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Abstract

Polygenic prediction of depression is limited by the depth of depression phenotyping avail-
able at biobank scale as well as sample size. Here we develop a depression score combining
information from depression and genetically correlated psychiatric traits using phenotype re-
construction, multi-trait genetic integration and Bayesian effect estimation. Compared with
the strongest publicly available depression-only score (Psychiatric Genomics Consortium 2025,
excluding 23andMe), the liability- R? for depression in UK Biobank rose by 49.7% and within-
family standardized associations with latent internalizing were up to 54% larger. Across 2,328
childhood and adolescent outcomes in the ABCD study, the association profile of the inte-
grated score was almost identical to that of the depression-only score (r = 0.99), while being
uniformly stronger. 1,494 outcomes related to mood, behavior, social functioning, hobbies and
sleep were associated with the score — 423 of them within-family. In ABCD, adolescents in
the highest score decile were 3.5 times as likely as those in the lowest decile to report suicidal
thoughts by age 14 (23% versus 7%) and 1.9 times as likely to report nicotine or cannabis use
by age 17 (47% versus 25%). In adults, the score predicted worse general health, chronic pain,
and life dissatisfaction. Associations with psychiatric symptoms were substantially stronger in
girls than in boys (boys’ coefficients 0.68 times girls’), particularly for girl-typical symptoms,
and showed no moderation by household resources, hardship or deprivation that remained
significant after correction for multiple testing. Prediction was attenuated in line with ge-
netic distance from training data for Hispanic and African American children. Depression
prediction can thus be strengthened substantially by integrating the internalizing spectrum,
without detectable loss of specificity or within-family predictive ability.



1 Introduction

Major depression (MD)! is a common psychiatric disorder and a leading cause of disability world-
wide. In 2021, depressive disorders affected approximately 332 million people and accounted for
56 million disability-adjusted life years lost (Rong et al., 2025). Twin-study estimates place the
heritability of depression liability at approximately 35-40% (Sullivan et al., 2000) and genome-
wide association studies (GWAS) have identified almost 700 associations at more than 600 loci
throughout the genome linked to it (Adams et al., 2025).

Polygenic scores (PGSs) are constructed from GWAS summary statistics and can be used to
predict individual depression risk, explaining up to 5.8% of MD liability variance in Europeans
(Adams et al., 2025). PGSs have been used for the prediction of recurrence and psychiatric co-
morbidity (Als et al., 2023) and to characterize distinct depression trajectories (Grimes et al.,
2024), while phenome-wide studies identified broad adult correlates of depression PGSs and ado-
lescent correlates of cross-disorder genetic liability (Paul et al., 2024; Shen et al., 2020). These
applications motivate the development of stronger predictors for research on genetic liability and
its broader phenotypic expression.

However, depression is heterogeneous in its clinical presentation. Individuals meeting the same
diagnostic criteria can differ substantially in their symptom profiles (Fried and Nesse, 2015).
Genetic differences have also been identified between early- and late-onset depression (Shorter
et al., 2025), while individual depressive symptoms show different associations with environmental
stress (Fried et al., 2015). At biobank scale, detailed depression assessment is often available only
for a subset of participants, creating a trade-off between phenotyping depth and sample size
(Dahl et al., 2023). Alternative definitions of depression can capture partly distinct genetic
architectures, with minimal phenotyping, resulting in genome-wide association signals of low
specificity (Cai et al., 2020). Combining the available information can result in higher-quality
measures, but complete information is available for only a subset of participants. By combining
related measurements, phenotype imputation can improve prediction while preserving specificity
to major depressive disorder (MDD) (Dahl et al., 2023).

A related issue is the shared genetic architecture of depression and other psychiatric traits. De-
pression and anxiety are highly genetically correlated (Thorp et al., 2021). Depression, PTSD
and anxiety are associated with an internalizing factor in genomic analyses (Grotzinger et al.,
2026). Polygenic scores for depression are associated with the general factor of childhood psy-
chopathology (Waszczuk et al., 2023). Such overlaps provide opportunities for multi-trait analysis
of GWAS, which together with modern Bayesian methods and functional genomic annotations
can be used to improve polygenic prediction (Turley et al., 2018; Zheng et al., 2024). In this way,
depression PGSs can also capture genetic signals that are not specific to MDD (Dahl et al., 2023),
which necessitates careful characterisation of shared and trait-specific genetic associations.

Measurement reliability introduces a further consideration. Repeated assessment in female twins
demonstrated imperfect reliability of lifetime depression diagnoses (Kendler et al., 1993). Error
in the measured phenotype can attenuate PGS associations, motivating comparisons of observed
outcomes with estimates that account for measurement reliability (Wolfram et al., 2026). Such
estimates depend on the measurement model and should be distinguished from prediction of an
observed diagnosis, with both metrics being potentially fit-for-purpose, depending on application.

The interpretation of PGS associations also depends on their persistence within families. Predic-
tions among unrelated individuals can also derive from gene-environment correlations induced by
population stratification, indirect genetic effects, and correlations with other genetic factors as a
result of non-random mating, including assortative mating. Within-family designs separate out

'Following common usage, we use major depressive disorder (MDD) for the clinical diagnosis and major depression
(MD) for the broader definitions available at biobank scale, which approximate it (McIntosh et al., 2019).



the component due to direct genetic effects alone (Benjamin et al., forthcoming; Chegeni et al.,
2026; Huider et al., 2026; Tan et al., 2024; Veller and Coop, 2024; Young et al., 2022), enabling
quantification of the degree to which polygenic prediction reflects causal effects that vary within
families.

Finally, prediction may vary across populations and environmental contexts. Studies have ex-
amined sex differences in the genetic architecture of depression and the interplay of depression
PGSs and socioeconomic conditions in adolescent outcomes (Campbell et al., 2026; Thomas et al.,
2025). Prediction accuracy also varies across the genetic ancestry continuum, with limited trans-
ferability of European-derived depression scores to African-ancestry samples (Ding et al., 2023;
Kanjira et al., 2025). These findings motivate comparisons not only of individual outcomes, but
also of whether the broader pattern of associations differs across groups.

Here, we develop an integrated depression PGS using phenotype information from multiple large-
scale biobanks together with external GWAS summary statistics. The score combines informa-
tion from depression and genetically correlated psychiatric traits using phenotype reconstruction,
multi-trait genetic integration and Bayesian effect estimation, while retaining depression as the
focal prediction target (Methods). On a common scale, the integrated summary statistics carry
about twice the genome-wide association signal of the PGC depression GWAS (Results).

We evaluate prediction in UK Biobank and the Adolescent Brain Cognitive Development (ABCD)
Study and contrast it with a recent best-in-class literature PGS developed by the PGC 2025
European-ancestry meta-analysis excluding 23andMe, the largest publicly available depression
summary data (Adams et al., 2025). We first compare our summary data with that of the
PGC, then examine prediction of depression and the role of outcome reliability, followed by
associations with latent internalizing psychopathology, extending these analyses to physical and
mental health, along with behavioral, cognitive, and socioeconomic outcomes. Finally, we examine
sex differences, interactions with measured family environments and cross-ancestry portability.
Together, these analyses investigate how well the score predicts MD and the overall depression-
adjacent phenome as well as the context-dependency of these predictions.

2 Results

2.1 Integration strengthens the genome-wide depression signal

We compared the integrated discovery summary statistics with those of the published PGC GWAS
(without 23andMe) on HapMap sites. The integrated GWAS carried 2.10 times (95% CI 2.04—
2.17) the genome-wide association signal of the PGC GWAS, measured as the ratio of LD-score
regression slopes, which scale with sample size times SNP heritability (Bulik-Sullivan et al., 2015).
The increase was uniform across the LD-score distribution (2.07-2.16 across quintiles), and the
two sets of statistics were almost perfectly genetically correlated (ry = 0.98).

2.2 The MD PGS predicts depression, internalizing and adult life and health
outcomes in population and family analyses

We defined an MD reference phenotype in our UK Biobank validation sample using the pub-
lished LifetimeMDD definition (Cai et al., 2020; Dahl et al., 2023) and compared our integrated
predictor’s performance with the PGC benchmark (Methods). Classifications often changed on
reassessment. Of 11,567 UK Biobank participants initially classified as cases and reassessed
after a median of 6.2 years, only 47.7% remained cases, whereas 38.9% moved to a symptom-
positive unclassified category and 13.5% were classified as controls. Treating these changes as
measurement error, we report approximate liability-scale estimates before and after a model-based



repeat-stability correction (Methods, Supplementary Table S3C).

The approximate population liability-R? was 7.0% for the integrated PGS and 4.6% for the PGC
score before correction, and 9.1% and 6.1% after correction, a relative gain of 49.7% (95% CI
27.6-78.0%, Table 1, Supplementary Table S3A). To assess within-family prediction, we fitted
SNIPar models with parental scores imputed from genotyped siblings (Guan et al., 2025; Young
et al., 2022) in 7,054 participants from 6,085 sibships. The direct/population coefficient ratio was
1.03 (95% CI 0.83-1.23) for the integrated score and 1.02 for the PGC score (Table 1), so there
was no detectable within-family attenuation, although reductions of up to about 17% cannot be
excluded. Applying these ratios to the population estimates gave model-implied within-family
liability- R? of 9.6% and 6.3%, respectively (Figure 1A). Matched observed-scale results confirmed
this picture, and the integrated PGS also explained more observed variance in anxiety symptoms,
neuroticism and internalizing than the PGC score, with relative gains (83-94%) larger than for
depression itself (51%), although with a wide interval (Supplementary Table S4). In ABCD, which
contributed no discovery data, the relative gain for depression diagnosed with the computerized
K-SADS in childhood and adolescence was similar (liability-R? 4.9% versus 3.5%, a 39% gain,
95% CI 17-66%), although this construct differs from adult lifetime depression (Supplementary
Note 2).

Table 1: UK Biobank depression: population and within-family prediction by the integrated and
PGC scores.

Integrated PGC
Population liability- R?, uncorrected (%) 7.0 (5.5-8.7) 4.6 (3.4-6.1)
Population liability- R2, repeat-corrected (%) 9.1 (7.2-11.3) 6.1 (4.5-7.9)
Direct/population ratio 1.03 (0.83-1.23) 1.02 (0.78-1.26)
Model-implied within-family liability-R?, repeat-corrected 9.6 (6.0-14.5) 6.3 (3.5-10.3)

(%)

Note. 7,054 participants (1,679 cases) from 6,085 sibships of the sibling validation sample. Liability-R? assumes a
population prevalence of 15%, the repeat correction uses the polychoric reliability (Supplementary Table S3D).
Direct/population ratio is derived from linear mixed models of standardized case status on the parental-compatible
SNIPar score, without (population) and with (direct) adjustment for parental scores imputed from siblings. Intervals
are 95% intervals from 4,000 paired whole-family bootstrap draws.

