the supplementary information (section 2).

Measures

Lifetime Diagnosis of Substance Use Disorder

We constructed measures of lifetime SUD diagnosis based on the data that were available
in each of the samples, defined as meeting criteria for four, non-mutually exclusive categories of
substance dependence: 1) alcohol dependence; 2) nicotine dependence; 3) drug dependence
(inclusive of drugs such as cannabis, cocaine, opioids, sedatives, etc.); and 4) any substance
dependence (alcohol, nicotine, or drug). Our analyses focused primarily on DSM-IV as this
diagnostic system was most consistently used across all samples. There was one exception: in
each of the samples, nicotine dependence was measured using a cutoff of 7 or higher on the
Fagerstrom Test for Nicotine Dependence (FTND) [28]. Where possible, we drew measures of
substance dependence from data collected during young adulthood to try and maintain temporal

ordering between SUD diagnoses and measured risk factors.
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Clinical/Environmental Risk Index

We created a clinical/environmental risk index (CERI) considering a variety of established
risk factors for SUD (Table 1). The CERI included ten validated early life risk factors associated
with later development of SUDs, including: low childhood socioeconomic status (SES), family
history of SUD, early initiation of substance use, childhood internalizing problems, childhood
externalizing problems, frequent drinking in adolescence, frequent smoking in adolescence,
frequent cannabis use in adolescence, peer substance use, and exposure to trauma/traumatic
experiences [11, 29, 30]. We dichotomized each risk factor (present vs not present) and summed
them into an index for each person ranging from 0 to 10, providing a single measure of aggregate
risk. Dichotomizing these items allowed us to harmonize measures across each sample in an
interpretable manner. A full list of how each measure is defined within each of the samples is

available in the supplementary information (section 3).

Polygenic Scores

We constructed polygenic scores (PGS), which are aggregate measures of the number of
risk alleles individuals carry weighted by effect sizes from GWAS summary statistics, from six
recent GWAS of SUDs and comorbid conditions including: 1) externalizing problems (EXT) [31];
2) depression (DEP) [32]; 3) problematic alcohol use [33] (ALCP); 4) alcohol consumption (drinks
per week, ALCC) [34, 35]; 5) cigarettes per day/FTND (CPD) [34, 36]; and 6) schizophrenia (SCZ)
[37, 38] . We focused on these PGS, specifically, because: 1) SUDs show strong genetic overlap
with other externalizing [39—-41], internalizing [32, 42], and psychotic disorders [33, 43, 44]; 2)
both shared and substance-specific genetic risk are associated with later SUDs [45-47]; and 3)
substance use and SUDs have only partial genetic overlap [48, 49]. Therefore, our PGS cover a
spectrum of genetic risk for SUDs, using the most current and well-powered results for each of

the listed domains (see supplementary information section 4 for a detailed description).
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GWAS have been overwhelmingly limited to individuals of European ancestries [50, 51].
Importantly, PGS derived from GWAS of one ancestry do not always transport into other ancestral
populations [52, 53]. We therefore used PRS-CSx [54], a new method that combines information
from well-powered GWAS (typically of European ancestries) and ancestrally matched GWAS to
improve the predictive power of PGS in the African ancestry samples from Add Health and COGA.
PRS-CSx integrates GWAS summary statistics across multiple input populations and employs a
Bayesian approach to correct GWAS summary statistics for the non-independence of SNPs in
linkage disequilibrium (LD) with one another [54]. For participants of European ancestries, we
used the EUR derived PRS-CSx results, while we used the EUR+AFR meta-analyzed results for

the African ancestry participants. See the supplementary information (section 5) for details.

Analytic Strategy

We pooled all the data for analysis using a fixed effects integrative data analytic (IDA)
approach [55]. The IDA approach is more powerful than traditional meta-analyses when one has
access to raw data for each of the contributing samples. Our approach to harmonization and
pooling was as follows. First, we defined the measures and cutoffs to be used in each of the
samples, creating the CERI, PGS, and SUD outcomes at the cohort level. Second, within each
cohort, we regressed each PGS on age, age?, sex, sex*age, sex*age?, and the first 10 ancestral
PCs (specific to each sample) to account for population stratification in the PGS. Next, we pooled
all the data for analysis. We included cohort as a fixed effect for each of the six cohorts (4 samples,
of which two were split by ancestry) in subsequent analyses. Additionally, we included age of last

observation and sex as covariates.

We estimated a series of nested logistic regression models with the pooled data: 1) a
baseline model (sex, age, and cohort), 2) a genetic risk model (baseline + PGS), 3) a

clinical/environmental risk model (baseline + CERI), and 4) a combined risk model (baseline +
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PGS + CERI). Because COGA and FT12 included a large number of related individuals, we
adjusted for familial clustering using cluster-robust standard errors [56]. To assess the predictive
accuracy of each model, we took the difference in pseudo-R? (APseudo-R?) [57], between the
baseline and corresponding models. Finally, we calculated the discriminatory power of the
combined model using the area under the curve (AUC) from a receiver operating characteristic
(ROC) curve. We included a variety of robustness checks to ensure that no single cohort in the
IDA was unduly influencing the results. Our analytic strategy was preregistered on the Open

Science Framework (https://osf.io/etbw8). Deviations from the preregistration are described in the

supplementary information (section 6).

RESULTS

Table 2 contains the descriptive statistics for each of the cohorts and ancestries. Each
cohort had similar proportions of females (~51% - 56%). The mean ages ranged from ~22 to ~29
years of age. The COGA cohorts (both European and African ancestries) reported the highest
rates of SUD, an expected finding given the nature of the sample (highly selected for SUDs). Add
Health participants generally had higher rates of SUD than ALSPAC or FinnTwinl12, but lower
than COGA. Finally, ALSPAC and FinnTwin12 reported similar levels of alcohol, nicotine, drug,
and any substance dependence. COGA patrticipants reported higher mean values on the CERI.

The remaining cohorts report relatively similar rates of risk factor exposure.

Table 3 presents the results from the PGS only, CERI only, and combined models for each
outcome. Three of the six PGS were associated with the SUD outcomes in the PGS only model.
EXT was associated with each of the SUD outcomes (EXT OR = 1.18 — 1.50); ALCP was
associated with alcohol dependence and any substance dependence (ALCP OR = 1.10 — 1.13);
and CPD was associated with nicotine dependence (CPD OR = 1.33). In the CERI only models,

the CERI was consistently associated across each of the SUD categories (ORs = 1.37 — 1.67).
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When we combined the PGS and CERI into the same model, the CERI remained significant
across SUDs and was largely unchanged (ORs = 1.35 — 1.65). EXT remained associated with
drug dependence (OR = 1.11) and nicotine dependence (OR = 1.33), ALCP remained associated
alcohol dependence (OR = 1.12), and CPD remained associated with nicotine dependence (OR
= 1.31). Both EXT and ALCP remained associated with any substance dependence diagnosis
(ORs = 1.09 — 1.18). Overall, the combined model explained 5.9%, 12.6%, 13.1%, and 12.8% of
the variance in alcohol dependence, nicotine dependence, drug dependence, and any substance

dependence, respectively.

Figure 1 (Panel A) presents the raw prevalence for each outcome across counts of the
CERI. The proportion of those meeting criteria for SUDs among those reporting 3 or more, 5 or
more, and 7 or more risk factors surpassed lifetime prevalence estimates from nationally
representative samples for drug dependence, alcohol dependence, and nicotine dependence,
respectively [58]. Panel B depicts the prevalence of each category of SUD across several mutually
exclusive categories: 1) those in the bottom 90% of both the CERI and all PGS (averaged across
the six scores); 2) those in the top 10% of the CERI but the bottom 90% of the PGS distribution;
3) those in the top 10% of the PGS distribution and the bottom 90% of the CERI; and 4) those in
the top 10% of both PGS and the CERI. There is an increase in risk across those with elevated
genetic risk, clinical/environmental risk, and both. Those in the top 10% of both PGS and CERI
had the highest prevalence of each of the SUDs, though the error bars overlap with the estimates
from those in the top 10% of the risk index, alone. Compared to those in the bottom 90% on both,
those in the to the top 10% of both have a relative risk of 3.86 (95% CI = 3.20, 4.65) for alcohol
dependence, 6.11 (95% CI = 4.84, 7.72) for nicotine dependence, 8.04 (95% CI = 6.92, 9.36) for

drug dependence, and 4.05 (95% CI = 3.64, 4.51) for any substance dependence.

Finally, we considered the AUC for the combined model for each of the SUD categories.

Figure 2 presents the ROC curves for the full (CERI and PGS) and baseline (covariates only)



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

Running Header: Characterizing Risk for SUDs Across Cohorts

models for each SUD category. The AUC for each combined model was 0.74 for alcohol
dependence, 0.82 for nicotine dependence, 0.86 for drug dependence, and 0.78 for any
substance dependence. The overall change in AUC (from the baseline to the full model) that we
achieve when adding the CERI and PGS was modest (AAUC = 0.05 — 0.10), and this
improvement was due in large part to the explanatory power of the CERI. ROC curves for the

CERI only and PGS only models are presented in Supplemental Figure 6.

Sensitivity Analyses

We performed a variety of sensitivity analyses. Results from leave-one-out (LOO) and
sex-stratified analyses were largely similar to those from the main results. In ancestry stratified
analyses, results in the cohorts of European ancestries largely mirrored the main results. None of
the PGS were associated with SUDs in the cohorts of African ancestries. Effect sizes for the CERI
were largely similar across European and African ancestries (see Supplemental Tables S1-S3)
and were mostly stable when removing individual risk factors (supplemental information section

7).

We also tested for interactions between the PGS and CERI and cohort (Add Health EUR
as the reference group). There were few significant interactions and no consistent patterns in
variation for PGS, though the CERI did show considerable variation across cohort (Supplemental
Table S4). Finally, we fit complimentary models using a random effects approach, allowing the
slopes for the PGS and CERI to vary randomly across cohort. Random slopes for PGS did not
consistently improve model fit, though a random slope for the CERI consistently improved model
fit (Supplemental Table S5). We compared the parameter estimates from the random effect

models to the main analyses and results were largely consistent (Supplemental Table S6).

10
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DISCUSSION

Substance use disorders remain a serious threat to public health. In the current analysis,
we examined the combination of clinical, environmental, and genetic risk factors for determining
who is more likely to develop a SUD in early adulthood. We used previously validated measures
of environmental and clinical risk [11, 29, 30] and polygenic scores for externalizing problems
[31], depression [32], problematic alcohol use [33, 35], alcohol consumption [34, 35], cigarettes
per day/nicotine dependence [34, 36], and schizophrenia [37, 38]. The combination of genetic
and social-environmental measures was significantly associated with the development of SUDs.
The overall association was strongest for drug dependence, followed by any substance
dependence, nicotine dependence, and alcohol dependence.

The CERI was the strongest association with each outcome. The proportion of those
meeting criteria for each SUD surpassed lifetime estimates in persons with 3 or more, 5 or more,
and 7 or more risk factors for drug dependence, alcohol dependence, and nicotine dependence,
respectively. The discriminatory power of the combined model (AUC = .74 - .86) was similar to
AUC estimates published in the original paper from which many of the risk index items were
derived (AUC ~ 0.80) [11]. Interestingly, this risk index was originally developed for identifying
persons with persistent SUD through early mid-life (~age 40). In the current analysis we
demonstrated that the CERI in conjunction with demographic covariates and PGS does equally
well for those who meet criteria for any SUD by young adulthood.

The overall predictive power of the PGS alone was in the range of 1.1 — 3.7%. Only the
PGS for externalizing problems, problematic alcohol use, and cigarettes per day were consistently
associated with SUD outcomes. The PGS for externalizing problems was associated with drug
dependence and nicotine dependence, the PGS for problematic alcohol use PGS was associated
with alcohol dependence, and both were associated with any substance dependence. The PGS

for cigarettes per day was only associated with nicotine dependence. Overall, these results

11
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support prior evidence that genetic risk for SUDs consists of a both shared and substance-specific
variance [31, 41, 47].

Interestingly, even though the effect sizes were attenuated in the model, the PGS for
externalizing problems, problematic alcohol use, and cigarettes per day remained significantly
associated when we included the CERI, though the additional information the PGS provided was
minimal. Since the CERI also included many of the phenotypes each of the PGS measured (e.g.,
childhood conduct disorder for externalizing, childhood depression for depression; and frequent
alcohol use for alcohol consumption), part of this attenuation is likely due to the inclusion of the
actual phenotypes through which risk for some of these disorders is expressed. PGS are also
confounded by environmental variance [59] and the reduction in effect sizes could be accounting
for some of that confounding. PGS may add information beyond well-known risk factors, which
could prove useful when information on certain exposures or behaviors is unavailable.

Further refinement of risk measures may improve our ability to develop screening
protocols for those at greater risk of developing substance-related problems. Early detection has
the potential to improve prevention efforts, as prior work suggests that those at highest risk of
substance misuse stand to benefit the most from prevention efforts [60]. Ideally, screening tools
for SUD risk would include measures of social, clinical, and genetic risk factors, as each impacts
the development of SUDs [5-10]. In the push for precision medicine, the focus is often on
biological information, but social determinants of health are also critically important.