To study the broader mood—anxiety spectrum, we modelled latent internalizing, a hierarchical
factor capturing variance shared across depression, anxiety and neuroticism items in UK Biobank
(28 PHQ-9, GAD-7 and EPQ-R items) and across anxious/depressed, withdrawn/depressed and
somatic-complaint items in ABCD (30 Youth Self-Report items), and estimated within-family
PGS associations from sibling differences in the score (Methods). The integrated PGS coeffi-
cients were 27.8% (95% CI 17.4-39.2%) higher than those for PGC in UK Biobank (8 = 0.272
versus 0.213) and 54.2% (8.5-119.2%) higher in ABCD (8 = 0.269 versus 0.175, Figure 1B and
Supplementary Table S6), and the gains were essentially unchanged under alternative factor mod-
els. Within-family attenuation was similar for the two scores in UK Biobank, whereas in ABCD
the integrated score retained a larger share of its population association with internalizing (by
37.3 percentage points, 95% CI 4.2-70.3, Supplementary Table S7).

We also observed broad associations with poorer general health, tiredness, life dissatisfaction
and chronic pain in the UK Biobank sibling validation sample (10,387-36,257 participants de-
pending on outcome, Figure 1C). Most of these associations remained within families, with di-
rect /population ratios of 0.86 (95% CI 0.76-0.97) for general health burden and 0.87 (0.72-1.02)

*Each belonged to a sibship with at least two genotyped siblings, although most sibships contained only one
participant with a depression classification (951 of 6,085 contained two or more). SNIPar imputes parental genotypes
from all genotyped siblings, so every participant contributed, as with the imputed parental score as a covariate, the
direct coefficient reflects only the random inherited component of each participant’s score.



for chronic pain. The socioeconomic and cognitive associations, by contrast, were substantially
attenuated, with ratios of —0.07 for lower education, —0.04 for lower occupational status, 0.15 for
lower fluid intelligence and 0.31 for lower household income. Patterns were similar for the PGC
score (Supplementary Note 4).

Associations with 23 diagnoses across psychiatric, cardiometabolic, immune and inflammatory,
cancer and other disease categories (Table 2) were more limited: direct within-family associa-
tions after Benjamini—-Hochberg correction remained significant for just bipolar disorder, coro-
nary artery disease, hypertension, type 2 diabetes, venous thromboembolism and asthma, with
direct/population ratios significantly below 1 for hypertension (0.64) and type 2 diabetes (0.60).
Results were directionally similar for the PGC score (Supplementary Data).
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Figure 1: Depression, internalizing, and adult family associations. A, Bars and labels above the whiskers show
approximate liability-R? while correcting for measurement error, with 95% CIs. White labels/dashed marks give the
estimates before correction. Within-family liability-R? values are model-implied (population value x squared SNIPar
direct/population ratio), their intervals include uncertainty in the ratio from 4,000 whole-family bootstrap draws.
B, Standardised within-family associations with latent internalizing (sibling difference estimate) in UK Biobank and
ABCD. C, Standardised population and direct (parental-score-adjusted) SNIPar associations of the integrated score
with adult outcomes in the UK Biobank sibling validation sample. Numbers above the bars give direct/population
ratios. Intervals are 95% Cls.



Table 2: Population and within-family associations of the integrated depression score with disease

outcomes in UK Biobank.

Disease

Population

B (95% CI below)

Within-family
B (95% CI below)

Psychiatric diagnoses
Bipolar disorder

Schizophrenia

Psychosis spectrum (F20-F29)

Cardiometabolic disease
Coronary artery disease

Gout
Hypertension
Type 2 diabetes

Venous thromboembolism

Immune and inflammatory disease
Asthma

Atopic dermatitis
Inflammatory bowel disease
Multiple sclerosis

Psoriasis

Vitiligo

Cancer
Basal cell carcinoma

Breast cancer (female)
Colorectal cancer
Melanoma

Prostate cancer (male)

Testicular cancer (male)

Other diagnosed disease
Alzheimer’s disease

Glaucoma

Osteoporosis

0.0183***
(0.0080, 0.0286)
0.0169"*
(0.0055, 0.0283)
0.0125*
(0.0014, 0.0235)

0.0323"**
(0.0220, 0.0427)
0.0191***
(0.0087, 0.0294)
0.0590"**
(0.0490, 0.0691)
0.0443"**
(0.0337, 0.0550)
0.0241***
(0.0139, 0.0344)

0.0445"**
(0.0335, 0.0554)
0.0088
(—0.0033, 0.0210)
0.0194***
(0.0092, 0.0295)
—0.0020
(—0.0125, 0.0086)
0.0099
(—0.0003, 0.0202)
0.0036
(—0.0073, 0.0145)

—0.0036
(—0.0140, 0.0068)
0.0053
(—0.0082, 0.0187)
0.0004
(—0.0098, 0.0106)
0.0004
(—0.0097, 0.0106)
—0.0036
(—0.0195, 0.0123)
—0.0047
(—0.0223, 0.0128)

0.0076
(—0.0023, 0.0175)
0.0129"
(0.0022, 0.0235)
0.0217***
(0.0112, 0.0322)

0.0250*"
(0.0065, 0.0434)
0.0159
(—0.0031, 0.0349)
0.0173
(—0.0018, 0.0364)

0.0251**
(0.0074, 0.0428)
0.0142
(—0.0034, 0.0319)
0.0378"**
(0.0211, 0.0544)
0.0266""
(0.0090, 0.0441)
0.0275"*
(0.0096, 0.0455)

0.0475***
(0.0293, 0.0657)
0.0058
(—0.0132, 0.0247)
0.0089
(—0.0084, 0.0262)
0.0076
(—0.0109, 0.0262)
0.0126
(—0.0052, 0.0305)
0.0116
(—0.0067, 0.0299)

—0.0103
(—0.0280, 0.0074)
0.0120
(—0.0114, 0.0354)
—0.0078
(—0.0261, 0.0106)
0.0152
(—0.0024, 0.0329)
—0.0011
(—0.0287, 0.0265)
—0.0327*
(—0.0605, —0.0048)

0.0002
(=0.0170, 0.0173)
0.0109
(—0.0066, 0.0284)
0.0208"
(0.0031, 0.0386)

Note. Coefficients are standardised and binary diagnoses were fitted as linear outcomes. Intervals are 95% confidence
intervals based on family-clustered standard errors. * P<0.05, ** P<0.01, *** P<0.001 denote two-sided unadjusted
Wald tests, while bold indicates multiple testing correction BH q<0.05, across all 23 diagnoses for each model. Breast
cancer is restricted to women, prostate and testicular cancer to men. Within-family coefficients are SNIPar direct
effects, adjusted for parental scores imputed from siblings.



2.3 Depression liability reveals broad associations across the childhood phe-
nome

The rich data available in ABCD enabled us to study early-life correlates of the integrated PGS
across 2,328 outcomes from 28 instruments concerning social functioning, behavior and self-
regulation, mood, stress and psychiatric symptoms, and activity, recreation and sleep. Of these,
1,494 were associated with the PGS after Benjamini-Hochberg correction across the 2,328 out-
comes (q<0.05), including 423 with nominally significant and directionally similar within-family
associations (P<0.05, Figure 2A). The profile extended to emotional dysregulation, bullying and
peer difficulties, attention and behavioral problems, and sleep disturbance. Supplementary Data
gives all outcomes and estimates.

For the 1,854 outcomes measurable in the subset of siblings and dizygotic twins within ABCD,
the errors-in-variables slope of within-family on population coefficients across outcomes was 1.01
(95% CI 0.66-1.35, Figure 2B). On average, the profile was therefore carried by direct effects,
although the interval allows substantial attenuation or amplification.

Against the PGC score, the mean incremental observed-scale R? was 24.7% higher (95% CI
10.8-41.4%, Supplementary Table S4), though the within-family R? gain was uncertain (12.3%,
Supplementary Data). Nevertheless, the two scores produced closely aligned population associ-
ation profiles across all 2,328 outcomes in the childhood phenome (r = 0.988, Supplementary
Table S10). The PGC score retained somewhat less of its population association profile within
families (slope 0.90 versus 1.01), but the paired difference was not significant (Supplementary
Table S7).

For six illustrative outcomes, we estimated PGS associations across assessments at approximately
ages 10-17 (Figure 2C). By the last assessment (age 14 for suicidal thoughts and self-injury, 16
for depression and social anxiety, 17 for the others), children in the highest PGS decile were
more likely than those in the lowest to report suicidal thoughts (23.3% versus 6.7%, RR 3.48),
nonsuicidal self-injury (20.5% versus 6.9%, RR 2.98), current depression (5.0% versus 1.0%, RR
5.07), current social anxiety (7.3% versus 2.4%, RR 3.01), nicotine or cannabis use (46.9% versus
25.1%, RR 1.87) and psychiatric inpatient treatment since the preceding assessment (3.8% versus
0.8%, RR 4.82). Larger absolute probabilities did not always imply larger relative associations:
risk ratios for social anxiety and inpatient treatment were larger, though less precise, at earlier
assessments.
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Figure 2: Childhood phenome and developmental trajectories. A, Signed population association strength
across 2,328 outcomes. Colors identify domains and symbols distinguish reporters. More opaque points have same-
direction nominally significant within-family associations (P<0.05). Dashed lines show the BH FDR, 0.05 cutoff across
the displayed outcomes. B, Matched within-family and population coefficients, with the covariance-corrected profile
slope and 95% interval. The dashed line denotes equal effects. C, Model-standardized probabilities at the top and
bottom PGS deciles across assessments, with corresponding risk ratios and pointwise 95% intervals. Suicidal thoughts
and self-injury refer to reported past/lifetime history and nicotine or cannabis use to lifetime use, inpatient treatment
to the period since the preceding assessment. Supplementary Note 5 describes the models. Supplementary Data
provide the PheWAS associations.



2.4 Sex differences in symptom associations and household moderation

We next asked whether the strength and expression of depression-related genetic liability varied
by sex and household context in ABCD.

Among the 726 outcomes in the selected psychiatric symptom batteries, 107 showed sex differences
after Benjamini—-Hochberg correction across these 726 tests. Associations were stronger in girls
for 101 outcomes and in boys for six (Figure 3A). The contrasts more positive in girls included
fatigue, guilt, low self-esteem, indecision, panic and uncontrollable worry, and self-injury. Those
more positive in boys primarily concerned conduct problems (physical fights, bullying, breaking
and entering, vandalism and cruelty to animals). Supplementary Data provides all sex-specific
coeflicients and contrasts.

Given these differences, we examined in an exploratory analysis whether sex-specific PGS asso-
ciations varied with the cultural gender typicality of symptom content. A language model rated
each item from strongly boy-typical to strongly girl-typical using only its wording or description
and response options. Among the 716 items with usable ratings, associations in girls increased
with girl-typicality, whereas boys showed little linear trend (Figure 3B). Per one-point increase
in typicality, the PGS coefficient increased by 0.0074 pooled outcome SD in girls and changed
little in boys (between-sex difference 0.0082, 95% CI 0.0050-0.0114). Because these coefficients
combine differences in association and symptom dispersion, within-sex outcome standardization
shrank the difference (Supplementary Data).

Across the symptom profile, boys’ coefficients were 0.68 times those in girls (95% CI 0.53-0.82),
corresponding to approximately 32% smaller associations on average (Figure 3C). After within-sex
outcome standardization, the difference shrank to 21%. Results were similar for the whole phe-
nome analysis and for the PGC benchmark score (Supplementary Note 6). In UK Biobank adults,
the score’s liability-R? for the reference depression definition was likewise higher in women than
in men (repeat-corrected 9.9% versus 8.2%), but the difference was not statistically significant
(1.7 percentage points, 95% CI —2.7 to 5.8).

In contrast, household resources, hardship and residential deprivation showed no clear moderation
of latent internalizing or either the symptom or full PheWAS profile (Table 3). For the symptom
profile, point estimates suggested somewhat stronger associations under disadvantage, but none
remained significant after Holm correction across the three exposures (smallest adjusted P =
0.08). Latent internalizing interactions were close to zero (at most 0.016 latent SD per exposure
SD) and did not differ detectably between the two scores (Supplementary Note 6).
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Girls’ and boys’ coefficients for the same outcomes as A. The dashed line indicates equality and the solid line the
corrected-moment errors-in-variables slope, k, with its 95% interval. See Supplementary Note 6 for selection, ratings,
scaling and uncertainty.
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Table 3: Sex and household moderation of latent internalizing, psychiatric symptoms and the full
PheWAS profile in ABCD.

Moderator Internalizing Symptom profile Full PheWAS profile
Interaction (latent SD) Profile moderation Profile moderation

Sex (boys minus —0.099 —0.322 —0.292
girls) [—0.151, —0.047] [—0.473, —0.177] [—0.430, —0.158]
Resources —0.007 —0.145 —0.102

[—0.039, 0.025] [—0.306,0.012] [—0.248,0.045]
Hardship 0.007 0.163 0.108

[—0.021, 0.035] [0.017,0.307] [—0.018, 0.229]
Residential depri- 0.016 0.108 0.107
vation [—0.026, 0.059] [—0.080, 0.295] [—0.063,0.274]

Estimates with 95% CIs below. Household exposures are standardized. Profile estimates are boys-to-girls multipliers
minus one (sex) or slopes of interaction coefficients on the covariate-averaged main PGS coefficients (household
exposures). No household profile slope was significant after Holm correction across the three exposures. The
symptom profile covers 726 outcomes (Figure 3). The full profile includes all eligible PheWAS outcomes.
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2.5 Core associations and phenotype profiles across population groups

Lastly, we compared PGS performance across population groups, first for depression and latent
internalizing and then across the childhood phenome.

In UK Biobank, the integrated PGS association with depression was lower than the European
reference by 61.9% in the African-ancestry (AFR) group, 71.2% in East Asians (EAS) and 15.7%
in South Asians (SAS, Figure 4A). Intervals were wide because of small samples and included
published expected effect reductions of 57.6%, 30.3% and 19.6%, respectively (Privé et al., 2022)
(Supplementary Note 7 and Table S12A).

In ABCD, the integrated-score association with latent internalizing was reduced by 27.0% in the
Hispanic group and 67.2% (95% CI 35.1-98.1%) in the African American group, compared with
published expected reductions of 14.0% and 34.7%, respectively (Moore et al., 2025; Wolfram
et al., 2026) (Supplementary Table S12A).

Across the ABCD phenome, the slope relative to White children was 0.78 (95% CI 0.61-0.95)
in Hispanic children and 0.65 (0.38-0.91) in African American children (Figure 4B), indicating
approximately 22% and 35% attenuation in the overall coefficient profiles, compared with the
same expected reductions of 14.0% and 34.7%. Supplementary Figure S1 shows the full coefficient
range. The PGC score showed a similar pattern, with slopes of 0.79 and 0.58 (Supplementary
Table S12B).

3 Discussion

We developed a depression polygenic score that outperforms the strongest publicly available de-
pression score, based on the European-ancestry PGC 2025 summary statistics excluding 23andMe
(Adams et al., 2025). By integrating observed and reconstructed depression phenotypes from mul-
tiple biobanks with external broader psychopathology spectrum GWAS, we obtained summary
statistics carrying about twice the genome-wide association signal of the PGC GWAS. In UK
Biobank, the approximate liability R? for depression rose from 4.6% to 7.0% (a relative increase
of 51%) and, after correction for repeat-measurement error, from 6.1% to 9.1% (49.7%). Within
families, standardized coefficients with latent internalizing were 27.8% larger than those of the
benchmark score in UK Biobank and 54.2% stronger in ABCD, with gains extending to neuroti-
cism and anxiety.

A common concern with integrating broader phenotypes and genetically correlated traits is that
power is gained at the cost of specificity, so that the score increasingly reflects anxiety, neuroti-
cism or similar traits rather than depression (Cai et al., 2020; Dahl et al., 2023). A score that
had drifted toward the internalizing spectrum would gain least on strict depression and most on
internalizing-type outcomes. The integrated score did gain on depression itself, in population
and within-family analyses alike. In the population analyses, however, the gains for anxiety, neu-
roticism and the internalizing composite were larger than for depression (83-94% versus 51% in
incremental R?, corresponding to roughly 35-39% versus 23% on the coefficient scale, Supplemen-
tary Table S4). Within families, by contrast, the gains were of the same order for all four outcomes
(20-33% for anxiety, internalizing and neuroticism, Supplementary Table S6, and about 24% for
depression, with direct coefficients of 7.74 versus 6.25 percentage points per SD, Supplementary
Note 2). Neuroticism showed the largest within-family gain (33%), so some reweighting toward
neuroticism cannot be excluded, although the depression estimate is too imprecise to distinguish
this from a uniform gain. Across the childhood phenome the gain was proportional: the associa-
tion profiles of the two scores were closely aligned across all 2,328 ABCD outcomes (r = 0.988),
and the integrated score’s coefficients were on average 11% larger and its mean incremental R?
24.7% higher in the 1,854-outcome common inventory (Supplementary Tables S4 and S10). The
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Figure 4: Core and phenotype-wide portability. A, Relative reduction, 1 — B4/ f:et, for UK Biobank depression
and ABCD and UK Biobank internalizing. Positive values indicate smaller associations and negative values larger
associations than the reference group (EUR in UK Biobank, White children in ABCD). Circles denote the integrated
PGS and triangles the PGC benchmark. Depression uses log-odds coefficients. Internalizing coefficients are standard-
ised. Bars show 95% intervals. Open markers identify the UK Biobank internalizing analysis and AFR/EAS diagnosis
cells with few cases. B, ABCD phenotype-wide associations. Solid lines show errors-in-variables slopes. Shaded bands
describe pointwise 95% Cls. Dashed lines denote equal effects. The view is cropped. The complete plotting range is
shown in Supplementary Figure S1. Diamonds in A show expected effect reductions and dotted lines in B expected
profile slopes, derived from published relative R? estimates for UK Biobank (Privé et al., 2022) and ABCD (Moore
et al., 2025; Wolfram et al., 2026). See Supplementary Note 7 for sample, model, measurement-comparability and
benchmark limitations.
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integrated score thus strengthened the associations the depression-only score already had rather
than adding new ones. Together, these results limit the concern about specificity but do not rule
it out.

Beyond the comparison with PGC, the score predicts not only depression but a broad liability to
mood and anxiety problems, both in the population as well as within-family. Symptom dimensions
of this kind capture liability that a lifetime diagnosis, which compresses it into two imperfectly
reliable categories (Kendler et al., 1993), does not.

The score also predicted a wide range of adult outcomes. Associations with poor health, tired-
ness, chronic pain and life dissatisfaction were retained within families. By contrast, associations
with fluid intelligence, education and occupational status were reduced to (almost) zero within
families, and the association with household income became barely significant. For socioeco-
nomic outcomes, population stratification, assortative mating, and/or indirect genetic effects are
therefore likely to account for much of the population association. Because ascertainment in UK
Biobank also shifts genetic correlations between depression and cognition (Nguyen et al., 2022;
Tyrrell et al., 2021), the cognitive associations in particular should be interpreted with caution.
Disease associations were smaller on the standardized scale, and their within-family point es-
timates were often lower. The absence of detectable within-family attenuation for depression
(direct /population ratio 1.03, 95% CI 0.83-1.23) agrees with twin, trio and imputed-parent stud-
ies of depression polygenic scores (Huider et al., 2026; Trindade Pons et al., 2025), although our
interval does not exclude attenuation of up to about 17%. Genome-wide, family-based GWAS
estimate a direct—population genetic correlation of only 0.68 for depression, indicating substantial
confounding of population effects, although population effects were on average smaller rather than
larger than direct effects (Tan et al., 2024), in contrast to the within-sibship shrinkage reported
for strongly associated variants for depressive symptoms (Howe et al., 2022).

In a phenome-wide scan of 2,328 outcomes in ABCD, 1,494 were associated with the score after
correction for multiple testing. Higher scores were associated with greater peer victimization, in-
cluding reputation-damaging rumors, greater difficulty regulating emotions, more sleep problems
and less physical activity. These associations retained their strength within families on average.
Children in the top score decile had substantially elevated probabilities for suicidal thoughts,
self-injury and were about five times as likely as children in the bottom decile to have received
psychiatric inpatient treatment since the preceding assessment. These results extend earlier work
on adolescent depression trajectories and on the childhood correlates of internalizing liability
(Grimes et al., 2024; Paul et al., 2024).

Household resources, material hardship and residential deprivation did not detectably moderate
the score’s association with latent internalizing, in line with the minimal interaction between
depression PGS and household income reported in ABCD (Campbell et al., 2026). Across the
psychiatric symptom profile, point estimates suggested somewhat stronger associations under
disadvantage, but none remained significant after correction across the three exposures. Sex, by
contrast, mattered substantially. Across 726 psychiatric symptom outcomes, a corrected-moment
profile slope placed boys’ coefficients at around 32% less than girls’, a pattern also evident for the
PGC score on the same psychiatric outcomes and across the broader phenome. Symptoms with
significant sex differences almost always had more positive coefficients in girls, including panic
symptoms, fatigue, guilt, low self-esteem and self-injury.

The sexes may also differ in which symptoms express the liability. In girls, associations increased
with the rated girl-typicality of symptoms, whereas in boys they were largely independent of it.
With sex-specific standardization, however, the difference between the two trends attenuated,
so the gradient depends substantially on sex differences in symptom variance, which for binary
and near-binary items largely reflects sex differences in symptom prevalence. The overall pattern
aligns with the adolescent onset of female excess in depression (Salk et al., 2017), though, as male
and female depression share most of their genetic architecture (Thomas et al., 2025), the weaker
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association in boys does not require different causal variants and can be the result of differences in
symptom expression, reporting or prevalence, including the hormonal changes of puberty (Angold
et al., 1999).

Cross-ancestry effect reductions were in line with expectations for a score trained on European-
ancestry data (Ding et al., 2023; Kanjira et al., 2025; Wang et al., 2020). Although intervals
were wide, almost every estimate was compatible with published portability expectations for
other traits (Moore et al., 2025; Privé et al., 2022). Closing the portability gap will require more
diverse discovery data.