Currently, these tools are not ready for clinical use. If we reach the point where social,
clinical, and genetic information become sufficiently powerful, we must recognize that identifying
persons for early intervention carries a significant risk. Screening for social determinants has the
potential for unintended consequences, including further stigmatization [61]. Genetic information
has even more potential for abuse. Policy makers must ensure that there is comprehensive legal
protection against discrimination using any form of information. Additionally, any attempt to use

social, clinical, or genetic information for targeted intervention or identification in a clinical setting

12
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must be done so in a patient-centered approach, rather than any “one-size fits all” that exclude
patients from their own healthcare decisions [62].

Our analysis has several important limitations. First, although we included individuals of
diverse ancestries, the PGS for our samples of African ancestries were severely underpowered
due to the small size of the discovery sample. Large-scale GWAS in diverse cohorts are vital to
ensuring that any benefit of precision medicine is shared equitably across the population [63].
Second, while distinct, ancestry is related to race-ethnicity, and with it, racism and racial
discrimination, some of the most profound social determinants of health [64]. Our measure of
environmental risk was crude and may not fully capture risk factors that contribute to SUDs in
populations beyond non-Hispanic Whites. Future studies should include racially relevant
measures of risk (e.g., experiences of interpersonal racism/discrimination, racial residential
segregation) as well as other social and environmental measures that are known risk factors for
SUDs (e.g., neighborhood social conditions, alcohol outlet density). Further refinement of known
risk factors may allow for better prediction of those at risk of developing an SUD. We did observe
variation in the predictive ability of the CERI across cohorts, suggesting the observed effect may
differ in magnitude across populations. We therefore urge caution in overinterpreting study
results. Finally, while we tried to ensure time order between risk factors and onset of disorder,
some risk factors (particularly adolescent substance use) could have occurred concurrently with
diagnosis. Future work in samples with risk factors measured before the initiation of substance
use (such as the Adolescent Brain Cognitive Development Study) will be important for replication
efforts.

Recognizing that multiple social, clinical, and genetic factors contribute to risk for SUDs is
important as we move towards the goal precision medicine that benefits all segments of the
population. There is still much work to be done before tools such as these are useful in a clinical
setting. However, the results of this integrative data analysis provide initial evidence each of these

risk factors contribute unique information to SUDs in early adulthood. Expanding our sources of

13



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

Running Header: Characterizing Risk for SUDs Across Cohorts

information (such as electronic health records, census data from home of record) and making use
of increasingly well-powered PGS will continue to improve our ability to understand how SUDs

develop.
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Table 1: Items included in the Clinical/Environmental Risk Index (CERI)

Measure

Definition

1)

2)

3)

4)

5)

6)

7

8)

9)

Low childhood SES

Family history of SUD

Childhood externalizing
problems

Childhood internalizing
problems

Early initiation of
substance use

Adolescent alcohol use

Adolescent tobacco use

Adolescent cannabis
use

Peer substance use

10) Traumatic events

Parent(s) report having less than basic level of education [culturally
dependent]; having a low-skill or menial occupation; income at or
below the poverty line; or receipt of government assistance.

Biological parent self-reports history of SUD for themselves or other
biological parent or meets criteria for SUD from clinical
interview/AUDIT threshold of 8 or higher.

Respondent meets criteria for conduct disorder or oppositional defiant
disorder from a clinical interview or computer-based prediction; or has
a behavior problems score at or above the 90th percentile at 15 or
younger.

Respondent reports diagnosis of depression/anxiety or panic
disorder; meets criteria for internalizing disorder in clinical
interview/computer-based prediction; or has a CES-D score above a
threshold of 16 at 15 or younger.

Respondent reports age of first whole alcoholic drink, smoked whole
cigarette, or tried cannabis before the age of 15.

Frequency of self-reported use 5 or more days per week at age 18
and below.

Frequency of self-reported use at daily use at age 18 and below.

Frequency of self-reported use 5 or more days per week at age 18
and below.

Respondent reports the majority of their best friends use
alcohol/tobacco/cannabis; their three best friends smoke daily/drink
once a month/use cannabis once a month; or more than one friend
smokes/drinks alcohol/has tried other drugs.

Respondent reports exposure to any traumatic event.

Full description of sample specific definitions available in the supplementary information.
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Table 2: Prevalence of SUDs and CERI by Cohort

Add Health Add Health
AFR EUR
(N =1,605)* (N = 4,855)*

Mean (SD)Y% Mean (SD)/%

ALSPAC
EUR
(N = 4,733)*

Mean (SD)/%

COGA
AFR
(N = 870)*

Mean (SD)/%

COGA
EUR
(N = 1,878)*

Mean (SD)/%

FinnTwin12
EUR
(N=1,193)*

Mean (SD)/%

Female 55.26% - 53.59% -
Age (at last observation) 28.89 (1.69) 28.84 (1.70)
Alcohol dependence 3.93% - 12.75% -
Nicotine dependence 2.74% - 10.28% -
Drug dependence 6.73% - 10.79% -
Any substance dependencet 11.21% - 25.81% -
CERI 1.95 (1.48) 2.07  (1.65)

56.71%
22.47

5.92%
1.54%
0.78%
8.87%

2.08

(2.20)

(1.19)

51.38%
24.13

11.49%
3.91%
26.44%
30.69%

3.98

(5.12)

(2.24)

51.33% -
2424  (5.26)

21.14%
7.83%
23.59%
34.66%

3.65  (2.38)

53.73%
22.44

8.55%

2.26%

1.34%
10.98%

2.62

(0.72)

(1.27)

* Available samples with genotypic, phenotypic, and environmental risk data

T Any substance dependence includes those who meet criteria for alcohol, nicotine, or drug dependence.
AFR = African ancestries; EUR = European ancestries; CERI = clinical/environmental risk index
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Table 3: Estimates for PGS Only, CERI Only, and Combined Models

Alcohol Nicotine Drug Any substance
Dependence Dependence Dependence dependence
OR 95% CI OR 95% CI OR 95% CI OR  95% CI
ALCCPGS 1.05 (0.99, 1.11) 096 (0.89, 1.04) 1.05 (0.98, 1.12) @ 1.00 (0.96, 1.05)
ALCP PGS 1.13 (.06, 1.20) 1.01 (0.93, 1.10) 1.07 (1.00, 1.15) 1.10 (1.05, 1.16)
PGS Onlv Model* EXTPGS 1.18  (1.11, 1.26) 150 (1.38, 1.63) 127 (1.19, 1.36) 1.31 (1.25 1.38)
y DEPPGS 1.00 (0.94, 1.06) 1.06 (0.98, 1.15) = 1.08 (1.02, 1.15) 1.02 (0.98, 1.07)
SCZPGS 1.04 (0.97, 1.10) 0.98 (0.90, 1.06) 1.03 (0.96, 1.11) 1.00 (0.96, 1.05)
CPDPGS 1.00 (0.94, 1.06) 133 (124, 143) 101 (095 1.08)  1.08 (1.03, 1.13)
APseudo-R? 0.011 0.037 0.014 0.022
CERI Only Model* CERI 137 (1.33, 1.41) 163 (157, 1.70) 167 (1.61, 1.72) 1.58 (1.54, 1.63)
APseudo-R?2 0.054 0.107 0.129 0.120
CERI 135 (1.31, 1.40) 158 (152, 165 165 (1.59, 1.70) 155 (1.51, 1.60)
ALCCPGS 104 (097, 1.100 094 (0.87, 1.03) 1.03 (0.96, 1.11) 0.99 (0.94, 1.04)
ALCPPGS 1.12 (105, 1.19) 099 (091, 1.08 106 (0.98, 1.14) 1.09 (1.04, 1.15)
Combined Model* EXTPGS 1.08 (1.01, 1.15) @ 1.33 (1.22, 145 111 (1.03, 1.20) 1.18 (1.12, 1.24)
DEP PGS 0.97 (091, 1.03) @ 1.02 (0.94, 1.10) @ 1.03 (0.96, 1.10) 0.98 (0.93, 1.03)
SCZPGS 1.03 (097, 1.10) @ 096  (0.88, 1.05) @ 1.01 (0.94, 1.08) 1.00 (0.95 1.05)
CPDPGS 0.98 (092, 1.04) @ 131 (122, 142) 098 (0.92, 1.04) 1.06 (1.01, 1.11)
APseudo-R? 0.059 0.126 0.131 0.128

* All models included age, sex, and cohort as covariates. See Supplementary Table 7 for all parameter estimates. PGS residualized on age, sex, and first 10 ancestral principal

components.

Bolded estimates = p < .05 after correction for multiple testing (p < .05/4 = 0.0125)

APseudeo-R?denotes pseudo-R?above model including age, sex, and cohort. Cl = confidence interval; PGS = polygenic score; CERI = clinical/environmental risk index
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FIGURE CAPTIONS

Figure 1: SUD Prevalence Across Genetic and Environmental Risk Factors

Panel A: Prevalence (and 95% confidence intervals) of those who meet criteria for alcohol,
nicotine, drug, or any substance dependence across counts for items in the risk index. Panel B:
Prevalence (and 95% confidence intervals) of those who meet criteria for alcohol, nicotine, drug,
or any substance dependence across four categories: 1) those below the 90" percentile for all
PGS and the CERI; 2) those at or above the 90" percentile for the CERI; 3) those at or above the
90™ percentile for all PGS; and 4) those at or above the 90" percentile for both the CERI and
PGS. PGS and risk index were first residualized on sex, age, age?, cohort, sex*age, sex*age?,
sex*cohort, cohort*age, cohort*age?, sex*cohort*age, and sex*cohort*age?. Dotted colored lines
represent corresponding lifetime prevalence estimates for alcohol dependence (red), nicotine
dependence (green), drug dependence (blue), and any substance use disorder (purple) from

nationally representative data [58].

Figure 2: ROC Curves for Combined and Baseline Models

Receiver operating characteristic (ROC) curves for baseline models (red line, covariates only)
and the full models (blue line, PGS + CERI + covariates) for each substance use disorder. Area
under the curve (AUC) is presented for the PGS model in each cell. Change in AUC represents

value of the difference between AUC from the full model and AUC from the base model.
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1 Study introduction

Substance use disorders (SUD) are associated with substantial cost to society, affected
individuals, and their families. In 2016, alcohol use contributed 4.2% to the global disease burden
and other drug use contributed 1.3% [1]. Given the substantial human and economic costs of
misuse and disorders, developing methods of identifying persons at heightened risk for SUD is a
vital public health concern.

Ideally, screening tools for SUD risk would include measures of environmental, clinical, and
genetic risk factors, as each are known to impact the development of substance use disorders
[2—6]. Previous research using an index of established clinical and environmental risk factors
related to adult SUD (e.g., childhood disadvantage, family history of SUD, childhood conduct
problems, childhood depression, early exposure to substances, frequent use during adolescence)
found this risk index to be useful (AUC ~ .80) in differentiating between individuals that were
affected and unaffected with SUDs [7]. For measures of genetic risk, recent analyses evaluating
the potential for polygenic risk scores, or PGS, which aggregate risk for a trait across the genome
using information from genome-wide association studies (GWAS), have found current PGS alone
provide little additional information to differentiate between individuals affected and unaffected by
SUDs [8]. However, no research has examined these genetic, environmental, and clinical risk
factors for SUD together. For other medical conditions, such as melanomal9] or ischemic stroke
[10], models using combined clinical and genetic risk factors showed improvement over models
using individual risk factors in isolation.

The current proposal builds upon prior work developing risk indices for SUDs. We examined the
joint effect of early life (defined as the periods of childhood and adolescence) risk factors and
genetic liability (in the form of polygenic risk scores) to build prediction models for lifetime
diagnosis of SUDs (alcohol dependence, drug dependence, and/or any substance dependence)
using four longitudinal cohorts: the Collaborative Study on the Genetics of Alcoholism (COGA);
the National Longitudinal Study of Adolescent to Adult Health (Add Health); the Avon Longitudinal
Study of Parents and Children (ALSPAC); and the younger cohort of the Finnish Twin Study
(FinnTwin12; FT12). We performed all analyses according to a preregistered analysis plan, which
was time-stamped on December 3, 2020 (https://osf.io/etbw8).



https://osf.io/etbw8

2 Samples

2.1 The National Longitudinal Study of Adolescent to Adult Health
(Add Health)

Add Health is an ongoing, nationally representative longitudinal study of adolescents followed into
adulthood in the United States[11]. Data has been collected ranging from Wave | when
respondents were between 11-18 (1994-1995) to Wave V (2016-2018) when respondents were
35-42. Add Health participants were selected from a stratified sample of 132 schools resulting in
an initial, nationally representative sample of 90,118 students in grades 7-12. Of the original
sample, 20,745 were selected for additional in-home interviews. Of those who completed the
Wave | interview (1994-1995), 14,738 (71%) completed Wave Il (1996); 15,197 (73%) completed
Wave 1l (2001-2002); and 15,701 (75%) completed Wave IV (2007-2008). Most respondents
completed the majority of the waves, with 16,278 (78%) completing three or more waves. Wave
V (ages 32-42) data collection is underway, with a target sample of 19,828 (data for N = 3,872 is
already released). In total, 15,159 individuals interviewed during Wave IV (ages 24-32) provided
samples for genotyping, conducted using the lllumina Omnil and Omni2.5 arrays. After quality
control, genotypic data are available for 9,974 individuals (5,896 non-Hispanic White; 2,081
African American; 1,448 Hispanic; 550 Other). Genotypes for European ancestry participants
were imputed to the Haplotype Reference Consortium (HRC) reference panel [12], and data for
the African ancestry were imputed to the 1000 Genomes, Phase Il reference panel [13]. The
current analysis uses data from Waves | and II, when respondents were adolescents, and Wave
IV, when respondents received a clinical interview assessing lifetime SUD diagnosis. We removed
those who were >18 years old at Wave | to ensure timing of childhood/adolescent risk factors.
Our final analytic sample consisted of 4,855 individuals of European ancestries and 1,605
individuals of African ancestries.