Taken together, the integrated score predicts depression more strongly and captures more of
the internalizing spectrum, including neuroticism, while in its general phenome-wide association
profile remaining closely aligned with that of the depression-only benchmark score and showing
minimal within-family effect reduction. For depression, broad phenotypic integration across the
internalizing spectrum could therefore roughly double the association signal of a depression GWAS
without evidence of the loss of specificity that has been a concern for minimally phenotyped GWAS
(Cai et al., 2020).

Several limitations apply. First, the PGC benchmark excluded 23andMe, which contributed
about 113,000 European-ancestry cases and 1.77 million controls, an effective sample size of about
425,000 against about 1.15 million for the European meta-analysis without it (Adams et al., 2025).
A score including these data would be a stronger benchmark, but the same data could be added
to our framework, and phenotype reconstruction would plausibly benefit from 23andMe’s survey
data as well. Second, the integrated score’s effects were estimated with SBayesRC, which uses
functional annotations, whereas the benchmarks used SBayesR, as in the PGC study. Part of the
score-level gain may therefore reflect the estimation method rather than phenotype reconstruction
and multi-trait integration. The comparison of the summary statistics themselves, which precedes
effect estimation, is unaffected. Third, the measurement-error correction treats disagreement
between two questionnaires as error, although it may also reflect new episodes or changed recall
(Kendler et al., 1993; Moffitt et al., 2010), though under a liability framing, that’s still an imperfect
indication of a stable liability. Fourth, participation bias can distort genetic associations in UK
Biobank (Schoeler et al., 2023), and the ABCD family sample and the non-European samples
were small.

4 Methods

4.1 Participants and study design

For validation, we used UK Biobank and ABCD data (ABCD Study, 2026; Sudlow et al., 2015).
We confirmed no overlap between local discovery GWAS and UK Biobank validation samples.
External GWAS inputs to the integrated score excluded UK Biobank, while ABCD contributed
no discovery data.

UK Biobank sample. UK Biobank validation used genotyped sibships, with family relation-
ships identified using KING. Family validation analyses used participants in the United Kingdom
genetic-ancestry group (Privé et al., 2022), excluding heterozygosity /missingness outliers and
sex-chromosome aneuploidies.

In line with the reference phenotype construction (Supplementary Note 1), participants in the
analysis in Figure 1A additionally required British self-reported ethnicity, the UK Biobank ge-
netic ethnic grouping labelled “Caucasian,” and agreement between reported and genetic sex.
The sample comprised 7,054 participants. Repeat-assessment corrections used respondents with
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interpretable classifications at both assessments and were not restricted to the family cohort. The
latent internalizing analysis required at least two eligible siblings per family, each with at least
one observed symptom item, leading to 36,296 participants from 17,656 families. Adult SNIPar
analyses used 10,387-36,316 participants from 7,776-17,668 sibships of the sibling validation sam-
ple, depending on outcome. Supplementary Note 2 specifies the depression case/control rules,
cross-population samples are described under Population portability.

ABCD sample. We used phenotypes from Release 7, with consortium-processed genotypes and
genetic/demographic metadata. Primary family analyses used parent-reported White siblings and
dizygotic twins, monozygotic twins and twins with missing or conflicting zygosity were excluded.
The latent-family sample contained 1,172 participants in 593 families. Broader population and
portability analyses used separate eligible samples, with the broader White population including
singletons, siblings and twins (Supplementary Notes 1 and 5-7). Score comparisons matched
participants and covariates within each analysis. Reference score units remained fixed after
outcome restriction and resampling (Supplementary Note 1).

4.2 Polygenic score construction and benchmarks

Scope of disclosure. This manuscript describes the evaluation of an integrated depression
predictor and comparisons with literature-based GWAS benchmarks. Detailed predictor con-
struction methods and input specifications are withheld in this version and will be disclosed in
the published paper. The validation methods and benchmark specifications are described here
and in the Supplement.

The integrated depression PGS combined GWAS of observed and reconstructed depression pheno-
types from multiple biobanks with external GWAS summary statistics using multi-trait analysis
of GWAS (MTAG) (Turley et al., 2018). Posterior SNP effects were subsequently estimated using
SBayesRC in GCTB 2.5.2 (Zheng et al., 2024). To compare the integrated GWAS with the pub-
lished PGC GWAS without 23andMe, we used ratios of LD-score regression slopes on identical
variants (Bulik-Sullivan et al.; 2015). These slopes are proportional to sample size times SNP
heritability and are estimated from the association statistics alone (Supplementary Note 1).

PGC benchmarks. Depression-only comparative analyses used the European PGC MDD2025
release without 23andMe (Adams et al., 2025) and, in line with the PGC study, SBayesR (Lloyd-
Jones et al., 2019) for score construction. ABCD used the published UK Biobank-inclusive
GWAS. All UK Biobank analyses used PGC excluding UK Biobank combined with a local de-
pression GWAS excluding evaluation participants and their relatives. The local phenotype was
designed to approximate PGC depression ascertainment, using observed diagnostic and question-
naire evidence without phenotype reconstruction or auxiliary-trait integration. GWAS estimates
were combined by inverse-variance meta-analysis. To assess alignment with the PGC depression
target, we used LD-score regression (Bulik-Sullivan et al., 2015) and found a genetic correlation
close to unity (unconstrained 7, = 1.011). Supplementary Note 1 specifies phenotype, harmo-
nization and effective-sample-size rules.

4.3 Depression measurement and family validation

The MD reference phenotype used the LifetimeMDD definition (Cai et al., 2020; Dahl et al.,
2023), which is based on UK Biobank’s mental-health questionnaire (Supplementary Note 2).
Measured PGS performance depends on the depression definition and on the cohort in which it
is evaluated: shallow definitions have shown lower SNP heritability and less depression-specific
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genetic signal than detailed diagnostic phenotypes (Cai et al., 2020; Dahl et al., 2023), and in
the PGC’s own leave-one-cohort-out evaluation, the full PGC 2025 score (including 23andMe)
explained 4.1% of liability variance in community-recruited cohorts but 7.0% in cohorts recruited
from inpatient, outpatient or register settings (Adams et al., 2025, Table S6). Absolute estimates
are therefore not directly comparable across definitions and cohorts, whereas the two scores were
always compared on the same phenotype and participants.

We estimated population associations with the reference depression phenotype using logistic re-
gression of case/control status on the full PGS, adjusting for sex, birth year, its square, assessment
center, array and genetic principal components (PCs) 1-20 and obtained liability-scale R? us-
ing established conversions assuming a population depression prevalence of 15% (see “Repeat
measurement and liability” and Supplementary Note 2).

All SNIPar analyses (depression and adult outcomes) used sibships of the sibling validation sam-
ple, which excludes families with a genotyped parent, so both parental scores were imputed by
SNIPar from the siblings’ genotypes (Young et al., 2022). Participant and parental scores were
calculated using identical variants and SNP weights. We fitted two linear mixed models to the
same participants, using the same covariates and score scaling:

Y;; = ap + BpGig + 7pCis + ups + €pif,
Yy =ap+ BpGiy + 0P +7LCi +ups + epiy.

Y* denotes case/control status scaled to unit SD, G is the participant’s PGS, P is the (imputed)
parental-score sum in the same units, C' contains the covariates, and u denotes a family random
intercept. The population coefficient Sp estimates the association without parental-score adjust-
ment, whereas p estimates the association conditional on parental scores. The ratio 8p/fp
denotes the effect retained within families. Coeflicient standard errors are SNIPar’s model-based
estimates, and the interval for the ratio came from 4,000 whole-family bootstrap samples that re-
fitted both models. As a robustness check, we also ran probit models, which gave nearly identical
depression associations to the linear models on the probability scale (Supplementary Note 2).

Latent internalizing used 28 ordinal PHQ/GAD /neuroticism items in UK Biobank and 30 Youth
Self-Report (YSR) items averaged across all available ABCD assessments (4.5-, 5.5-, 6- and 7-
year follow-ups). Neuroticism used the 12-item Eysenck Personality Questionnaire-Revised Short
Form. The hierarchies represented shared internalizing variation across depression, anxiety and
neuroticism in UK Biobank, and anxious/depressed, withdrawn /depressed and somatic symptoms
in ABCD. UK Biobank used weighted least squares (WLSMV) due to its ordinal item responses,
with pairwise ordinal information. ABCD treated averaged item responses as continuous and
used robust maximum likelihood with full-information handling of missing items (MLR/FIML)
and family clustering. Sibling models included the family mean and the child’s deviation for each
score, Gy = G (G f—C_} ), in the latent regression, where the deviation coefficient estimated the
within-family association. Within-family childhood phenome models included family fixed effects,
with a separate intercept for each family. For UK Biobank anxiety, the estimated within-family
advantage remained positive, but its confidence interval included zero when complete responses
to all 28 questionnaire items were required (Supplementary Table S6B).

Repeat measurement and liability. Because case/control status indicates whether contin-
uous liability exceeds a threshold, conversion to the liability scale depends on assumptions con-
cerning prevalence and ascertainment. We transformed log-odds coefficients per score SD using
standard conversions to the liability scale (Lee et al., 2012; Moore et al., 2025).

Recall or reporting error can further weaken the association between a case/control label and a
PGS (Kendler et al., 1993). To correct for measurement error, we reconstructed the depression
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algorithm in two questionnaires administered in UK Biobank in 2016-2017 and 2022-2023. Of
79,072 participants for whom the reference phenotype could be constructed at both assessments,
25,022 (31.6%) changed classification after a median of 6.2 years (Supplementary Table S3C).
We compared binary Cohen’s kappa, a three-state polychoric correlation and a two-component
Gaussian-copula mixture as alternative measures of reliability s. The working correction divided
the population log-odds coefficient by /s before applying the coefficient-derived liability mapping
at assumed prevalence K = 0.15, following the PGC depression analysis (Adams et al., 2025),
the uncorrected specification used s = 1. The polychoric specification is used in Figure 1A, and
Table S3 compares alternatives.

The implied within-family liability-R? in Figure 1A was the population summary multiplied
by the squared same-score SNIPar direct/population ratio, assuming transfer to the full-score
association in population variance units. Supplementary Note 2 gives the derivation, calibration
and resampling details.

4.4 Adult health and disease associations

Twenty health, pain, cognitive and socioeconomic outcomes and 23 diagnoses were analyzed
with and without parental PGS using SNIPar, with binary diagnoses treated as linear outcomes.
Models adjusted for sex, birth year, its square and PCs 1-20. For sex-restricted cancers, covariates
were birth year and PCs.

For adult outcomes, coefficient intervals used family-clustered robust (HCO) covariance, condi-
tional on the fitted variance components, and direct/population ratio intervals used Fieller’s
method (Fieller, 1954) with the same covariance. Fieller’s method inverts the test that the direct
coefficient minus the ratio times the population coefficient equals zero. Unlike the delta method,
it does not rely on a linear approximation and gives asymmetric or unbounded intervals when the
denominator is imprecise. For each score, BH correction was applied to all 23 diagnoses, separately
for population and direct-effect models. We used Fieller intervals also for portability reductions
and observed-scale R? gains, with jackknife or influence-function covariances, and log-ratio inter-
vals for gains in latent coefficients (Supplementary Notes 2, 3 and 7). The core depression ratio
instead came from the 4,000-sample whole-family bootstrap used for its liability-R?. The ratio
and the model-implied within-family R?, which multiplies the population R? by the squared ratio,
therefore share one set of resampled families, which also re-estimates the reliability correction and
the variance components. Throughout, confidence intervals are pointwise 95% intervals unless
stated otherwise. In multiple-testing families with a fixed set of tests, a test that could not be
computed was counted as P = 1, whereas the BH correction of household-moderation tests across
outcomes and exposures included only the tests that could be computed.

Supplementary Note 4 gives the outcome definitions, measurement occasions, disease codes, con-
trol exclusions and model specifications.

4.5 Childhood phenome and developmental trajectories

We tested PGS associations with 2,328 ABCD outcomes using repeated observations across eli-
gible assessment waves. We fitted linear models to continuous outcomes and to binary outcomes
coded 0 or 1, adjusting for sex, baseline age, PCs 1-10, site and assessment wave. Standard errors
accounted for correlations among observations from the same family.

We compared population and within-family associations in siblings and dizygotic twins. These
models used identical participants and assessments, with the same PGS and outcome scaling.
The within-family model included a separate intercept for each family, estimating associations
from differences between siblings. For the 1,854 outcomes with estimates from the full population
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sample and both sibling models, we used regression slopes to summarize differences in association
strength between models.

Slopes were constrained to pass through zero and corrected for sampling error. Confidence inter-
vals used 10,000 draws, applying each family’s random weight consistently across outcomes and
models to preserve their correlations (Supplementary Note 5).

Comparison models between our score and the PGC benchmarks used the same design and
outcomes. We compared coefficient profiles and mean incremental observed-scale R?, defined
relative to original outcome total variance, including for family fixed-effect models (Supplementary
Note 5 and Tables S4 and S10). The population-profile correlation of 0.99 was estimated across
all 2,328 outcomes. Family-model comparisons retained the 1,854-outcome common inventory.

Developmental trajectories. Six binary outcomes, selected as illustrative examples, used
logistic models with assessment indicators and PGS-by-assessment interactions, adjusting for sex,
baseline age, PCs 1-10, site and within-assessment age deviation. Probabilities were averaged over
the empirical top and bottom score deciles using a common covariate distribution. Supplementary
Note 5 and Table S11 give outcome definitions, recall periods and minimum participant/event
counts.

4.6 Sex differences and gene-environment interaction

We fitted separate models in boys and girls, allowing covariate effects to differ by sex. Both sexes
used the same reference PGS SDs and outcome SDs calculated across sexes. We tested differences
between boys’ and girls’ coefficients across 726 psychiatric outcomes, accounting for relatedness
between participants, including brothers and sisters. Positive differences indicate more positive
coefficients in boys, which need not mean stronger associations.

We summarized the overall sex difference using a regression slope relating boys’ coefficients to
girls’ coefficients, with the line constrained to pass through zero. Each outcome received equal
weight, and the slope was corrected for sampling error and correlated estimation errors between
sexes. Confidence intervals used 10,000 draws that reweighted families’ contributions to the
estimates (Supplementary Note 6). This slope describes an average pattern, while individual
outcomes can differ.

A sensitivity analysis standardized outcomes separately in boys and girls while keeping PGS
scaling unchanged. Comparisons between the integrated and PGC scores used identical outcome
sets, both within the psychiatric subset and across the full phenome.

Symptom content. For the exploratory content analysis, separate gpt-5.6-sol requests rated
items from 1 (strongly boy-typical) to 9 (strongly girl-typical), using item wording or source de-
scriptions, reporter and response options. The ratings describe whether symptoms are culturally
perceived as more typical of boys or girls. They do not measure participants’ gender or how
often symptoms actually occur. Requests contained no participant data, association results, pre-
vious ratings or conversation history. Ratings describe perceived cultural typicality among US
adolescents aged 12-15. For 716 usable ratings, equally weighted item-level trends tested their
relationship to coefficients in each sex and the between-sex trend difference.

Confidence intervals accounted for correlations across items and between relatives, including
brothers and sisters. After standardizing outcomes separately in boys and girls, PGS associations
in girls still increased with how girl-typical the symptoms were rated, however, the difference
between girls’ and boys’ trends was attenuated. Supplementary Note 6 provides the methods,
the ratings are part of the Supplementary Data.
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Gene-environment interaction. We examined baseline family resources (income and
parental education), material hardship measured with seven items, and residential deprivation
measured by the Area Deprivation Index (Kind and Buckingham, 2018). Higher resources indi-
cate greater advantage, whereas higher hardship and deprivation indicate greater disadvantage.
Exposures were assigned to families and standardized before selecting participants with outcome
data. Families with missing required information or conflicting reports were excluded from that
exposure’s analysis.

We tested whether PGS associations varied with each exposure using separate population models.
Each model included the PGS, exposure and their interaction. Models also included a squared-
exposure term and interactions of both the PGS and exposure with covariates (Keller, 2014).
Latent internalizing models adjusted for sex, average age at YSR assessments, PCs 1-10 and site.
Phenome models adjusted for sex, baseline age, PCs 1-10, site and assessment wave.

Analyses covered latent internalizing, the symptom subset and the full eligible phenome. Across
outcomes, we summarized moderation using regression slopes relating interaction coefficients to
PGS coefficients. The PGS coefficients represented associations at average exposure, averaged
over the covariate values of the analysed observations. Slopes were corrected for sampling error
and correlated errors between estimates.

For latent internalizing, sex differences were calculated as boys’ minus girls’ PGS coefficients,
using the same latent scale for both sexes. For phenome summaries, we subtracted one from the
boys-to-girls multiplier, so zero indicated no overall difference. Statistical tests and confidence
intervals accounted for relatedness within families. Supplementary Note 6 gives the exposure
definitions and multiple-testing corrections.

4.7 Population portability

UK Biobank used precomputed genetic-PC groups labeled United Kingdom, Nigeria, China and
India. ABCD used parent-reported race/ethnicity groups: White (reference), Hispanic and Black
(labelled African American). Multiple-group assignments were excluded except for the Hispanic
group (Supplementary Note 1). The UK Biobank reference used the discovery-excluded family
sample (United Kingdom PC group), the Nigeria, China and India groups included all eligible
scored participants, without a sibling requirement. Matched-score core comparisons estimated
100(1 — B4/ Bret) using group-specific PGS SDs and each score’s own reference-group denominator.
Details are given in Supplementary Note 7.
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Supplementary Information

This Supplementary Information describes the samples, measures and statistical models behind each result
in the main text and reports additional results. Supplementary Note 1 covers the samples, genotype
processing and polygenic scores used throughout. Supplementary Notes 2 to 7 follow the order of the main
text. Complete association results for all outcomes are provided in the Supplementary Data workbook.

Throughout, “integrated score” refers to our depression polygenic score and “PGC score” to the bench-
mark score built from Psychiatric Genomics Consortium summary statistics. The two scores were always
compared on identical participants, outcomes and covariates. UK Biobank population groups are labelled
EUR (reference), AFR, EAS and SAS, and ABCD groups are labelled White (reference), Hispanic and
African American (Supplementary Notes 1 and 7).

Supplementary Note 1: Samples, genotypes and polygenic scores

This note describes the validation samples, genotype processing, score standardization and the construction
of the PGC benchmark scores. These elements are shared by all later analyses.

UK Biobank. We set aside for validation all genetically inferred full-sibling and parent—offspring pedi-
grees among participants in the United Kingdom genetic-ancestry group defined by Privé et al. (2022),
and excluded every pedigree member from local discovery. Pedigrees were built using kinship, age and
sex. The sibling validation sample comprised the reserve’s sibships with no genotyped parent. Participants
flagged as heterozygosity or missingness outliers (field 22027) or as having a sex-chromosome aneuploidy
(field 22019) were excluded.

The depression analyses (Supplementary Note 2) additionally required British self-reported ethnicity (field
21000), the UK Biobank genetic ethnic grouping “Caucasian” (field 22006) and agreement between reported
and genetic sex (fields 31 and 22001). Each participant needed a case or control classification and complete
genotype and covariate data, but their siblings did not need to be classified. The latent internalizing
analysis (Supplementary Note 3) instead required at least two siblings per family who had each answered
at least one symptom item and had complete covariates.

ABCD. We used phenotypes from ABCD Release 7 (ABCD Study, 2026), genotypes imputed by the
consortium, and the cohort’s family and demographic records (family identifiers, parent-reported race and
ethnicity, sex and genetic principal components). Family analyses used non-twin siblings and dizygotic
twins, monozygotic twins and twins with missing or conflicting zygosity were excluded. A family entered the
reference sample if at least two of its members had complete scores and covariates and enough internalizing
data: at least two observed internalizing composites among the parent-reported Child Behavior Checklist
(CBCL), the Youth Self-Report (YSR) and the youth Brief Problem Monitor (BPM), or one such composite
plus at least three teacher-reported BPM items. The latent YSR analysis then required at least one
answered YSR item per child, but not a second YSR-reporting sibling (Table S1). Broader population
analyses used all eligible White children, including singletons, siblings and twins. Sex was the parent-
reported sex at baseline, or the sex assigned at birth in the Release 7 participant table for the latent family
analysis.

ABCD population groups were based on parent-reported race and ethnicity (Wolfram et al., 2026). Chil-
dren reported as Hispanic formed the Hispanic group, whatever their reported race. Each remaining child
was assigned to a group if exactly one of four categories applied: White, Black, Asian Indian, or East Asian
(Chinese, Filipino, Japanese or Korean). We analysed the White (reference), Hispanic and Black (labelled
African American) groups. The East Asian and Asian Indian groups were below the 150-child minimum
for model fitting (Supplementary Note 7). Children reported in more than one of the four categories were
excluded, and so were children reported in none of them.

Table S1: ABCD reference and YSR analysis sample flow

Selection Children  Families
White genotyped children with both scores and complete reference covari- 6,325 5,129
ates

Eligible non-twin siblings or confirmed dizygotic twins 1,398 761
Meeting the multi-instrument availability requirement 1,396 760
Reference sample: at least two eligible relatives per family 1,268 632
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Selection Children  Families

YSR analysis: at least one observed YSR item 1,172 593

Each row applies an additional restriction. Score moments and family means used the reference sample before YSR
restriction. The final analysis included 17 families with only one YSR-observed child. Their family means included
the other reference-eligible relatives.