2.2 Avon Longitudinal Study of Parents and Children (ALSPAC)

ALSPAC is an ongoing, longitudinal population-based study of a birth cohort in the (former) Avon
district of Southwest England[14—16]. Study data were collected and managed using REDCap
electronic data capture tools hosted at the University of Bristol. REDCap (Research Electronic
Data Capture) is a secure, web-based software platform designed to support data capture for
research studies [17]. Pregnant women resident in Avon, UK with expected dates of delivery 1st
April 1991 to 31st December 1992 were invited to take part in the study. The initial number of
pregnancies enrolled is 14,541 (for these at least one questionnaire has been returned or a
“Children in Focus” clinic had been attended by 19/07/99). Of these initial pregnancies, there was
a total of 14,676 fetuses, resulting in 14,062 live births and 13,988 children who were alive at 1
year of age.

When the oldest children were approximately 7 years of age, an attempt was made to bolster the
initial sample with eligible cases who had failed to join the study originally. As a result, when
considering variables collected from the age of seven onwards (and potentially abstracted from
obstetric notes) there are data available for more than the 14,541 pregnancies mentioned above.
The number of new pregnancies not in the initial sample (known as Phase | enroliment) that are
currently represented on the built files and reflecting enroliment status at the age of 24 is 913
(456, 262 and 195 recruited during Phases Il, lll and IV respectively), resulting in an additional
913 children being enrolled. The phases of enroliment are described in more detail in the cohort
profile paper and its update (see footnote 4 below). The total sample size for analyses using any



data collected after the age of seven is therefore 15,454 pregnancies, resulting in 15,589 fetuses.
Of these 14,901 were alive at 1 year of age.

A 10% sample of the ALSPAC cohort, known as the Children in Focus (CiF) group, attended
clinics at the University of Bristol at various time intervals between 4 to 61 months of age. The
CiF group were chosen at random from the last 6 months of ALSPAC births (1432 families
attended at least one clinic). Excluded were those mothers who had moved out of the area or
were lost to follow-up, and those partaking in another study of infant development in Avon.

Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the
Local Research Ethics Committee. Consent for biological samples has been collected in
accordance with the Human Tissue Act (2004). Informed consent for the use of data collected via
guestionnaires and clinics was obtained from participants following the recommendations of the
ALSPAC Ethics and Law Committee at the time. Children from the ALSPAC cohort were
genotyped using the lllumina HumanHap550 quad chip genotyping platform[18]. Genotype data
were imputed to the Haplotype Reference Consortium (HRC) reference panel [12]. Our final
analytic sample consisted of 4,733 individuals of European ancestries.

2.3 The Collaborative Study of the Genetics of Alcoholism (COGA)

COGA, initiated in 1989 to identify genes associated with vulnerability for AUD, ascertained high-
risk families through adult probands in treatment for alcohol dependence [19]. Probands along
with all willing first-degree relatives were assessed; recruitment was extended to include
additional relatives in families that contained 2 or more first degree relatives with alcohol
dependence and community- ascertained comparison families (n = 16,848). Data collection
included a psychiatric interview (the Semi-Structured Assessment for the Genetics of Alcoholism,
or SSAGA [20]), neurophysiological and neuropsychological protocols, and collection of blood for
DNA. We currently have genome wide data on 12,145 individuals (8,038 individuals of European
ancestry; 3,655 individuals of African ancestry). In 2004, COGA began the prospective study of
adolescents and young adults, targeting assessment of youth aged 12-22 from COGA families
where at least one parent had been interviewed [21]. These subjects were re-assessed every two
years; currently, 89% of individuals have 2+ interviews. COGA is racially/ethnically diverse (60.6%
non-Hispanic White, 24.9% African American, 11.1% Hispanic, and 3.4% Other). Genotyping of
the COGA samples was conducted across different phases of data collection. European ancestry
(EA) samples were genotyped at multiple sites, including: (1) Center for Inherited Disease
Research using the lllumina HumanHaplM array; (2) Genome Technology Access Center at
Washington University School of Medicine using the lllumina OmniExpress; and (3) Rutgers
University using the Affymetrix Smokescreen array. In addition, the two datasets genotyped on
the Smokescreen genotyping array were also imputed separately, due to different processing
pipelines used by the genotyping laboratory. Principal components were computed from GWAS
data using Eigenstrat and 1000 Genomes, Phase Ill reference panel [13]. Individual ancestry was
assigned using the YRI, CEU, JPT and CHB populations to set reference points. We limited our
focus to the prospective sample of adolescent and young adult offspring (bassline ages 12-22; N
= 3,573) of the original phases of COGA adult participants in the current analyses. Our final
analytic sample consisted of 1,878 individuals of European ancestries and 870 individuals of
African ancestries.

2.4 The Finnish Twin Cohort (FinnTwin12)

FinnTwin12 is the youngest cohort of the Finnish Twin Cohort Study, a population-based study of
Finnish twins born 1983-1987 identified through Finland’s Central Population Registry. A total of



2,705 families (87% of all identified) returned the initial family questionnaire late in the year in
which twins reached age 11 [22]. Twins were invited to participate in follow-up surveys when they
were ages 14, 17, and approximately 22 (during young adulthood). An intensively studies sample
was selected as 1035 families, among whom 1854 twins were interviewed at age 14. The
interviewed twins were invited as young adults to complete the Semi-Structured Assessment for
the Genetics of Alcoholism (SSAGA) [20] interview (n = 1,347) and provide DNA samples [23].
Genotyping was conducted using the Human670-QuadCustom lllumina BeadChip at the
Wellcome Trust Sanger Institute. Quality control steps included removing SNPs with minor allele
frequency (MAF) <1%, genotyping success rate <95%, or Hardy—Weinberg
equilibrium p <1 x 108, and removing individuals with genotyping success rate <95%, a
mismatch between phenotypic and genotypic gender, excess relatedness (outside of known
families), and heterozygosity outliers. Genotypes were imputed to the Haplotype Reference
Consortium (HRC) reference panel [12]. The current analysis uses data from the intensive sub
sample with available DNA and diagnostic data across each wave of data collection. Our final
analytic sample consisted of 1,193 individuals of European ancestries.



3 Clinical/environmental risk index measures

The environmental/clinical risk index was based on a previously validated index of risk factors for
persistent SUD[7], including low childhood socioeconomic status (SES), family history of SUD,
early initiation of substance use, childhood internalizing problems, childhood externalizing
problems, frequent drinking in adolescence, frequent smoking in adolescence, frequent cannabis
use in adolescence, along with other known risk factors, such as peer substance use [24], and
exposure to trauma/traumatic experiences [25]. We dichotomized each risk factor (present vs not
present) and summed them into an index for each person ranging from 0 to 10, providing a single
measure of aggregate risk. In order to ensure that constructs were comparable across each of
the four samples, we compared and harmonized the available measures. Below, we present the
exact measurement for each of the ten items in each sample. Supplemental Figure 2 depicts the
breakdown of each risk factor across each of the cohorts. Supplemental Figure 3 presents the
tetrachoric correlations between each of the risk factors, by cohort and pooled into one sample.
While there is variation in the strength of the correlations, overwhelmingly we see that many of
these risk factors are weakly-to-modestly, positively correlated with one another. The strongest
correlations (~.7) are between frequent tobacco and cannabis use in adolescence. Even this
relatively strong correlation suggests that, at most, ~50% of the variance is shared between any
given item in the risk index. The lack of consistent, strong correlations indicate that these items
are not mere proxies for one another.

3.1 Low childhood socioeconomic status (SES)
3.1.1 Add Health
Participants were classified as experiencing low SES in childhood if they met criteria for any of

the below items:

(i) Parental education: both residential parents reported having less than a
high school.

(i) Parental occupation: both residential parents reported occupations that
were manual/low wage/low skill.

(iif) Household poverty: respondents report household income at or below the
1994 Federal Poverty threshold (Poverty Status: 1 person/Per extra person/4
person HH example = 7360/2480/14800).

(iv) Receipt of public assistance: respondent or parents report receipt of public
assistance.
3.1.2 ALSPAC
Participants were classified as experiencing low SES in childhood if they met criteria for any of
the below items:

(i) Parental education: mother and partner (if present) report no educational
qualifications.

(i) Household poverty: mother reported weekly income less than 100 pounds
aweek at ages 2.5, 4, or 7.



3.1.3 COGA

Participants were classified as experiencing low SES in childhood if their parent(s) reported
having less than a high school.

3.1.4 FinnTwin12
Participants were classified as experiencing low SES in childhood if they met criteria for any of

the below items:

() Parental education: parent(s) reported having less than a basic level
education (minimum in Finland).

(i) Parental occupation: both parents reported occupations that were
manual/low wage/low skill.

3.2 Family history of substance use disorders (SUD)
3.2.1 Add Health
Respondents were classified as having a family history of SUD if parents reported yes to either

of the following questions:

(i) “Does {NAME]'s biological mother currently have the following health
problem (check all that apply): Alcoholism”

(i) “Does {NAME]'s biological father currently have the following health
problem (check all that apply): Alcoholism”
3.2.2 ALSPAC
Respondents were classified as having a family history of SUD if parents met criteria for any of
the below items:
(i) Mother/Father - AUDIT total score greater than a threshold of 8.

(i) Mother/Father - Self-reported having alcoholism or a drug addiction.
3.2.3 COGA

Respondents were classified as having a family history of SUD if parents met criteria for an alcohol
use disorder based on parent SSAGA interviews. In instances where direct parent SSAGA
interview is not available, collateral parental alcohol use disorder information collected as part of
family history reports was used[21, 26].

3.2.4 FinnTwin12

Respondents were classified as having a family history of SUD if parents met criteria for any
substance use disorder based on parent SSAGA interviews.



3.3 Childhood behavior/externalizing problems
3.3.1 Add Health

Respondents were classified as having childhood behavior problems if their score on a list of
antisocial behaviors was at or above the 90™ percentile.

3.3.2 ALSPAC

Respondents were classified as having childhood behavior problems if participants met DSM-IV
clinical diagnostic criteria for any oppositional-conduct disorder.

3.3.3 COGA

Respondents were classified as having childhood behavior problems if they met criteria for
conduct disorder (CD) or oppositional defiant disorder (ODD) from the SSAGA/C-SSAGA
interview.

3.34 FinnTwin12

Respondents were classified as having childhood behavior problems if they met criteria for
conduct disorder (CD) or oppositional defiant disorder (ODD) from the age 14 SSAGA interview.

3.4 Childhood internalizing problems
34.1 Add Health

Respondents were classified as having childhood internalizing problems if their score on the
Center for Epidemiological Study Depression Scale (CES-D) was above 16 before age 15 or they
retrospectively reported a diagnosis of depression from before age 15 at Wave IV.

3.4.2 ALSPAC

Respondents were classified as having childhood internalizing problems based on the Short Mood
and Feelings Questionnaire (SMFQ) scores and Strengths and Difficulties Questionnaire (SDQ)
emotional symptoms scores.

3.4.3 COGA

Respondents were classified as having childhood internalizing problems if they reported an onset
age below age 15 on the following item across the SSAGA/C-SSAGA interview:

() “Think about the time in your life that stands out as the “worst” time in your
life of feeling (MOOD ENDORSED ABOVE). I'm interested in periods that
lasted at least two weeks.”

3.4.4 FinnTwin12

Respondents were classified as having childhood internalizing problems if they met criteria for
major depressive disorder (MDD) from the age 14 SSAGA interview.



3.5 Early substance use initiation

3.5.1 Add Health

Respondents were classified as having initiated substance use early if they reported an age below
15 for any of the following Wave | items, or reported use in the Wave Il follow up and their age

was below 15:
(i) “How old were you when you smoked a whole cigarette for the first time?”

(i) “Think about the first time you had a drink of beer, wine, or liquor... How

old were you then?”
(iii) “How old were you when you tried marijuana for the first time?”

3.5.2 ALSPAC

Respondents were classified as having initiated substance use early if they reported an age below
15 for any of the following items across the ages 12.5, 13.5, 15.5, 17.5, or 24 follow-ups:

(i) Age of respondent when first smoked a cigarette
(i) Age when respondent had first whole alcoholic drink
(iif) Age of respondent when first tried cannabis

3.5.3 COGA

Respondents were classified as having initiated substance use early if they reported an age below
15 for any of the following items across from the SSAGA/C-SSAGA interviews:

() “How old were you the first time you had your very first whole drink?”
(i) “How old were you the first time you smoked a full cigarette?”

(iii) “How old were you the first time you used marijuana?’

354 FinnTwin12

Respondents were classified as having initiated substance use early if they reported an age below
15 for any of the following items across the ages 12, 14, and 17.5 interviews:
() Age of respondent when first smoked a cigarette

(i) Age when respondent had first whole alcoholic drink

(iii) Age of respondent when first tried cannabis.

3.6 Frequent adolescent alcohol use

3.6.1 Add Health

Respondents were classified as regular users if they reported drinking on most days (= 5 days a

week) before age 18 (Waves | and Il), using the following question:
(i) “During the past 12 months, on how many days did you drink alcohol?”