Genotypes and scoring. In UK Biobank, imputed genotypes were restricted to biallelic variants with at
most 5% missing calls, minor-allele frequency of at least 1% and Hardy—Weinberg P > 10~°0. Participants
with more than 3% missing genotypes (10% in the African-ancestry groups) were removed. Full scores
were computed with PLINK 2 from imputed dosages, as the average allele-weighted dosage over the scored
variants. Weight variants that were absent from the target data or had incompatible alleles were skipped,
and missing genotypes were replaced by their expected dosage given the allele frequency.

Scores for the family analyses were computed by SNIPar (Young et al., 2022). SNIPar used hard-called
genotypes, converted from the imputed data for the family reserve after restricting to a list of well-imputed
variants (imputation INFO > 0.99) and removing variants with Hardy—Weinberg P < 1075. Parental
genotypes were imputed from the genotypes of siblings and the genome segments they share. Full-sibling
and parent—offspring relationships among UK-ancestry participants were inferred with KING 2.3.2, and
SNIPar built pedigrees using year of birth and sex. Identity-by-descent segments were inferred with
SNIPar’s ibd.py from directly genotyped array SNPs (607,402 of 784,256 retained), using the HapMap II
genetic map and a genotyping-error probability of 107%. Child and parental scores were computed from
the same variants and weights: those present in the child’s genotypes, in the imputed parental genotypes
and among the score’s non-zero weights. The within-family analyses of depression (Supplementary Note 2)
therefore used this parental-compatible version of each score, while the logistic model of depression used
the full score.

In ABCD, scores were computed from hard calls derived from the consortium’s imputed genotypes.

Score standardization. Scores were standardized to unit variance in the study sample of each analysis
before restricting to participants with a particular outcome (for adult UK Biobank outcomes, within each
outcome’s sample, which changed the score SD by less than 0.3%).

PGC benchmark scores. In ABCD, the benchmark was an SBayesR score (Lloyd-Jones et al., 2019)
computed from the published European PGC MDD2025 summary statistics without 23andMe (Adams
et al., 2025), which include UK Biobank. Because those statistics include UK Biobank, the UK Biobank
benchmark was rebuilt. The PGC statistics without UK Biobank were meta-analysed with a local
UK Biobank depression GWAS that excluded every validation participant and their relatives (kinship
> 0.0442).

The local GWAS phenotype used observed evidence:

e (ases met a detailed CIDI-based lifetime definition, reported depression, reported a professional
diagnosis, or had a hospital diagnosis of F32 or F33.

o Fzxclusions took priority: bipolar, psychotic or personality disorders.

e Controls required observed negative evidence and no ambiguous evidence. Ambiguous evidence
was antidepressant use without a qualifying diagnosis, positive core depressive symptoms, probable
depression, or another mood-disorder hospital code.

Unrelated participants were then selected without regard to case status. Associations were tested with
GCTA fastGWA, using a linear model of the 0/1 phenotype on hard-called genotypes, with age, sex,
genotyping array and principal components 1-20 as covariates. Variants required a minor-allele frequency
above 0.01, at least 20 copies of the minor allele and genotype missingness below 0.02.

The local and PGC results were meta-analysed by allele-aligned inverse-variance weighting. Variants
were removed if their allele frequencies differed by more than 0.10 between the two sources. Strand-
ambiguous variants were also removed if either frequency was within 0.10 of 0.5. The effective sample size
was 4/(1/Neases + 1/ Neontrols). Both benchmark scores were estimated with SBayesR using the European
banded HapMap3 linkage-disequilibrium reference.

Discovery-signal comparison. The integrated GWAS (final multi-trait statistics, before effect estima-
tion) was compared with the published PGC GWAS without 23andMe on 960,778 autosomal HapMap3
variants that were also present in the UK Biobank focal depression GWAS. The MHC region, variants with
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allele frequency outside 0.01-0.99, strand-ambiguous variants and variants with x? > 80 in either GWAS
were excluded. One cross-trait LD-score regression (Bulik-Sullivan et al., 2015) with 1000 Genomes Euro-
pean LD scores and free intercepts was fitted with the same fixed sample size for both GWASs, so that the
ratio of the two heritability estimates equals the ratio of LD-score slopes (N x thP). The 95% interval of
the ratio was exp(logr £ 1.96 SE), with the SE from a paired 200-block jackknife of the log ratio. Unifor-
mity was checked with the ratio of mean x? excess over the intercepts within LD-score quintiles, and the
genetic correlation was the unconstrained LD-score estimate with its block-jackknife SE.

Similarity of the two benchmark GWASs. Cross-trait LD-score regression (Bulik-Sullivan et al.,
2015) compared the published PGC GWAS with our PGC-plus-UK Biobank GWAS. The estimated genetic
correlation on common HapMap sites was 1.011 (SE 0.00115, 95% interval 1.009-1.014), showing that the
two sets of summary statistics are nearly identical.

Supplementary Note 2: Depression in UK Biobank and ABCD

Case and control definition. We used the LifetimeMDD definition (Cai et al., 2020; Dahl et al.,
2023) (Table S2): Cases required at least two weeks of depressed mood or loss of interest, at least five of
eight lifetime symptom domains and substantial interference with normal roles, or alternatively at least
five of the nine current symptoms present nearly every day, including depressed mood or loss of interest,
and the same impairment. As in the original definition (Cai et al., 2020), cases with a self-reported
psychotic, bipolar or substance-use disorder were left unclassified, which implements DSM-5 criteria C-E
for cases. Controls explicitly denied a period of prolonged depressed mood and did not meet the case
rule, while participants who met neither definition were also left unclassified. Cai et al. (2020) describe the
controls only as participants without the case criteria. Applied to the same white British quality-controlled
sample, our implementation gave 16,189 cases and 49,846 controls (published: 16,301 and 50,870), case
counts within 14 of the published counts at every assessment centre, and the published lead association
(rs926552, odds ratio 0.902 versus 0.903). In the analysis sample below, 1,637 of the 1,679 cases qualified
only through the lifetime route, 41 through both routes and one only through the current-symptom route.

Population and within-family models. The analysis sample comprised 7,054 participants (1,679
cases) from 6,085 families of the sibling validation sample (Supplementary Note 1). All models adjusted
for sex, birth year and its square, assessment centre, genotyping array and principal components 1-20. The
population association of the full score was estimated by logistic regression. Within-family associations
were estimated with SNIPar (Young et al., 2022) using the parental-compatible score. SNIPar fits two linear
mixed models with family random intercepts by restricted maximum likelihood: a child-only model, which
estimates the population association, and a model that adds the sum of the two imputed parental scores,
which estimates the direct (within-family) association. In these linear models the binary outcome was
standardized. Chromosome scores were combined before SNIPar’s genome-wide adjustment for assortative
mating. SNIPar applies this adjustment only when the estimated correlation between the two parents’
scores is large relative to its standard error. The adjustment was therefore applied to the integrated score
but not to the PGC score, whose estimated correlation was too small (r = 0.018, SE 0.008, versus 0.008,
SE 0.008), however omitting the adjustment changed the integrated score’s direct/population ratio by less
than 0.001. Coefficients were estimated by generalized least squares at the REML variance components,
and we report SNIPar’s model-based standard errors. Because each imputed parental score is the expected
score given the siblings’ genotypes and their identity-by-descent sharing, its imputation error enters the
residual, so estimates and standard errors remain valid without further correction (Young et al., 2022).
The interval for the ratio came from the whole-family bootstrap described below. The ratio of the direct
to the population coefficient, r = 8p/fp, summarizes how much of the population association is retained
within families.

Stability of the depression classification. Reporting error in a single case—control classification at-
tenuates associations with a polygenic score. To estimate how stable the classification is, we applied the
same rules to the matching items of the first (2016-2017) and repeat (2022-2023) mental-health question-
naires. At each assessment a respondent was a control, a case, or unclassified. The unclassified group
reported qualifying symptoms without meeting the case or control definition, missing answers alone did
not place anyone in it, and excluded cases were removed. We used all 79,072 respondents with an inter-
pretable state at both assessments, including people outside the validation sample, as long as they met
the ancestry and quality criteria of the depression sample. Table S3C shows the transitions.

We summarized stability in three ways (Table S3D):
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e Binary kappa. Cohen’s kappa (Cohen, 1960), K = (po — pe)/(1 — pe), among respondents who were
a case or a control at both assessments.

e Polychoric correlation. A three-state polychoric correlation (Olsson, 1979), which assumes one
bivariate normal liability and was estimated by maximum likelihood with separate thresholds for
each questionnaire.

o Stability mixture. A two-component Gaussian-copula mixture. It fixes the thresholds at the observed
marginal proportions and estimates two ordered correlations and a mixing weight :

Pab = TPab(Prow) + (1 — T)Pab (Phigh), 5 = Tplow + (1 — ) prigh-
The two components describe the response distribution, not clinical subgroups.

Using a stability estimate s as a reliability assumes a stable standardized liability 7', measured by
two equally reliable questionnaires whose errors are independent of each other, of T and of the score:
Uj = /sT ++/1—se;. Associations are then attenuated by /s, and we corrected the log odds ratio as
b/+/s, which is an approximation for covariate-adjusted logistic coefficients. The mixture reproduced the
transition table more closely than the polychoric model: the largest difference between observed and fitted
cell proportions was 0.62 versus 2.76 percentage points. Neither fit statistic accounts for family structure,
and a closer fit does not by itself validate the reliability interpretation. Figure 1A uses the polychoric
correlation, whereas the mixture implies a slightly larger correction (Table S3A).

Liability-scale variance explained. We converted the full-score log odds ratio into approximate
liability-scale R? with the conversion in Supplementary Table 5 of Moore et al. (2025), which includes
the ascertainment adjustment of Lee et al. (2012). Let b be the log odds ratio per score SD, b = b/+/s its
corrected value (s = 1 without correction), P the case fraction of the analysis sample and K = 0.15 the
assumed population prevalence. Under a binormal model, in which scores are normally distributed with
equal variance in cases and controls, the standardized case—control difference in the score, d, satisfies

~ d*P(1 — P)
= 1 2p(1 — P 2_ -\ -/
b=d\/1+d?>P( ), R T+ EP(1_D)

With a = b2P(1 — P), the observed-scale value is
. —
(14 V1+4a)

With t = ®71(1 - K), 2 = ¢(t) and i = z/K, define

K- K)? _ P-K(P-K
“=ara-r; Tr (H_K ‘t)

The population and model-implied within-family liability summaries are then

2
CR, = R? (s) r2.

R’ (s) = m’ R\%VF,implied(S) pop

pop
These summaries are derived from association coefficients under a binormal approximation and an assumed
prevalence. Sex-specific values (Results) refitted the logistic model separately in women and men, with a
sex-specific repeat-stability correction and the same K = 0.15 in both sexes.

Uncertainty. Confidence intervals came from 4,000 whole-family bootstrap samples, stratified by mem-
bership of the validation and calibration samples. Repeat respondents without relatives in the reserve
were resampled as single-person units. The same bootstrap weights were used for both scores and all
specifications, so paired differences account for the overlap between samples. In each bootstrap sample
we refitted the logistic models and the four SNIPar models (two per score), recalculated the transition
statistics and the mixture thresholds, and updated the case fraction and the ascertainment terms C' and
0. Score references and K were held fixed. Intervals are bootstrap percentiles, and ratios above one and
R? values were not truncated.

Observed-scale variance explained. The main analyses compare the scores on different scales: li-
ability R? for depression, latent coefficients for internalizing and coefficient profiles for the phenome.
To compare them on one scale, we computed the incremental variance explained on the observed scale,
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(SSEq — SSE;)/TSS, where SSEq and SSE; are the residual sums of squares without and with the score
and TSS is the total sum of squares. Binary outcomes were analysed as 0/1 variables without correction
for measurement error. Both scores used identical rows and covariates. The UK Biobank internalizing
outcome was the mean of the raw PHQ, GAD and neuroticism sums among participants who answered
all 28 items, and the anxiety and neuroticism outcomes were the corresponding scale sums. The ABCD
outcome was the mean of the three YSR scale sums, averaged over visits with complete answers. The adult
panel averages all 43 UK Biobank life, health and disease outcomes with equal weight, without selection on
significance. Uncertainty came from 40 whole-family deletions shared by both scores, refitting every model
and variance, with paired t39 Fieller intervals. A deletion in which an outcome was constant contributed
zero for both scores. Table S4 gives the results.

Probit models. The population and within-family models of binary outcomes are linear. As a check,
we refitted the child-only and parental-adjusted models with a probit link and a family random intercept,

PI‘(Y;'f =1 ‘ Gif,Pf,Cif,Uf) = (I)(Oé + ﬂGlf + 77Pf + ’)/Tcif + Uf), U ~ N(O,Tz),

with n = 0 in the child-only model, for core depression, the 23 diagnoses and the seven binary pain
outcomes. Participants, covariates and score units were identical to the linear models. We compared the
linear coefficients, expressed as changes in probability, with the probit average marginal effects integrated

over the family intercept,
1 ﬁ a;
AME = — ,
P v ¢(\/1+72>

where a; is the linear predictor without the random intercept. Multiplied by 100, both are percentage points
per score SD. For depression, intervals for the estimates, the link differences and the parental-adjustment
comparisons came from 200 paired whole-family bootstrap samples that refitted both links, both scores and
both parental specifications. For the adult outcomes, probit intervals used the delta method, conditional
on the fitted random-intercept variance and the observed covariate distribution, and the linear intervals
used the family-clustered covariance. These comparisons are descriptive, without paired tests.

In the depression sample (7,054 participants, 1,679 cases, 6,085 families), the two links agreed closely. For
the integrated score, the child-only association was 7.499 percentage points per SD in the linear model
(95% CI 6.673 to 8.438) and 7.453 (6.637 to 8.312) in the probit model, a difference of —0.046 (—0.177
to 0.067). After parental adjustment it was 7.737 (5.740 to 9.489) and 7.709 (5.785 to 9.374). For the
PGC score, the corresponding values were 6.113 (5.194 to 7.085) and 6.107 (5.261 to 7.065) without, and
6.254 (4.782 to 8.144) and 6.273 (4.744 to 8.026) with, parental adjustment. Across the 30 adult binary
outcomes, both scores and both specifications, the probit-minus-linear differences ranged from —0.054 to
0.045 percentage points, and the largest absolute difference was for the integrated score’s parental-adjusted
association with any chronic pain. For atopic dermatitis (19 cases), vitiligo (37 cases) and testicular cancer
(60 cases), the probit family variance converged to its boundary of zero.

Depression diagnosis in ABCD. ABCD contributed no discovery data. The prespecified ABCD
outcome counted a child as a case if the youth or a parent reported present, past or partially remitted
major depressive disorder on the computerized K-SADS (Townsend et al., 2020) at baseline or at the two-,
four- or six-year follow-up. All other children with a diagnostic interview were controls. The analysis
used the 6,323 White children of the population sample with K-SADS data (1,855 cases, 5,127 families) in
the paper’s reference score units. Logistic regressions adjusted for sex, age at the last interview and PCs
1-10. Per reference-score SD, the log-odds coefficient was 0.377 for the integrated score and 0.317 for the
PGC score (19.0% higher, 95% CI 8.9-29.9%). Liability-R? was 4.9% (3.2-6.5%) and 3.5% (2.3-4.7%),
a relative gain of 39.4% (16.7-66.2%, P = 0.002). Intervals used the 40 whole-family jackknife groups
of the observed-scale R? comparisons, with Fieller intervals for ratios. The liability conversion used the
sample prevalence (29%) because the cohort was not ascertained on depression, and no repeat correction
was applied. Because either informant at any of four interviews could establish a case, and the children
had not yet passed through the period of risk, this outcome differs from adult lifetime depression, so only
the relative gain is comparable with UK Biobank.
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Table S2: UK Biobank depression definition (LifetimeMDD)

Component Rule (UK Biobank field)

Lifetime route At least two weeks of depressed mood (20446) or loss of interest (20441), plus at least five
of eight symptom domains: depressed mood (20446), loss of interest (20441), weight
change (20536), sleep change (20532), tiredness (20449), worthlessness (20450), difficulty
concentrating (20435) and thoughts of death (20437). “Yes” counts as present, and weight
gain, weight loss or both count as weight change. The questionnaire has no psychomotor
item. No additional requirement on the fraction of the day or the frequency of depressed
days (20436, 20439) was imposed.

Current route All nine current-symptom items answered, with at least five present “nearly every day”,
including depressed mood or loss of interest: depressed mood (20510), loss of interest
(20514), appetite (20511), sleep (20517), psychomotor change (20518), tiredness (20519),
feelings of inadequacy (20507), concentration (20508) and thoughts of suicide or self-harm
(20513). This is an item count, not a PHQ sum-score cutoff.

Impairment Both routes also require “a lot” of interference with normal roles during the worst lifetime
episode (20440), as in the original definition (Cai et al., 2020). There is no separate
measure of current impairment.

Case exclusions Otherwise qualifying cases are left unclassified if they self-reported schizophrenia (20002
code 1289), mania or bipolar disorder (1291), alcohol dependency (1408), opioid
dependency (1409) or other substance abuse or dependency (1410), or if field 20126
indicates bipolar I or II disorder. As in the original definition, these exclusions apply only
to cases.

Controls An explicit “No” to prolonged depressed mood (20446) and failure to meet the
symptom-plus-impairment rule. A negative answer on loss of interest is not required, and
the case exclusions are not applied to controls. The original publication describes controls
only as participants without the case criteria. This rule matches the size of the published
control group to within 2% (Supplementary Note 2).

Missing answers Missing or declined answers never count as symptoms. The lifetime route counts the
symptoms observed without requiring every follow-up item, whereas the current route
requires all nine items. A missing impairment answer cannot make a case, and a missing
mood answer cannot make a control. Participants who meet neither definition, including
excluded cases, remain unclassified.

Repeat The same rules were applied to the 2022-2023 questionnaire using the matching fields

questionnaire (first-questionnaire field in parentheses): 29011 (20446), 29012 (20441), 29021 (20536),
29022 (20532), 29018 (20449), 29027 (20450), 29026 (20435), 29029 (20437), 29031 (20440),
29003 (20510), 29002 (20514), 29006 (20511), 29004 (20517), 29009 (20518), 29005 (20519),
29007 (20507), 29008 (20508) and 29010 (20513). In the repeat questionnaire,
weight-change codes 0, 1 and 2 denote a change (3, no change) and impairment code 0
denotes “a lot”. Case exclusions and eligibility were held fixed across the two
questionnaires.
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Table S3: UK Biobank depression: liability-scale summaries, score comparisons and stability of

the classification

A. Approximate liability-R?, % (95% CI)

Population Implied within-family
Specification Integrated PGC Integrated PGC
Uncorrected 7.0 (5.5, 8.7) 4.6 (34, 6.1) 7.4 (4.6, 11.2) 4.8 (2.7, 7.9)
Binary kappa 8.5 (6.7, 10.5) 5.6 (4.2, 7.4) 9.0 (5.6, 13.5) 5.9 (3.3, 9.6)
Polychoric 9.1 (7.2, 11.3) 6.1 (4.5, 7.9) 9.6 (6.0, 14.5) 6.3 (3.5, 10.3)
Stability mixture 9.3 (7.4, 11.5) 6.2 (4.6, 8.1) 9.9 (6.1, 14.8) 6.5 (3.6, 10.6)

B. Paired integrated-minus-PGC comparisons (95% CI)

Population Implied within-family
Specification Difference, pp Relative gain, % Difference, pp Relative gain, %
Uncorrected 2.35 (1.44, 3.35) 50.8 (28.2, 79.8) 2.58 (0.73, 4.64) 53.4 (13.4, 114.8)
Binary kappa 2.82 (1.73, 4.02) 50.0 (27.8, 78.5) 3.10 (0.86, 5.58) 52.6 (12.9, 113.5)
Polychoric 3.01 (1.85, 4.28) 49.7 (27.6, 78.0) 3.31 (0.90, 5.96) 52.3 (12.7, 113.0)
Stability mixture 3.07 (1.89, 4.37) 49.6 (27.6, 77.8) 3.38 (0.92, 6.08) 52.1 (12.6, 112.8)
C. Repeat-status transitions
Repeat assessment, 2022-2023
Initial assessment, 2016-2017 Control Unclassified Case Total
Control 31,052 4,253 505 35,810
Unclassified 11,605 17,484 2,606 31,695
Case 1,559 4,494 5,514 11,567
Total 44,216 26,231 8,625 79,072
D. Repeat-stability inputs

Correction Repeat N Input s (95% CI) Calibration

Binary kappa 38,630 0.810 (0.802, 0.818) Case/control agreement
Polychoric 79,072 0.751 (0.747, 0.757) Single Gaussian copula

Stability mixture 79,072 0.733 (0.727, 0.739) Two-component Gaussian copula

Notes. Panels A and B use the 7,054 participants (1,679 cases) described in Supplementary Note 2, with identical
covariates and score units for both scores and an assumed prevalence of 0.15. “Uncorrected” uses s = 1, and the
other rows divide the log odds ratio by /s before conversion. Within-family values are model-implied from the
SNIPar direct-to-population ratio. Panel B gives differences in percentage points and relative gains,

1OO(R12nmgmmd /Rcc — 1). Intervals come from 4,000 paired whole-family bootstrap samples.