3.6.2 ALSPAC
Respondents were classified as regular users if they reported drinking on most days (= 5 days a
week) before age 18, using the following question:
() "How often do you have a drink containing alcohol?"

3.6.3 COGA
Respondents were classified as regular users if they reported drinking on most days (= 5 days a

week) before age 18, using any of the following questions:

(i) “On how many days did you drink any beverages containing alcohol during
the last 12 months?” (from C-SSAGA interview)

(i) If respondents reported an onset age before age 18 on the following
SSAGA question: “Was there ever a time when you drank almost every day for
a week or more?”

3.6.4 FinnTwin12
Respondents were classified as regular users if they reported drinking on most days (= 5 days a

week) before age 18 (age 14 and 17 survey), using the following question:

(i) “How often do you drink any amount of alcohol?”

3.7 Frequent adolescent tobacco use
3.7.1 Add Health
Respondents were classified as regular users if they reported smoking daily before age 18

(Waves | and Il), using the following question:
(i) “During the past 30 days, on how many days did you smoke cigarettes?”

3.7.2 ALSPAC
Respondents were classified as regular users if they reported smoking daily before age 18, using

the following questions:

() "Please mark the box next to the statement which describes you the best:
- I usually smoke one or more cigarettes every day” "

(i) "Do you smoke every day?"
3.7.3 COGA

Respondents were classified as regular users if they reported smoking daily before age 18, using
the following question:

() “When were you smoking regularly, how many days per week did you
usually smoke cigarettes?”



3.7.4 FinnTwin12
Respondents were classified as regular users if they reported smoking daily before age 18 (age
14 and 17 survey), using the following question:

() “Which of the following best describes your present smoking habits: |
smoke at least once each day”

3.8 Frequent adolescent cannabis use
3.8.1 Add Health
Respondents were classified as regular users if they reported cannabis use on most days (= 5

days a week) before age 18 (Waves | and 1), using the following question:

() “During the past 30 days, how many times did you use marijuana?”
3.8.2 ALSPAC
Respondents were classified as regular users if they reported cannabis use on most days (= 5

days a week) before age 18, using the following questions:

(i) Frequency respondent uses or takes cannabis (example response option
"l sometimes use or take cannabis but less than once a week"),

(i) "How many times per week? (over the last 6 months)"
3.8.3 COGA

Respondents were classified as regular users if they reported regular use before age 18, using
the following question from SSAGA/C-SSAGA:
() “How old were you the (first/last) time you used marijuana almost every day
for at least two weeks?
3.84 FinnTwin12

Respondents were classified as regular users if they reported cannabis use on most days (= 5
days a week) before age 18 from the cannabis section of the age 22 SSAGA (retrospective).

3.9 Adolescent peer substance use
3.9.1 Add Health
Respondents were classified as having substance using peers if they reported 3 or more of their
best friends used substances from the following questions at Waves | and II”
(i) “Of your three best friends, how many smoke at least 1 cigarette a day?”

(i) “Of your three best friends, how many drink alcohol at least once a month?”

(i) “Of your three best friends, how many use marijuana at least once a
month?”



3.9.2 ALSPAC
Respondents were classified as having substance using peers if they reported most or all of their
friends’ used substances from the following items:
(i) Number of friends that drank alcohol during the last year
(i) Number of friends that smoked cigarettes during the last year

(iii) Number of friends that took illegal drugs during the last year
3.9.3 COGA
Respondents were classified as having substance using peers if they reported most of their

friends’ used substances from the following SSAGA/C-SSAGA questions (ages 12 — 17):

(i) C-SSAGA: “How many of your best friends smoke?”; “How many of your
best friends use alcohol?”; “How many of your best friends use marijuana?”;
and “How many of your best friends use other drugs (like cocaine, uppers, or
any of the other drugs we’ve talked about)?”

(i) SSAGA (retrospective reports): “When you were 12-17, how many of your
best friends smoked?”; “how many of your best friends used alcohol?”; “how
many of your best friends used marijuana?”’; and “how many of your best
friends used other drugs (like cocaine, uppers, or any of the other drugs we’ve
talked about)?”

3.94 FinnTwin12
Respondents were classified as having substance using peers if they reported most of their
friends’ used substances from the following questions at ages 14 and 17:
() “Do any of your friends smoke?”
(i) “Do any of your friends drink?”

(i) “Have any of your acquaintances tried drugs?”

3.10 Exposure to stressful/traumatic events

3.10.1 Add Health
Respondents were classified as having been exposed to a stressful/traumatic event if they
reported any of the following:
(i) Friend or family member committed suicide

(i) Victim of a violent assault, sexual assault (females only), or other violent
crime

(iii) Witness violence

(iv) Serious injury

(v) Experience intimate partner violence
(vi) Loss of a child

(vii) Loss of a parent



3.10.2 ALSPAC
Respondents were classified as having been exposed to a stressful/traumatic event if they
reported any of the following:
(i) ever been physically or sexually abused as a child
(i) ever been bullied
(iv) ever had a serious iliness, injury, or hospitalization
(i) ever experienced the death of a parent, sibling, close friend
3.10.3 COGA
Respondents were classified as having been exposed to a stressful/traumatic event if they
reported any of the following:
(i) Ever been shot
(i) Ever been stabbed

(iii) Ever been mugged or threatened with a weapon or experienced a break-in
or robbery

(iv) Ever been raped or sexually assaulted by a relative

(v) Ever been raped or sexually assaulted by someone not related to you
(vi) Ever been in military combat

(vii)Ever wounded in combat

(viii) Ever been held captive, tortured, or kidnapped

(ix) Ever been in a natural disaster like a fire, flood, earthquake, tornado,
mudslide, or hurricane

(X) Ever been in a serious accident
(xi) Ever seen someone being seriously injured or killed

(xii)Ever unexpectedly discovered a dead body
3.104 FinnTwin12

FinnTwin12 did not contain measures related to stressful or traumatic events.
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Supplemental Figure 1: Prevalence of Risk Factors by Cohort
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Individual Cohorts



4 GWAS selection and inclusion

We used summary statistics from recent genome wide association studies (GWAS) to create
polygenic scores (PGS) in the four holdout samples. We chose GWAS for inclusion based on the
fact that: 1) SUD show strong genetic overlap with other externalizing [27-29], internalizing [30,
31], and psychotic disorders [32—34]; 2) both shared and substance specific genetic risk are
associated with later SUDs [35—-37]; 3) substance use and SUDs have only partial genetic overlap
[38]; and 4) these samples had available results in both European and African ancestry cohorts.

4.1 GWAS of externalizing (EXT)

Summary statistics used for EXT in the European ancestry cohorts come from the recent
multivariate GWAS of externalizing problems by the Externalizing Consortium[39]. The
Externalizing Consortium analyses focused on a GWAS of a latent factor for externalizing derived
from seven input GWAS theorized to be part of the externalizing spectrum, including ADHD [40],
problematic alcohol use [41, 42], lifetime cannabis use [43], age of first sexual intercourse [44],
number of sexual partners [44], general risk tolerance [44] and lifetime smoking initiation
[45].These analyses converged onto a single factor. Polygenic scores for the latent externalizing
factor were associated with externalizing factor scores in two holdout cohorts and with a variety
of exploratory traits, including multiple substance use outcomes (both substance use and SUD).

For EXT in African ancestry cohorts, there is not an available multivariate GWAS that corresponds
to the GWAS in European ancestries. Therefore, we performed a GWAS of an observed factor
score in the COGA African ancestry cohort, derived from the same seven phenotypes used in the
original Externalizing Consortium paper (and used for replication in the within family results in the
European ancestry cohort). In order to ensure that there was no overlap between the discovery
sample and COGA sample used in PGS analyses, we performed a ten-fold cross validation with
leaving 10% of the sample out in every fold. GWAS from this analysis were used for PGS creation
in the 10% not included in that run.

4.2 GWAS of depression (DEP)

Results for both the European and African ancestry GWAS come from a recent meta-analysis of
large-scale depression GWAS using data from the Psychiatric Genomics Consortium (PGC), UK
Biobank (UKB), Million Veterans Program (MVP), FinnGen, and 23andMe [31]. While the original
meta-analysis includes all of these samples (N ~1.2 million), we restricted the current analysis to
the PGC, UKB, and MVP cohorts only in European ancestries (N ~720K) as we did not have
access to the 23andMe data, and we wanted to eliminate the possibility of sample overlap
between FinnGen and the FinnTwin12 sample. GWAS for the African ancestry cohorts come
exclusively from the African ancestry results for DEP in MVP (N = 59,600).

4.3 GWAS of problematic alcohol use (ALCP)

GWAS for problematic alcohol use (ALCP) in European ancestries is from a recent meta-analysis
of GWAS for the PGC GWAS of alcohol dependence, the UKB GWAS of the problem subscale
of the Alcohol Use Disorder Identification Test (AUDIT-P), and the MVP GWAS of alcohol use
disorders (N ~ 430K)[32]. As Add Health, COGA, and FinnTwin12 were included in the original
meta-analysis, we obtained GWAS results with each of those cohorts excluded for creating
polygenic scores. Results for African ancestry come from the GWAS of AUD in MVP[46] (N ~
56K).
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4.4 GWAS of alcohol consumption (ALCC)

We used results from the GWAS and Sequencing Consortium for Alcohol and Nicotine’s (GSCAN)
meta-analysis of drinks per week for alcohol consumption (ALCC) in European ancestries[45].
These results included the publicly available GSCAN results as well was the 23andMe data (N
~900K). Both ALSPAC and FinnTwin12 were included in the original meta-analysis, and we
obtained GWAS results with each of those cohorts excluded. Results for African ancestry come
from the GWAS of the consumption subscale of the Alcohol Use Disorder Identification Test
(AUDIT-C) in MVP[46] (N ~ 56K).

4.5 GWAS of schizophrenia (SCZ)

PGS for schizophrenia in the European ancestry cohorts were derived from the most recent
iteration of the PGC’s GWAS of SCZ (N ~130K) [47]. African ancestry results come from a meta-
analysis of GWAS in the Genomic Psychiatry Cohort (GPC)[48] and Cooperative Studies Program
(CSP) #572 [49].

4.6 GWAS of cigarettes per day/nicotine dependence (CPD)

For our smoking PGS in European ancestries, we used the publicly available GSCAN meta-
analysis of cigarettes per day (CPD, N ~250K) [45]. These results again included ALSPAC and
FinnTwin12, and we obtained GWAS results with each of those cohorts excluded. Results for
PGS in African ancestries come from the most current GWAS of nicotine dependence [50] (N ~
12K). While CPD and nicotine dependence are different phenotypes, the genetic correlation
between the two is indistinguishable from one [50]. The GWAS of nicotine dependence included
some COGA participants, and we obtained results with COGA excluded.
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5 Polygenic Score Creation
5.1.1 Adjustment of GWAS effect sizes for linkage disequilibrium (LD)

We adjusted GWAS effect sizes for the non-independence of nearby SNPs in the genome
(referred to as linkage disequilibrium, or LD) using PRS-CSx [51], which employs a Bayesian
continuous shrinkage parameter to correct for LD. We used ancestry matched samples from 1KG
as a reference panel for both European (EUR) and African (AFR) ancestries.

Rather than using each of the target samples for the training sample, we utilized the 1KG ancestry
matched samples and restricted to the ~1.3 million SNPs in the high-quality consensus genotype
set defined by the HapMap 3 Consortium [52, 53]. We generated polygenic scores using HapMap
3 SNPs that overlapped with the corresponding 1KG sample and UKB reference panel.

5.1.2 Polygenic scores

We computed polygenic scores from the weighted sum of the effect-coded alleles for a given
individual i:

where S; is the polygenic score, Bj is the estimated additive effect of the effect-coded allele at
SNP j, and g;; is the genotype at SNP j. The polygenic scores were standardized within each
study cohort. Because PRS-CSx improves predictive power for non-European ancestry samples
with smaller GWAS, we utilized the “meta” option for the AFR ancestries, creating scores that
were derived from the meta-analyzed EUR and AFR specific weights. In the European ancestries,
we derived scores from the EUR weights alone (not meta-analyzed). In each cohort, this provided
us with one PGS per phenotype in each cohort to carry forward include in the models for the
pooled analyses.

To account for population stratification, we regressed each PGS on age, age?, sex, sex*age, sex*
age?, and the first 10 ancestral PC’s. We then calculated the standardized residuals from these
regression models for each of the six PGS (per cohort) and carried those forwards into the joint
models that pooled the data from each cohort. Supplemental Figure 1, below, shows the GWAS
matched for each PGS within each of the cohorts
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Supplemental Figure 3: GWAS used for PGS creation in each cohort




6 Deviations from preregistration

We made several important deviations from the preregistration that are worth noting, in the
interest of transparency. These changes were added to the analysis plan, posted on the open
science framework, along with date and time stamps.

For each of the changes from the original plan, our motivations were driven by ways to either
improve the analysis or address a problem we did not foresee in the original preregistration.

(@) Amendment (04/22/21): The polygenic scores for depression were
expanded into a broader risk for internalizing after meta-analyzing with a GWAS
of generalized anxiety disorder[54]. These GWAS showed relatively strong genetic
overlap using bivariate LDSCI[55] (rG ~.66).

(b) Amendment (04/22/21): We changed the PGS to those derived from PRS-
CSx[51] (an extension of the original PRS-CS) as these allowed us to incorporate
summary statistics from African ancestry GWAS and therefore create scores for
the AFR subsamples in COGA and Add Health.

(©) Amendment (04/22/21): Due to issues with model convergence, we will
use logistic regression in models with standard errors corrected for clustering at
the family level[56].

(d) Amendment (09/20/21): Based on expert advice we will use an integrative
data analysis approach[57] where we pool data and include cohort as a fixed
effect. This approach is superior to meta-analysis because we have access to raw
data.

(e) Amendment (09/20/21): We reverted to our original plan to use polygenic
scores for depression as a new GWAS with AFR ancestry results became
available[31]. We will also include a polygenic score for schizophrenia based on
the overlap between psychotic disorders and SUDI[47], and the availability of
ancestry matched results[48].

® Amendment (09/28/21): We changed our focus on SUDs from including
both abuse and dependence to dependence only. This change was driven by the
fact that some of the samples (specifically Add Health) had a large number of
people meeting criteria for alcohol abuse, and the sample prevalence for AUD was
particularly high (over 40%). We therefore used the more restrictive measure of
dependence for each of the substances to ensure we were not incorrectly
categorizing people as having an SUD when they do not. We also omitted count
of substances for which people meet criteria for the sake of space (these models
were never run).

(9) Amendment (05/12/22): We made the following changes based on
requests from reviewers:

(i) Added nicotine dependence as its own independent outcome to fully cover
the range of SUD phenotypes.

(i) Included PGS for nicotine dependence/cigarettes per day [45, 50] in
addition to original PGS.



7 Variation in effect of clinical/environmental risk index (CERI)

To assess the relative impact of individual items, we ran a series of sensitivity analyses. The goal
of these analyses was to ensure that the association between the CERI and each of the SUD
phenotypes was not driven by any single item included in the CERI. We first estimated the
association between individual risk factors and each of the SUD outcomes (Supplemental Figure
4). With the exception of the association between low childhood SES and alcohol dependence,
each individual item is associated with increased odds of each of the SUD outcomes to varying
degree. The one outlier for effect sizes of individual items was in regard to frequent adolescent
cannabis use and both the drug dependence and any substance dependence outcomes.
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Childhood externalizing problems

Childhood internalizing problems

Early substance use initiation
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Supplemental Figure 4: Associations between individual risk factors and SUDs
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In addition to testing the relative impact of each individual risk factor, we also evaluated the impact
of removing one of the risk factors from the overall index to see relative change in the effect size.
Supplemental Figure 5 presents the distribution of effect sizes for the CERI removing one of the
risk factors for each of the SUD phenotypes. In each model, we also included sex, age, cohort,
and all of the six PGSs (the Combined Risk Model). Panel A (Supplemental Figure 5) presents
the distribution of the CERI effect sizes for each outcome. Overall, the effect sizes are relatively
stable even when leaving one of the risk factors out. Panel B presents the same model, but with
the removed risk factor included as a separate covariate. Again, the effect sizes are relatively
stable, with two notable exceptions. The outlier for nicotine dependence is the effect size for the
CERI when frequent adolescent tobacco use is included as a covariate. Similarly, the outlier for
drug dependence is the effect size for the CERI when frequent adolescent cannabis use is
included as a covariate. Even with these two outliers, to CERI is still significant and strongly
associated with each SUD outcome.

18 18

16 16

Distribution of OR
Distribution of OR

14 14

1.2 1.2

Supplemental Figure 5: Effect Sizes for CERI with Individual Risk Factors Omitted
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8 ROC Curves for CERI only and PGS only Models

Alcohol Dependence Nicotine Dependence

Drug Dependence Any Substance Dependence

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 — Specificity

Model Base CERI Only Combined PGS Only

Supplemental Figure 6: ROC Curves for Baseline (covariates only), CERI Only, PGS Only, and Combined Models



AUC Estimates for Baseline, PGS, CERI, and Combined Models

Phenotype
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CERI + covariates
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Baseline (covariates only)
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9 Random-effects Integrative Data Analysis (RE IDA)

In order to ensure the robustness of our results to and between-sample heterogeneity, we ran a
complementary set of analyses alongside our fixed-effects (FE) IDA approach. The random
effects (RE) approach assumes that the samples in the analysis represent random draws from a
larger population distribution ~N(0, 02), as opposed to treating the effect of each cohort as known
(and fixed, as in the fixed-effects approach). While there are more assumptions to the RE
approach, the added advantages are that one can explicitly model between-study variation.

In our supplemental analyses, we tested for both random intercepts (for both study and family-
unit) as well as testing for random slopes for each of the main predictors included in our analyses:
the six polygenic scores (PGS) and the clinical/environmental risk index (CERI). In deciding the
random-effects structure, we tested a series of nested models, adding random slopes and
comparing the change in model fit using a x? difference test (X%rui - X°Reduced). ONce we identified
the best fitting structure of the random effects, we estimated the models from the main analysis
and compared the point estimates from the fixed effects and random effects models.

Supplemental Table 5 presents the tests for random slopes for the corresponding risk factors (6
PGS + CERI) with each of the SUD outcomes, compared to a baseline model which already
includes a random intercept for cohort and family unit. We tested each random slope with each
outcome, individually, as fitting all the random slopes at once was not possible. The model that
included the random slope for the ALCC PGS showed improvement in overall fit above the
baseline model in both alcohol dependence and any substance dependence. Likewise, for drug
dependence, the model with a random slope for the EXT PGS showed significant improvement
in fit. However, for each of the SUD outcomes, the biggest improvement in fit was gained by
including a random slope for the CERI. We therefore included a random slope for the CERI, a
random intercept for cohort, a random intercept for family unit, and a correlation between the
random slope and the random intercept for cohort moving forward.

Supplemental Table 6 presents the parameter effects estimates from the models.
Overwhelmingly, the parameter estimates from the random effects IDA approach, which explicitly
models the between sample heterogeneity in the effect of the CERI, were consistent with the
results from the main analysis (e.g., the fixed-effects IDA). Overall, these results support the
findings from the main analyses and demonstrate that between-sample heterogeneity is not the
reason for the associations between either the CERI or PGSs and each of SUD outcomes.
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Supplementary Table 1: Leave-one-out analyses for Combined Risk Models

CERI

ALCC PGS

ALCP PGS

No Add Health AFR  EXT PGS
DEP PGS

CPD PGS

SCZ PGS

CERI

ALCC PGS

ALCP PGS

No Add Health EUR  EXT PGS
DEP PGS

CPD PGS

SCZ PGS

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

No FinnTwin12

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

No ALSPAC

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

No COGA AFR

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

No COGA EUR

1.28
1.02
1.13
1.10
0.96
1.00
1.05

ALCOHOL DEPENDENCE

Beta

0.298
0.038
0.120
0.078
-0.020
-0.022
0.032

0.396
-0.054
0.146
0.066
-0.044
-0.037
0.010

0.297
0.036
0.124
0.068
-0.026
-0.031
0.029

0.309
0.140
0.010
0.085
-0.040
-0.016
0.021

0.284
0.024
0.133
0.064
-0.035
-0.004
0.045

0.247
0.025
0.119
0.093
-0.041
-0.005
0.050

0.017
0.031
0.033
0.033
0.032
0.031
0.033

0.022
0.040
0.040
0.044
0.041
0.041
0.044

0.017
0.032
0.033
0.034
0.031
0.031
0.033

0.017
0.038
0.037
0.037
0.034
0.034
0.037

0.017
0.031
0.033
0.034
0.032
0.030
0.033

0.020
0.034
0.035
0.036
0.034
0.034
0.035

P
6.05E-72
2.28E-01
2.28E-04
1.89E-02
5.16E-01
4.70E-01
3.40E-01

6.56E-71
1.75E-01
2.53E-04
1.30E-01
2.88E-01
3.70E-01
8.17E-01

1.46E-71
2.57E-01
1.64E-04
4.21E-02
3.99E-01
3.30E-01
3.94E-01

3.15E-72
1.91E-04
7.85E-01
2.14E-02
2.50E-01
6.35E-01
5.75E-01

1.25E-61
4.48E-01
4.57E-05
5.94E-02
2.69E-01
8.84E-01
1.77E-01

8.13E-36
4.65E-01
7.18E-04
9.29E-03
2.27E-01
8.85E-01
1.59E-01

OR
1.60
0.94
1.00
1.37
1.02
1.33
0.95

1.71
1.01
1.03
1.32
1.05
1.32
0.96

1.60
0.95
0.98
1.31
1.02
1.33
0.96

1.58
0.95
0.98
1.30
1.01
1.28
0.98

1.57
0.94
0.99
1.33
1.02
1.31
0.97

1.51
0.92
0.99
1.33
0.99
1.31
0.96

NICOTINE DEPENDENCE

Beta

0.467
-0.066
0.001

0.315
0.019
0.287
-0.051

0.534
0.010
0.034
0.279
0.046
0.279
-0.041

0.471
-0.054
-0.017

0.272

0.024

0.284
-0.044

0.458
-0.051
-0.020

0.260

0.009

0.245
-0.020

0.448
-0.059
-0.007

0.287

0.015

0.272
-0.032

0.414
-0.083
-0.006

0.286
-0.006

0.271
-0.046

0.021
0.044
0.046
0.047
0.044
0.041
0.046

0.031
0.063
0.064
0.066
0.063
0.061
0.068

0.021
0.043
0.045
0.045
0.043
0.040
0.045

0.021
0.046
0.048
0.047
0.044
0.041
0.047

0.021
0.043
0.045
0.046
0.043
0.040
0.045

0.024
0.045
0.048
0.047
0.045
0.042
0.046

P
2.26E-105
1.32E-01
9.88E-01
1.80E-11
6.69E-01
2.80E-12
2.69E-01

7.58E-68
8.73E-01
5.99E-01
2.65E-05
4.69E-01
4.77E-06
5.49E-01

9.55E-114
2.09E-01
6.99E-01
1.53E-09
5.69E-01
1.53E-12
3.27E-01

2.36E-108
2.65E-01
6.76E-01
3.01E-08
8.38E-01
2.89E-09
6.63E-01

5.39E-100
1.66E-01
8.73E-01
2.88E-10
7.22E-01
1.30E-11
4.73E-01

4.11E-67
6.45E-02
9.00E-01
1.61E-09
8.84E-01
1.47E-10
3.22E-01

(]
D

oo o®
Nwo o

1.84
1.00
1.04
1.06
0.99

1.00

1.64
1.04
1.06
1.10
1.03

1.00

1.64
1.05
1.04
1.10
1.02

1.01

1.51
1.03
1.07
1.1

0.99
1.01

DRUG DEPENDENCE

Beta
0.514
0.032
0.046
0.125
0.021
-0.011
0.015

0.609
0.000
0.042
0.061

-0.008
-0.022
-0.004

0.498
0.035
0.059
0.095
0.034
-0.028
0.002

0.497
0.051

0.039
0.093
0.022
-0.035
0.011

0.477
0.022
0.075
0.147
0.056
-0.025
0.002

0.413
0.025
0.067
0.105
0.011

-0.014
0.006

0.019
0.039
0.040
0.040
0.038
0.035
0.040

0.025
0.050
0.052
0.051
0.050
0.048
0.052

0.018
0.037
0.038
0.037
0.036
0.034
0.038

0.018
0.038
0.039
0.038
0.036
0.034
0.038

0.019
0.039
0.039
0.040
0.038
0.035
0.040

0.021
0.042
0.043
0.042
0.040
0.038
0.041

P
1.85E-167
4.23E-01
2.55E-01
1.56E-03
5.91E-01
7.50E-01
717E-01

1.32E-134
9.93E-01
4.21E-01
2.27E-01
8.80E-01
6.51E-01
9.31E-01

9.25E-175
3.45E-01
1.20E-01
1.03E-02
3.46E-01
4.01E-01
9.55E-01

4.53E-173
1.82E-01
3.16E-01
1.35E-02
5.49E-01
3.11E-01
7.74E-01

5.06E-136
5.66E-01
5.55E-02
2.22E-04
1.37E-01
4.82E-01
9.54E-01

2.57E-88
5.45E-01
1.19E-01
1.22E-02
7.76E-01
7.03E-01
8.88E-01

OR
1.56
0.99
1.10
1.20
0.98

1.01

1.68
0.95
1.13
1.14
0.97

0.99

1.56
0.99
1.10
1.17
0.99

0.99

1.57
1.06
1.01
1.16
0.97

1.00

1.52
0.98
1.10
1.20
0.99

1.01

1.47
0.97
1.10
1.18

1.08
1.00

ANY DEPENDENCE
Beta SE
0.448 0.015
-0.014 0.026
0.091 0.028
0.184 0.028
-0.021 0.027
0.070 0.025
0.006 0.027
0.519 0.019
-0.051 0.032
0.125 0.034
0.129 0.035
-0.028 0.034
0.053 0.033
-0.014 0.035
0.443 0.014
-0.010 0.026
0.092 0.027
0.157 0.027
-0.009 0.026
0.055 0.025
-0.007 0.026
0.449 0.015
0.063 0.030
0.015 0.031
0.146 0.029
-0.032 0.028
0.041 0.027
0.003 0.029
0.418 0.015
-0.022 0.026
0.099 0.027
0.183 0.027
-0.011 0.026
0.066 0.025
0.006 0.027
0.386 0.016
-0.032 0.027
0.095 0.028
0.167 0.028
-0.019 0.027
0.073 0.026
0.003 0.027

P
5.90E-206
6.02E-01
9.33E-04
2.63E-11
4.31E-01
5.43E-03
8.33E-01

1.04E-170
1.16E-01
2.44E-04
1.88E-04
4.13E-01
1.12E-01
6.82E-01

1.06E-212
6.86E-01
6.18E-04
4.29E-09
7.22E-01
2.58E-02
7.82E-01

6.36E-204
3.70E-02
6.29E-01
4.46E-07
2.54E-01
1.25E-01
9.12E-01

3.64E-176
3.92E-01
2.22E-04
1.42E-11
6.80E-01
7.84E-03
8.18E-01

8.22E-127
2.35E-01
7.43E-04
2.28E-09
4.81E-01
4.80E-03
9.23E-01

*

*

All models included age, sex, and cohort as covariates. PGS residualized on age, sex, and first 10 ancestral principal components

* p < .05/4; Beta = loq(OR)



Supplementary Table 2: Sex-Stratified analyses for Combined Risk Models

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Alcohol
dependence

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Nicotine
dependence

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Drug
dependence

CERI

ALCC PGS

Any ALCP PGS
substance  EXT PGS
dependence DEP PGS
CPD PGS

SCZ PGS

Beta

0.283
0.036
0.145
0.066
-0.003
0.020
0.016

0.431
-0.017
-0.074

0.197

0.038

0.290
-0.023

0.470
0.036
0.070
0.105
0.031

-0.008
-0.024

0.407
0.018
0.084
0.135
-0.011
0.075
-0.014

OR
1.328
1.037
1.156
1.069
0.997
1.021
1.016

1.539
0.983
0.929
1.218
1.039
1.336
0.978

1.600
1.037
1.073
1.110
1.031
0.992
0.976

1.502
1.018
1.087
1.145
0.989
1.078
0.986

SE
0.022
0.042
0.045
0.044
0.041
0.042
0.043

0.028
0.056
0.059
0.061
0.055
0.055
0.058

0.023
0.048
0.049
0.049
0.046
0.045
0.049

0.019
0.035
0.036
0.036
0.034
0.033
0.035

P
1.47E-37
3.91E-01
1.17E-03
1.33E-01
9.36E-01
6.30E-01
7.15E-01

1.81E-53
7.59E-01
2.10E-01
1.28E-03
4.85E-01
1.26E-07
6.96E-01

3.49E-91
4.52E-01
1.54E-01
3.30E-02
5.04E-01
8.65E-01
6.18E-01

2.94E-101
6.07E-01
2.12E-02
1.55E-04
7.39E-01
2.50E-02
6.89E-01

*

*

Beta
0.32815156
0.03292647
0.07491772
0.08947406
-0.0706639

-0.068182
0.05242869

0.49568449
-0.0910376
0.06768966
0.37140196
-0.0108971
0.25692835
-0.0527067

0.52920269
0.02331416
0.03763326
0.10887446
0.01845898
-0.0441254
0.04476757

0.47521178
-0.0420929
0.09116808
0.19630639

-0.028661
0.04300678
0.01710526

Females
OR SE
1.388 0.02288387
1.033 0.0444117
1.078 0.04499584
1.094 0.0481803
0.932 0.04489902
0.934 0.04235254
1.054 0.04832036
1.642 0.03053261
0.913 0.06298771
1.070 0.06776457
1.450 0.06328484
0.989 0.06304038
1.293 0.0564349
0.949 0.06660301
1.698 0.02526292
1.024 0.05553366
1.038 0.05598582
1.115 0.05494001
1.019 0.05362384
0.957 0.05047871
1.046 0.05752524
1.608 0.02003297
0.959 0.03545877
1.095 0.03695126
1.217 0.03733965
0.972 0.03634202
1.044 0.03444317
1.017 0.03806379

P
1.23E-46 *
0.4584559
0.09591433
0.06330159
0.11552414
0.10742665
0.27791163

2.87E-59 *
0.14836702
0.31784578

4.39E-09 *
0.86276192

5.30E-06 *
0.42873659

1.96E-97 *
0.67461663
0.501461
0.04751315
0.73067271
0.3820432
0.43643641

2.16E-124 *
0.23519065
0.01361545

1.46E-07 *
0.43031916
0.21180036
0.65315467

All models included age, sex, and cohort as covariates. PGS residualized on age, sex, and first 10 ancestral principal components

* p < .05/4; Beta = loa(OR)



Supplementary Table 3: Ancestry Stratified analyses for Combined Risk Models

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Alcohol
dependence

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Nicotine
dependence

CERI
ALCC PGS
ALCP PGS

EXT PGS
DEP PGS
CPD PGS
SCZ PGS

Drug
dependence

CERI

ALCC PGS

Any ALCP PGS
substance EXT PGS
dependence DEP PGS
CPD PGS

SCZ PGS

Beta

0.280
0.027
0.142
0.063
-0.020
-0.007
0.046

0.455
-0.068
0.000
0.321

0.018
0.286
-0.045

0.492
0.021

0.064
0.176
0.053
-0.012
0.010

0.424
-0.024
0.102
0.207
-0.012
0.077
0.012

OR
1.323
1.027
1.153
1.065
0.980
0.993
1.047

1.576
0.934
1.000
1.379
1.018
1.331
0.956

1.636
1.021
1.066
1.192
1.054
0.988
1.010

1.529
0.976
1.108
1.229
0.988
1.080
1.012

EUR Ancestry Results

SE
0.018
0.032
0.034
0.035
0.033
0.031
0.034

0.022
0.044
0.047
0.048
0.045
0.042
0.047

0.021
0.042
0.042
0.043
0.041
0.037
0.044

0.016
0.027
0.028
0.029
0.028
0.026
0.029

P
2.34E-57
3.97E-01
2.37E-05
6.96E-02
5.31E-01
8.14E-01
1.82E-01

1.27E-93
1.24E-01
9.99E-01
3.29E-11
6.85E-01
1.06E-11
3.46E-01

4 37E-127
6.24E-01
1.29E-01
4.78E-05
1.99E-01
7.51E-01
8.24E-01

7.85E-164
3.70E-01
2.90E-04
1.04E-12
6.61E-01
3.03E-03
6.64E-01

*

*

Beta

0.453
0.179
-0.124
0.145
-0.145
-0.112
-0.083

0.475
0.028
-0.153
-0.013
-0.062
0.164
-0.050

0.496
0.057
-0.024
-0.114
-0.095
-0.075
-0.045

0.497
0.087
-0.064
-0.071
-0.106
-0.045
-0.106

OR
1.573
1.196
0.883
1.156
0.865
0.894
0.920

1.609
1.029
0.858
0.987
0.940
1.179
0.951

1.642
1.059
0.977
0.892
0.909
0.928
0.956

1.644
1.090
0.938
0.931
0.899
0.956
0.899

AFR Ancestry Results

SE
0.048
0.111
0.095
0.098
0.085
0.109
0.091

0.055
0.133
0.137
0.118
0.115
0.106
0.118

0.035
0.076
0.084
0.072
0.070
0.075
0.071

0.033
0.070
0.071
0.062
0.062
0.065
0.061

P
2.80E-21
1.07E-01
1.89E-01
1.39E-01
8.66E-02
3.06E-01
3.61E-01

4.45E-18
8.32E-01
2.63E-01
9.12E-01
5.86E-01
1.22E-01
6.72E-01

1.50E-45
4.52E-01
7.76E-01
1.13E-01
1.75E-01
3.19E-01
5.27E-01

1.31E-52
2.14E-01
3.73E-01
2.49E-01
8.56E-02
4.88E-01
8.32E-02

*

*

*

All models included age, sex, and cohort as covariates. PGS residualized on age, sex, and first 10 ancestral principal components

* p < .05/4; Beta = loa(OR)



Supplementary Table 4: Testing for Variation in Predictors Across Cohorts

P<.05/4

Beta(logOR) __ SE P P<.05/4 Beta(logOR) _ SE P P<.05/4 Beta(logOR) _ SE P P<.05/4 Beta(logOR) _ SE P
Intercept 2470 0.087 727E177 * 3332 0.121 7.90E-167 * 2.841 0.100 308E-179 * -1.901 0.072 3.92E-153
Female 0419 0.057 263E-13 * -0.321 0.078 3.55E-05 * -0.565 0.067 268E-17 * 0.436 0.046 545E-21 *
Age 0.426 0.038 175E-28 * 0.250 0.061 360E-05 * 0.154 0.041 150E-04 * 0.327 0.033 152623 *
Add Health AFR -1.797 0.281 164E-10 * -1.084 0.285 1.44E-04 * -0.355 0.211 9.31E-02 0.972 0.164 340E-09 *
FinnTwin12 EUR -0.637 0.308 3.85E-02 0239 0473 6.13E-01 -3.270 0.755 148E-05 * -0.841 0.266 159E-03 *
ALSPAC EUR 0.419 0172 151E-02 2029 0.351 759E-09 * 3316 0.387 108E-17 * 0.948 0.150 254E-10 *
COGA AFR -1.948 0416 288E-06 * 3523 0.716 8.75E-07 * -0.688 0.276 1.26E-02 1511 0.271 238E-08 *
COGAEUR 0417 0.188 2.65E-02 2316 0.309 647E-14 * -1.195 0.240 6.39E-07 * 0.925 0.166 259E-08 *
ALCC PGS 0.184 0.050 263E-04 * -0.102 0.057 7.53E-02 0.052 0.055 3.50E-01 0.046 0.040 2.49E-01
ALCP PGS 0.025 0.053 6.38E-01 -0.024 0.060 6.90E-01 0.069 0.056 2.17E-01 0.023 0.042 5.82E-01
EXT PGS 0.091 0.050 7.08E-02 0.300 0.060 485607 * 0.185 0.055 8.07E-04 * 0217 0.040 524E-08 *
DEP PGS 20.011 0.046 8.05E-01 -0.008 0.055 8.91E-01 0.057 0.051 2.66E-01 -0.005 0.038 9.04E-01
SCZPGS 0.067 0.048 1.65E-01 -0.039 0.057 4.97E-01 0.007 0.055 8.93E-01 0.016 0.039 6.90E-01
CPD PGS 0.014 0.045 7.56E-01 0.266 0.051 213E-07 * 0.019 0.047 6.87E-01 0.074 0.035 3.40E-02
CERI 0.160 0.026 334E-10 * 0.404 0.028 147E-46 * 0.337 0.027 151E-35 * 0.336 0.021 6.57E-56 *
ALCC PGS: Add Health AFR -0.189 0173 2.75E-01 0.112 0.172 5.16E-01 0.052 0.120 6.65E-01 -0.052 0.098 5.92E-01
ALCC PGS: FinnTwin12 EUR -0.167 0.140 2.31E-01 -0.058 0.228 8.01E-01 -0.300 0.269 2.64E-01 -0.095 0.122 4.35E-01
ALCC PGS: ALSPAC EUR 0.376 0.081 3.30E-06 * 0.163 0.139 241E-01 0.172 0.167 3.04E-01 -0.185 0.067 599E-03 *
ALCC PGS: COGA AFR 0.176 0.164 2.82E-01 0.104 0.250 6.76E-01 0.073 0.124 5.54E-01 0.178 0.119 1.36E-01
ALCC PGS: COGA EUR 0.111 0.092 2.27E-01 0.179 0.128 1.61E-01 0.035 0.098 7.23E-01 0.048 0.081 5.55E-01
ALCP PGS: Add Health AFR 0.074 0.153 6.30E-01 -0.234 0.197 2.35E-01 0.008 0.123 9.48E-01 -0.043 0.099 6.67E-01
ALCP PGS: FinnTwin12 EUR 0.072 0.131 5.80E-01 0.298 0.248 2.30E-01 0.262 0.184 1.56E-01 -0.003 0.117 9.81E-01
ALCP PGS: ALSPAC EUR 0.288 0.086 767E-04 * 0.133 0.148 3.71E-01 0.158 0.173 3.60E-01 0.223 0.071 167E03 *
ALCP PGS: COGA AFR -0.259 0.148 8.05E-02 0.001 0.174 9.97E-01 0.195 0.140 1.64E-01 0.174 0.127 1.70E-01
ALCP PGS: COGA EUR 0.060 0.093 5.18E-01 0.009 0.121 9.43E-01 -0.055 0.097 5.69E-01 0.005 0.083 9.50E-01
EXT PGS: Add Health AFR -0.121 0.158 4.44E-01 -0.484 0.150 128E-03 * 0.264 0.127 3.68E-02 -0.304 0.094 117E-03 *
EXT PGS: FinnTwin12 EUR 0.118 0.146 4.18E-01 0.298 0.240 2.14E-01 0.677 0.294 2.12E-02 0.108 0.126 3.95E-01
EXT PGS: ALSPAC EUR 0.176 0.086 4.14E-02 0.161 0.151 2.86E-01 0.110 0.182 5.46E-01 0.072 0.073 3.27E-01
EXT PGS: COGA AFR 0.192 0.140 1.70E-01 -0.056 0.226 8.03E-01 -0.330 0.113 343E-03 * -0.275 0.104 8.06E-03 *
EXT PGS: COGA EUR -0.084 0.096 3.80E-01 -0.031 0.135 8.21E-01 -0.083 0.098 3.96E-01 -0.080 0.081 3.28E-01
DEP PGS: Add Health AFR -0.291 0.120 151E-02 0112 0.161 4.86E-01 0.032 0.111 7.73E-01 -0.060 0.088 4.93E-01
DEP PGS: FinnTwin12 EUR 0.125 0.148 3.96E-01 -0.193 0.210 3.59E-01 0478 0.225 3.37E-02 -0.181 0.125 1.49E-01
DEP PGS: ALSPAC EUR 0.041 0.081 6.10E-01 0.083 0.135 5.37E-01 0.106 0.188 5.72E-01 0.062 0.068 3.62E-01
DEP PGS: COGA AFR -0.020 0.133 8.80E-01 0.009 0.196 9.65E-01 0.249 0.117 3.37E-02 0.154 0.110 1.64E-01
DEP PGS: COGA EUR 0.005 0.088 9.58E-01 0.144 0.128 2.62E-01 0.009 0.096 9.29E-01 -0.016 0.078 8.34E-01
SCZ PGS: Add Health AFR -0.052 0.145 7.20E-01 0.078 0.151 6.06E-01 -0.089 0.114 4.32E-01 -0.098 0.088 2.65E-01
SCZ PGS: FinnTwin12 EUR 0.018 0.138 8.95E-01 0.128 0.220 5.60E-01 0.223 0.269 4.07E-01 0.109 0.120 3.63E-01
SCZPGS: ALSPAC EUR 0.032 0.085 7.04E-01 -0.152 0.135 2.61E-01 -0.083 0.174 6.35E-01 0.012 0.069 8.61E-01
SCZ PGS: COGA AFR 0.271 0.133 4.18E-02 0.186 0.202 3.57E-01 -0.031 0.118 7.94E-01 -0.183 0.109 9.30E-02
SCZ PGS:cohortCOGA_EUR -0.150 0.100 1.34E-01 0.052 0.145 7.20E-01 0.006 0.107 9.58E-01 -0.050 0.088 5.71E-01
CPD PGS: Add Health AFR 0.025 0.161 8.78E-01 -0.186 0.151 2.18E-01 0.097 0.118 4.12E-01 0.126 0.093 1.75E-01
CPD PGS: FinnTwin12 EUR 0.102 0.118 3.86E-01 0216 0.199 2.78E-01 0.235 0.251 3.49E-01 0.054 0.099 5.89E-01
CPD PGS: ALSPAC EUR -0.025 0.079 7.48E-01 0.254 0.132 5.41E-02 0.297 0.148 4.46E-02 0.079 0.065 2.28E-01
CPD PGS: COGA AFR 0.252 0.168 1.33E-01 0.071 0.159 6.56E-01 0.010 0.115 9.29E-01 -0.082 0.106 4.38E-01
CPD PGS: COGA EUR -0.092 0.082 2.64E-01 0.008 0.119 9.46E-01 -0.042 0.087 6.33E-01 -0.084 0.076 2.64E-01
CERI: Add Health AFR 0.209 0.089 1.86E-02 -0.083 0.087 3.43E-01 0.029 0.067 6.66E-01 -0.007 0.055 8.99E-01
CERI: FinnTwin12 EUR 0.258 0.088 356E-03 * 0423 0.154 6.02E-03 * 0.220 0.199 2.68E-01 0.028 0.079 7.27E-01
CERI: ALSPAC EUR 0.094 0.056 9.48E-02 0.100 0.107 3.52E-01 0.248 0.124 4.63E-02 0.052 0.049 2.90E-01
CERI: COGA AFR 0.346 0.071 943E-07 * 0.268 0.106 112E-02 * 0.279 0.056 590E-07 * 0312 0.055 1.36E-08 *
CERI: COGA EUR 0.258 0.041 441E-10 * 0.215 0.053 437E-05 * 0.361 0.048 4.14E-14 * 0.277 0.038 444E13 *




Supplementary Table 5: Random Effects Model Fitting

Model # of parameters AlC BIC LL Deviance (-2*LL) Chi-squared ADf P P <.05/4
Base (Rl only) 12 897586 9067.36 -4475.93 8951.86 - - -
RS for ALCC 14 8966.95 9073.69 -4469.47 8938.95 12.92 2 157E-03 *
RS for ALCP 14 8973.41 9080.16  -4472.71 8945.41 6.45 2 3.97E-02
Alcohol dependence RS for CPD 14 8979.84 9086.59 -4475.92 8951.84 0.02 2  9.90E-01
RS for EXT 14 8979.86 9086.60 -4475.93 8951.86 0.01 2  9.97E-01
RS for DEP 14 8977.53 9084.27 -4474.76 8949.53 2.33 2 3.11E-01
RS for SCZ 14 8979.86 9086.61 -4475.93 8951.86 0.00 2 1.00E+00
RS for CERI 14 8935.70 904244  -4453.85 8907.70 4416 2 257E-10 *
Base (Rl only) 12 5241.87 5333.37 -2608.94 5217.87 - - -
RS for ALCC 14 5243.52 5350.27 -2607.76 5215.52 2.35 2 3.09E-01
RS for ALCP 14 524386 5350.60 -2607.93 5215.86 2.02 2 3.65E-01
Nicotine dependence RS for CPD 14 524572 535247 -2608.86 5217.72 0.15 2 9.30E-01
RS for EXT 14 5243.81 5350.56 -2607.90 5215.81 2.06 2 3.57E-01
RS for DEP 14 524533 5352.08 -2608.67 5217.33 0.54 2 7.64E-01
RS for SCZ 14 524587 5352.61 -2608.93 5217.87 0.00 2  9.98E-01
RS for CERI 14 5230.05 5336.80 -2601.03 5202.05 15.82 2 3.67E-04 *
Base (Rl only) 12 6628.00 6719.49 -3302.00 6604.00 - - -
RS for ALCC 14 6629.52 6736.26 -3300.76 6601.52 2.48 2 2.90E-01
RS for ALCP 14 6629.87 6736.62 -3300.94 6601.87 213 2 3.45E-01
Drug dependence RS for CPD 14 6628.21 6734.95 -3300.10 6600.21 3.79 2 1.50E-01
RS for EXT 14 6620.98 6727.73 -3296.49 6592.98 11.01 2 4.06E-03 *
RS for DEP 14 6630.59 6737.34 -3301.30 6602.59 1.40 2  4.96E-01
RS for SCZ 14 6631.82 6738.56 -3301.91 6603.82 0.18 2  9.14E-01
RS for CERI 14 6562.70 6669.45 -3267.35 6534.70 69.29 2 8.98E-16 *
Base (Rl only) 12 12229.74 1232123 -6102.87 12205.74 - - -
RS for ALCC 14 12223.39 12330.13 -6097.69 12195.39 10.35 2 565E-03 *
RS for ALCP 14 12226.01 12332.75 -6099.00 12198.01 7.73 2 2.10E-02
Any substance dependence RS for CPD 14 12233.05 12339.79 -6102.52 12205.05 0.69 2 7.08E-01
RS for EXT 14 12226.72 12333.46 -6099.36 12198.72 7.02 2 2.99E-02
RS for DEP 14 1223240 12339.15 -6102.20 12204.40 1.33 2 5.13E-01
RS for SCZ 14 12233.72 1234047 -6102.86 12205.72 0.01 2  9.94E-01
RS for CERI 14 12170.27 12277.01 -6071.13 12142.27 63.47 2 1.65E-14 *

RI =random intercept; RS = random slope



Supplementary Table 6: Comparison of Fixed and Random Effects Integrative Data Analysis Results

Female
Age

ALCC PGS
ALCP PGS
EXT PGS
DEP PGS
SCZ PGS
CPD PGS

Female
Age
CERI

Female
Age

CERI
ALCC PGS
ALCP PGS
EXT PGS
DEP PGS
SCZ PGS
CPD PGS

Intercept
Female
Age

ALCC PGS
ALCP PGS
EXT PGS
DEP PGS
SCZ PGS
CPD PGS

Intercept
Female
Age
CERI

Intercept
Female
Age

CERI
ALCC PGS
ALCP PGS
EXT PGS
DEP PGS
SCZ PGS
CPD PGS

OR
0.622
1.586
1.049
1127
1.182
0.996
1.038
1.000

0.653
1.515
1.369

0.651
1.5622
1.352
1.035
1.119
1.081
0.967
1.032
0.981

OR
0.131
0.648
1547
1.032
1127
1.097
0.964
1.032
0.984

0.034
0.650
1.538
1.437

0.034
0.648
1.546
1.424
1.032
1.126
1.095
0.964
1.032
0.984

Alcohol dependence

Beta
-0.475
0.461

0.047
0.119
0.167
-0.004
0.037
0.000

-0.426
0415
0.314

-0.430
0.420
0.302
0.035
0.113
0.078

-0.034
0.032

-0.019

Beta
-2.036
-0.433
0.436
0.031

0.119
0.093
-0.037
0.031
-0.016

-3.385
-0.430
0.430
0.363

-3.371
-0.434
0.435
0.353
0.032
0.119
0.091

-0.037
0.032
-0.017

SE
0.056
0.035
0.030
0.031
0.031
0.030
0.032
0.030

0.057
0.036
0.016

0.057
0.037
0.016
0.031
0.032
0.033
0.031
0.032
0.030

SE
0.760
0.057
0.041
0.030
0.031
0.032
0.031
0.031
0.029

0.282
0.057
0.041
0.049

0.290
0.057
0.041
0.050
0.030
0.031
0.032
0.031
0.031
0.029

P
1.78E-17
4.16E-39
1.17E-01
1.35E-04
1.02E-07
8.96E-01
2.47E-01
9.95E-01

6.25E-14
4.82E-30
2.93E-88

4.29E-14
2.65E-30
2.42E-76
2.61E-01
3.69E-04
1.69E-02
2.65E-01
3.24E-01
5.33E-01

P
7.39E-03
2.18E-14
4.83E-26
3.02E-01
1.48E-04
3.25E-03
2.32E-01
3.15E-01
5.75E-01

4.28E-33
2.98E-14
1.45E-25
8.28E-14

3.36E-31
2.05E-14
5.22E-26
1.37E-12
2.94E-01
1.55E-04
4.11E-03
2.30E-01
3.08E-01
5.67E-01

*

* % &k

0.690
1.390
0.959
1.011
1.501
1.061
0.975
1.330

0.733
1.275
1.632

0.722
1.290
1.584
0.945
0.993
1.326
1.016
0.962
1.314

OR
0.045
0.724
1.207
0.941
0.994
1.338
1.015
0.959
1.320

0.008
0.734
1.281
1.622

0.008
0.725
1.297
1.572
0.941
0.994
1.336
1.014
0.960
1.317

Beta
-0.371
0.329
-0.041
0.011

0.406
0.059
-0.025
0.285

-0.311
0.243
0.490

-0.325
0.255
0.460

-0.057

-0.007
0.283
0.016

-0.039
0.273

Beta
-3.103
-0.323
0.260
-0.061
-0.006
0.291

0.015
-0.042
0.277

-4.892
-0.309
0.247
0.483

-4.868
-0.321
0.260
0.453
-0.061
-0.006
0.290
0.014
-0.041
0.276

FIXED EFFECTS RESULTS t
Nicotine dependence

SE
0.074
0.050
0.041
0.043
0.042
0.040
0.043
0.038

0.076
0.055
0.020

0.077
0.056
0.020
0.042
0.044
0.044
0.042
0.044
0.039

RANDOM EFFECTS RESULTS tt

SE
0.682
0.077
0.060
0.042
0.043
0.043
0.042
0.042
0.040

0.443
0.076
0.059
0.069

0.453
0.077
0.060
0.073
0.042
0.043
0.043
0.042
0.042
0.040

P
5.41E-07
3.20E-11
3.07E-01
7.94E-01
6.79E-22
1.40E-01
5.63E-01
3.83E-14

4.63E-05
1.19E-05
1.72E-134

2.38E-05
4.90E-06
6.64E-112
1.74E-01
8.79E-01
1.61E-10
7.09E-01
3.76E-01
3.56E-12

P
5.31E-06
2.45E-05
1.38E-05
1.46E-01
8.98E-01
1.42E-11
7.26E-01
3.16E-01
2.53E-12

2.14E-28
4.60E-05
2.78E-05
3.28E-12

6.06E-27
2.76E-05
1.26E-05
6.52E-10
1.48E-01
8.91E-01
1.93E-11
7.37E-01
3.26E-01
3.38E-12

*

* * * *

*

* %

* *

*

* % %k

*

OR
0.536
1.303
1.049
1.074
1272
1.083
1.032
1.011

0.570
1.176
1.666

0.567
1.182
1.646
1.031
1.057
1.112
1.026
1.007
0.977

OR
0.098
0.555
1479
1.023
1.065
1.129
1.025
1.006
0.983

0.012
0.559
1.173
1.759

0.012
0.555
1.179
1.735
1.023
1.065
1.128
1.025
1.006
0.983

Drug dependence

Beta
-0.624
0.265
0.048
0.072
0.241

0.079
0.032
0.011

-0.562
0.162
0.510

-0.568
0.167
0.498
0.031
0.056
0.106
0.026
0.007

-0.023

Beta

-2.324
-0.589
0.165
0.022
0.063
0.121

0.025
0.006
-0.017

-4.457
-0.582
0.159
0.565

-4.432
-0.588
0.165
0.551

0.023
0.063
0.121

0.025
0.006
-0.017

SE
0.062
0.033
0.035
0.036
0.035
0.033
0.036
0.032

0.065
0.036
0.017

0.066
0.036
0.018
0.037
0.038
0.037
0.035
0.037
0.033

SE
1724
0.067
0.043
0.037
0.038
0.037
0.036
0.037
0.034

0.530
0.067
0.042
0.076

0.524
0.067
0.043
0.075
0.037
0.038
0.037
0.036
0.037
0.034

P
1.15E-23
2.60E-15
1.67E-01
4.66E-02
3.67E-12
1.54E-02
3.83E-01
7.41E-01

8.12E-18
6.07E-06
1.76E-193

4.71E-18
3.65E-06
1.68E-176
4.01E-01
1.39E-01
3.94E-03
4.68E-01
8.60E-01
4.86E-01

P
1.78E-01
1.26E-18
1.12E-04
5.47E-01
9.64E-02
9.05E-04
4.84E-01
8.74E-01
6.18E-01

4.34E-17
2.49E-18
1.79E-04
1.23E-13

2.62E-17
1.43E-18
1.07E-04
2.63E-13
5.43E-01
9.63E-02
9.68E-04
4.91E-01
8.70E-01
6.09E-01

*

* % * *

*

*

*

*

*

*

* % % %

* * %

*

*

OR
0.619
1.462
1.002
1.100
1.310
1.023
1.004
1.081

0.646
1.372
1.682

0.641
1.381
1.553
0.988
1.092
1.179
0.981
1.000
1.062

OR
0.143
0.639
1.409
0.984
1.096
1.194
0.980
0.997
1.068

0.059
0.644
1.399
1.604

0.061
0.639
1.408
1.579
0.984
1.096
1.193
0.980
0.997
1.068

Beta
-0.480
0.380
0.002
0.095
0.270
0.023
0.004
0.078

-0.437
0.316
0.459

-0.445
0.323
0.440

-0.012
0.088
0.165

-0.019
0.000
0.060

Beta
-1.946
-0.448
0.343
-0.016
0.092
0.178
-0.020
-0.003
0.066

-2.830
-0.440
0.336
0473

-2.805
-0.448
0.342
0.457
-0.016
0.092
0.177
-0.020
-0.003
0.066

SE
0.044
0.029
0.024
0.025
0.025
0.024
0.025
0.023

0.046
0.030
0.014

0.046
0.030
0.014
0.025
0.026
0.026
0.025
0.026
0.024

SE
0.500
0.047
0.035
0.025
0.026
0.026
0.025
0.026
0.024

0.181
0.047
0.035
0.053

0.186
0.047
0.035
0.055
0.025
0.026
0.026
0.025
0.026
0.024

Any substance dependence

P
7.44E-28
2.14E-38
9.33E-01
1.28E-04
1.16E-27
3.30E-01
8.85E-01
7.77E-04

1.59E-21
7.64E-26
1.64E-245

5.09E-22
2.93E-26
3.11E-218
6.21E-01
7.67E-04
2.37E-10
4.39E-01
9.92E-01
1.27E-02

P
1.01E-04
1.82E-21
7.32E-23
5.12E-01
4.12E-04
9.36E-12
4.33E-01
8.99E-01
5.85E-03

7.27E-55
5.56E-21
3.27E-22
6.56E-19

1.22E-51
1.87E-21
6.66E-23
1.07E-16
5.17E-01
4.22E-04
1.22E-11
4.27E-01
9.12E-01
6.21E-03

*

* % * % % * * * *

*

*

*

*

* * * *

* % k%

* * %

*

*

*

*

1 All models included cohort as a covariate. SE's adjusted for clustering at the family level.

1t All models included cohort, family unit, and CERI as random effects.

PGS residualized on age, sex, and first 10 ancestral principal components



Supplementary Table 7: Full Results from Fixed Effects Integrative Data Analysis

Baseline Model
Female

Age

Add Health (AFR)
Add Health (EUR)
ALSPAC (EUR)
COGA (AFR)
COGA (EUR)
FinnTwin12 (EUR)

PGS Only Model
Female

Age

Add Health (AFR)
Add Health (EUR)
ALSPAC (EUR)
COGA (AFR)
COGA (EUR)
FinnTwin12 (EUR)
ALCC PGS
ALCP PGS

EXT PGS

DEP PGS

SCZ PGS

CPD PGS

CERI Only Model
Female

Age

Add Health (AFR)
Add Health (EUR)
ALSPAC (EUR)
COGA (AFR)
COGA (EUR)
FinnTwin12 (EUR)
CERI

Combined Risk Model

Female

Age

Add Health (AFR)

Add Health (EUR)

ALSPAC (EUR)

COGA (AFR)

COGA (EUR)

FinnTwin12 (EUR)
ERI

ALCC PGS
ALCP PGS
EXT PGS
DEP PGS
SCZ PGS
CPD PGS

OR
0.624
1.581
0.035
0.125
0.111
0.168
0.355
0.166

OoR
0622
1.586
0.034
0.121
0.109
0.165
0.349
0.162
1.049
1427
1.182
0.996
1.038
1.000

OR
0653
1515
0017
0.060
0.052
0.037
0.093
0.064
1.369

OR
0.651
1522
0.017
0.060
0.053
0.040
0.096
0.066
1.352
1.035
1.119
1.081
0.967
1.032
0.981

Beta

-0.472
0.458
-3.363
-2.083
-2.198
-1.782
-1.036
-1.796

Beta

-0.475
0.461

-3.387
-2.110
-2.219
-1.800
-1.052
-1.819
0.047
0.119
0.167
-0.004
0.037
0.000

Beta

-0.426
0.415
-4.070
-2.821
-2.964
-3.285
-2.380
-2.744
0.314

Beta

-0.430
0.420
-4.050
-2.811
-2.944
-3.230
-2.343
-2.722
0.302
0.035
0.113
0.078
-0.034
0.032
-0.019

SE
0.056
0.035
0.135
0.060
0.074
0.137
0.069
0.115

SE
0.056
0.035
0.136
0.060
0.074
0.139
0.068
0.115
0.030
0.031
0.031
0.030
0.032
0.030

SE
0.057
0.036
0.141
0078
0.087
0.150
0.099
0125
0016

SE
0.057
0.037
0.141
0.078
0.088
0.153
0.100
0.126
0.016
0.031
0.032
0.033
0.031
0.032
0.030

P
2.34E-17
7.22E-39

9.53E-137

4.66E-268

2.91E-193
8.33E-39
2.14E-50
5.86E-55

4
1.78E-17
4.16E-39

4.87E-137

8.35E-269
1.01E-197
3.18E-38
1.64E-53
3.08E-56
1.17E-01
1.35E-04
1.02E-07
8.96E-01
2.47E-01
9.95E-01

P
6.25E-14
4.82E-30

4.91E-182
3.84E-290
1.73E-253
9.53E-106
5.85E-129
7.78E-107
2.93E-88

P
4.29E-14
2.65E-30

8.38E-181
1.41E-285
4.35E-248
1.62E-99
9.97E-122
4.41E-103
2.42E-76
2.61E-01
3.69E-04
1.69E-02
2.65E-01
3.24E-01
5.33E-01

OR
0.694
1.382
0.026
0.105
0.024
0.050
0.105
0.035

OoR
0690
1.390
0.023
0.094
0.021
0.045
0.094
0.031
0.959
1.011
1.501
1.061
0975
1.330

OR
0733
1.275
0.008
0.030
0.007
0.004
0.009
0.007
1,632

OR
0.722
1.290
0.008
0.030
0.007
0.004
0.010
0.007
1.584
0.945
0.993
1.326
1.016
0.962
1.314

Beta

-0.366
0.323
-3.662
-2.258
-3.732
-2.992
-2.258
-3.342

Beta

-0.371
0.329
-3.789
-2.369
-3.870
-3.103
-2.367
-3.463
-0.041
0.011

0.406
0.059
-0.025
0.285

Beta

-0.311
0.243
-4.861
-3.497
-5.005
-5.604
-4.679
-4.917
0.490

Beta

-0.325
0.255
-4.863
-3.508
-5.021
-5.472
-4.624
-4.919
0.460
-0.057
-0.007
0.283
0.016
-0.039
0.273

SE
0.073
0.049
0.165
0.074
0.124
0.174
0.104
0.204

SE
0074
0.050
0171
0.077
0.125
0177
0.102
0.206
0.041
0.043
0.042
0.040
0.043
0.038

SE
0076
0.055
0.185
0.105
0.137
0.206
0.145
0226
0.020

SE
0.077
0.056
0.188
0.107
0.138
0.202
0.146
0.229
0.020
0.042
0.044
0.044
0.042
0.044
0.039

P

5.55E-07
4.27E-11
1.68E-109
3.65E-205
7.93E-199
1.30E-66
1.83E-105
3.98E-60

B
5.41E-07
3.20E-11

3.40E-109
1.94E-208
2.08E-211
1.03E-68
1.49E-118
1.87E-63
3.07E-01
7.94E-01
6.79E-22
1.40E-01
5.63E-01
3.83E-14

4
4.63E-05
1.19E-05
1.78E-151

4.09E-243
1.30E-290
2.86E-162
2.35E-228
9.45E-105
1.72E-134

P
2.38E-05
4.90E-06

9.83E-148
2.71E-237
6.85E-292
3.37E-162
2.82E-219
3.88E-102
6.64E-112
1.74E-01
8.79E-01
1.61E-10
7.09E-01
3.76E-01
3.56E-12

OR
0.540
1.298
0.078
0.130
0.013
0.516
0.438
0.022

OoR
0536
1.303
0.075
0.125
0012
0509
0429
0.021
1.049
1.074
1.272
1.083
1.032
1.011

OR
0570
1.176
0.023
0.036
0.003
0.049
0.046
0.004
1.666

OR
0.567
1.182
0.024
0.037
0.003
0.052
0.048
0.004
1.646
1.031
1.057
1.112
1.026
1.007
0.977

Beta

-0.617
0.261

-2.553
-2.039
-4.348
-0.661
-0.826
-3.817

Beta

-0.624
0.265
-2.586
-2.081
-4.390
-0.676
-0.847
-3.862
0.048
0.072
0.241

0.079
0.032
0.011

Beta

-0.562
0.162
-3.760
-3.317
-5.692
-3.008
-3.083
-5.483
0.510

Beta

-0.568
0.167
-3.733
-3.308
-5.672
-2.952
-3.046
-5.467
0.498
0.031

0.056
0.106
0.026
0.007
-0.023

SE
0.062
0.033
0.108
0.059
0.168
0.101
0.074
0.268

SE
0.062
0033
0.109
0.060
0.168
0.105
0073
0.268
0.035
0.036
0.035
0033
0.036
0032

SE
0.065
0.036
0.128
0.086
0.176
0.135
0.108
0274
0017

SE
0.066
0.036
0.127
0.087
0.176
0.136
0.109
0.275
0.018
0.037
0.038
0.037
0.035
0.037
0.033

P
1.48E-23
2.54E-15

4.40E-124

4.16E-258

6.36E-147
5.25E-11
5.71E-29
6.11E-46

4
1.15E-23
2.60E-15
1.56E-123

7.30E-260
1.11E-150
1.31E-10
1.47E-31
3.97E-47
1.67E-01
4.66E-02
3.67E-12
1.54E-02
3.83E-01
7.41E-01

4
8.12E-18
6.07E-06

6.05E-190
0.00E+00
3.02E-230
9.90E-110
3.02E-180
6.49E-89
1.76E-193

4
4.71E-18
3.65E-06

8.82E-189
0.00E+00
3.10E-228
7.67E-104
3.63E-171
6.25E-88
1.68E-176
4.01E-01
1.39E-01
3.94E-03
4.68E-01
8.60E-01
4.86E-01

OR
0.624
1.453
0.116
0.323
0.163
0.611
0.730
0.206

OR
0619
1.462
0.112
0314
0.157
0603
0723
0.199
1.002
1.100
1.310
1.023
1.004
1.081

OoR
0646
1.372
0.041
0.114
0.053
0.080
0.115
0.051
1.582

OR
0.641
1.381
0.042
0.117
0.054
0.087
0.122
0.052
1.553
0.988
1.092
1179
0.981
1.000
1.062

SE
0.043
0.029
0.086
0.046
0.059
0.099
0.063
0.100

SE
0.044
0.029
0.088
0.047
0.060
0.104
0.062
0.100
0.024
0.025
0.025
0.024
0.025
0.023

SE
0.046
0.030
0.099
0.061
0.073
0.117
0.083
0.113
0.014

SE
0.046
0.030
0.099
0.062
0.073
0.119
0.084
0.114
0.014
0.025
0.026
0.026
0.025
0.026
0.024

B
1.61E-27
2.10E-38

3.34E-137
5.80E-132
1.59E-204
6.88E-07
7.29€-07
4.40E-56

B
7.44E-28
2.14E-38

9.40E-136

5.70E-134

6.76E-212
1.24E-06
1.72E-07
2.61E-58
9.33E-01
1.28E-04
1.16E-27
3.30E-01
8.85E-01
7.77E-04

4
1.59E-21
7.64E-26

2.26E-227
1.86E-274
0.00E+00
8.67E-103
9.95E-151
1.41E-153
1.64E-245

4
5.09E-22
2.93E-26
1.51E-223
1.92E-266
0.00E+00
4.16E-94

8.41E-138

2.12E-148

3.11E-218
6.21E-01
7.67E-04
2.37E-10
4.39E-01
9.92E-01
1.27E-02

* p < .05/4; Beta = log(OR)