Panel C includes all respondents classified at both assessments. The median interval between assessments was 6.2
years, and 25,022 respondents (31.6%) changed category. Of the initial cases, 47.7% were cases again, 38.9% were
unclassified and 13.5% were controls. Kappa (Panel D) excludes respondents who were unclassified at either
assessment, whereas the polychoric and mixture estimates use all three states.
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Table S4: Incremental observed-scale variance explained on harmonised samples

Added R?, %
Outcome N PGC Integrated Gain, % (95% CI) Outcomes
UK Biobank: depression 7,054 2.434 3.685 51.4 (26.7, 90.6) 1
UK Biobank: internalizing 9,895 2.418 4.697 94.2 (68.1, 131.1) 1
ABCD: internalizing 5,696 2.161 3.179 47.1 (22.5, 81.7) 1
UK Biobank: anxiety 11,839 1.540 2.818 82.9 (59.4, 115.1) 1
UK Biobank: neuroticism 29,500 2.356 4.429 88.0 (72.6, 106.9) 1
UK Biobank: 43 adult outcomes 10,387-36,316 0.275 0.432 57.2 (41.7, 76.5) 43

N is the number of participants (a range for the adult panel). Both scores use identical observations for each outcome.
Values are uncorrected observed-scale R2. The adult panel gives equal-weight means across outcomes, and gains
compare those means. Intervals are paired 95% Fieller intervals from 40 whole-family deletions. For the 1,854 ABCD
phenome outcomes of Table S10, the same jackknife gave mean observed R? of 0.237% for the PGC score and 0.295% for
the integrated score, a 24.7% gain (95% CI 10.8 to 40.5%), and the corresponding multiplier interval (Supplementary

Note 5) is 10.8 to 41.4%.
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Supplementary Note 3: Latent internalizing within families

This note concerns the analyses presented in Figure 1B. It describes the symptom items, the factor models,
the separation of each score into between-family and within-family components, and the complete-response
checks.

Symptom items. UK Biobank used 28 items (Table S5): the nine PHQ-9 (Kroenke et al., 2001) and
seven GAD-7 (Spitzer et al., 2006) items from the first online mental-health questionnaire (2016-2017),
scored 0-3, and the twelve yes/no items of the EPQ-R-S neuroticism scale from the baseline assessment
(2006-2010). ABCD used the 30 items of the anxious/depressed, withdrawn/depressed and somatic-
complaints scales of the Youth Self-Report (Achenbach and Rescorla, 2001), which the children completed
at the 4.5-, 5.5-, 6- and 7-year follow-ups, the YSR was not administered at baseline. Item 91 (suicidal
thoughts) was not administered in ABCD. Each ABCD item was averaged over the visits at which the
child answered it, and one answer sufficed.

Factor models. In the primary hierarchical model, each item loaded on its scale factor (PHQ, GAD and
neuroticism in UK Biobank, and the three YSR scales in ABCD), and the three scale factors loaded on a
general internalizing factor. In the alternative bifactor model, each item loaded on both the general factor
and its scale factor, and all factors were uncorrelated. Neither model allowed correlated residuals. UK
Biobank models treated the items as ordinal and were estimated by WLSMYV with the theta parameteriza-
tion, using all available pairs of items. ABCD models treated the averaged items as continuous and were
estimated by robust maximum likelihood (MLR) with full-information handling of missing items and clus-
tering by family. The factor structures were chosen pragmatically during exploratory model development,
to summarize the variance shared across the symptom items in a single, less noisy outcome, and were then
held fixed for all score comparisons. We do not interpret them as the definitive structure of internalizing
psychopathology. They serve as a common target for comparing the scores, and the comparisons were
essentially unchanged under an alternative bifactor specification (Supplementary Table S6). Fit indices
(Table S6C) come from the models without the scores. In ABCD the bifactor model fitted better than the
hierarchical model, but the score comparisons were nearly identical under both structures (Table SGA).

Within-family associations. FEach child’s score Z was split into the family mean Zp and the child’s
deviation from it, Zy = Z — Zg. All genetic and covariate paths pointed to the general factor:

Lis = BwZw.is + BeZp.s +7 Cif + Ciy-

The coefficient By is the within-family association. Population associations were estimated on the same
participants, with the total score in place of its two components. Covariates were sex, birth year and
its square (each standardized) and principal components 1-20 in UK Biobank, and sex, mean YSR age
and principal components 1-10 in ABCD. Coefficients were divided by the total SD of the latent factor,
v/ + bT X xb, where v is the residual variance, b the vector of path coefficients and ¥ x the covariance of
the predictors. The within-family deviation was not rescaled. Factors were oriented so that higher values
mean more symptoms. Family means used every scored sibling in the reference sample (Supplementary
Note 1), each weighted equally. An ABCD family could therefore contribute a single child with YSR data
whose family mean included the other siblings.

Confidence intervals. Due to WLSMV, in UK Biobank, families were divided into 40 groups. Each
group was left out in turn and all parameters were re-estimated, with the score, item and covariate
transformations held fixed. The covariance matrix was 39/40 times the sum of cross-products of the
deviations of the 40 leave-one-group-out estimates, and intervals used the ¢ distribution with 39 degrees
of freedom. In ABCD, MLR allowed for intervals using family-level influence functions derived from the
likelihood scores. These propagated the uncertainty in the total latent variance, including the empirical
covariance of the predictors, with the finite-sample factor /G/(G — 1) for G families. Because both scores
were analysed on the same families, the same jackknife groups or influences also gave the covariance needed
for paired comparisons. Relative gains were computed on the log-ratio scale. The retention comparison
(Table S7) contrasts 100 By /8p between the scores, where Sp is the population coefficient in the same
family sample. Every reported latent model, including each jackknife refit, converged, was identified, had
admissible covariance matrices and had a projected gradient below 1073.

Complete-response checks. The primary analyses used every answered item, which assumes that
missing items are missing at random. We therefore repeated the UK Biobank analyses among participants
who answered all items of the relevant scale, or all 28 items. Completeness was assessed for each participant,
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so a family could contribute a single complete responder. The family decomposition and all transformations
were unchanged (Table S6B).

Table S5: Symptom items of the latent internalizing models

Cohort Scale (items) Items (UK Biobank field or YSR item number) Coding
UK PHQ-9 depression (9) Depressed mood (20510), loss of interest (20514), sleep 0-3 (not at all to
Biobank (20517), tiredness (20519), appetite (20511), feelings of nearly every day),
inadequacy (20507), concentration (20508), slowness 2016-2017
or restlessness (20518), thoughts of suicide or questionnaire
self-harm (20513)
UK GAD-7 anxiety (7) Nervousness or anxiety (20506), inability to stop 0-3, 2016-2017
Biobank worrying (20509), worrying too much (20520), trouble — questionnaire
relaxing (20515), restlessness (20516), irritability
(20505), foreboding (20512)
UK EPQ-R-S neuroticism Mood swings (1920), miserableness (1930), irritability =~ Yes/no, baseline
Biobank (12) (1940), hurt feelings (1950), fed-up feelings (1960), assessment
nervous feelings (1970), worrier or anxious feelings 20062010
(1980), tense or “highly strung” (1990), worrying after
embarrassment (2000), suffering from “nerves” (2010),
loneliness or isolation (2020), guilty feelings (2030)
ABCD YSR Items 14, 29, 30, 31, 32, 33, 35, 45, 50, 52, 71 and 112  0-2, averaged over
anxious/depressed follow-ups
(12)
ABCD YSR Items 5, 42, 65, 69, 75, 102, 103 and 111 0-2, averaged over
withdrawn/depressed follow-ups
(8)
ABCD YSR somatic Items 47, 51, 54 and 56a-56g 0-2, averaged over

complaints (10)

follow-ups

All items were scored so that higher values indicate more symptoms. YSR responses (0 not true, 1 somewhat or

sometimes true, 2 very or often true) come from the 4.5-; 5.5-, 6- and 7-year follow-ups.
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Table S6: Within-family associations with latent internalizing

A. Integrated and PGC scores under two factor structures

Cohort Factor model Integrated 3 (95% CI) PGC B (95% CI) Gain, % (95% CI)
UK Biobank Hierarchical 0.272 (0.244, 0.300) 0.213 (0.183, 0.242) 27.8 (17.4, 39.2)
Bifactor 0.264 (0.237, 0.290) 0.208 (0.180, 0.236) 26.8 (16.7, 37.8)
ABCD Hierarchical 0.269 (0.173, 0.366) 0.175 (0.075, 0.274) 54.2 (8.5, 119.2)
Bifactor 0.266 (0.171, 0.361) 0.172 (0.076, 0.268) 54.4 (9.4, 118.1)
B. UK Biobank: complete-response analyses
Outcome Ttems required N /families  Integrated 8 (95% CI)  PGC B (95% CI)  Gain, % (95% CI)
Internalizing  All 28 items 9,895/8,055  0.234 (0.192, 0.275)  0.185 (0.141, 0.230)  26.2 (9.0, 46.2)
Neuroticism  Available items  36,292/17,656 0.217 (0.193, 0.240) 0.162 (0.140, 0.185)  33.4 (23.9, 43.6)
All 12 items 29,500/16,952  0.226 (0.200, 0.252)  0.166 (0.139, 0.193)  36.5 (25.2, 48.7)
All 28 items 9,895/8,055  0.202 (0.155, 0.249)  0.142 (0.097, 0.186)  42.9 (20.2, 69.9)
Anxiety Available items  12,000/9,340 0.186 (0.143, 0.229) 0.155 (0.109, 0.200) 20.3 (0.8, 43.5)
All 7 items 11,839/9,240 0.187 (0.143, 0.231) 0.152 (0.105, 0.199) 23.3 (2.8, 48.0)
All 28 items 9,895/8,055 0.172 (0.125, 0.218) 0.144 (0.096, 0.192) 19.4 (—3.3, 47.4)
C. Fit of the measurement models without scores
Cohort Factor model CFI TLI RMSEA SRMR
UK Biobank Hierarchical 0.952 0.948 0.038 0.063
Bifactor 0.945 0.936 0.043 0.064
ABCD Hierarchical 0.839 0.826 0.064 0.058
Bifactor 0.910 0.896 0.050 0.040

Notes. Coefficients are standardized within-family associations (Supplementary Note 3), and gains are

100(Brategrated / Brac — 1). Within each cohort, both scores and both factor models use the same participants: in UK
Biobank, 36,296 participants from 17,656 families (the available-item sample, whose internalizing row is the
hierarchical row of Panel A), and in ABCD, 1,172 children from 593 families. In ABCD, the hierarchical-model
difference between the scores was 0.095 (95% CI 0.033 to 0.156, P = 0.0025). Panel B requires complete answers to
the items of each scale or to all 28 items, with completeness assessed per participant. CFI, TLI and RMSEA are
scaled fit indices.

Table S7: Share of the population association retained within families

Outcome Integrated, % PGC, % Difference, percentage points
(95% CI below)

UK Biobank: depression 103.2 102.3 (_13.07.7914.3)
ABCD: internalizing 130.6 93.3 (4.;7’.7?;).3)

UK Biobank: internalizing 92.1 974 (—15.2,22.1)

UK Biobank: neuroticism 94.0 96.2 (_;(;27?;1)

UK Biobank: anxiety 89.0 100.9 (—2_8122,(313)

ABCD: phenome profile 100.8 90.2 (_101.3;632_2)

Retention is 100 Byithin/ Bpopulation i the same family sample, and values above 100% indicate a larger within-family
association. Differences subtract PGC from integrated retention, with paired 95% confidence intervals. For UK
Biobank depression, the per-score 95% intervals were 83.1-123.3% (integrated) and 78.1-126.5% (PGC). Depression
uses the SNIPar direct and population coefficients with the 4,000-sample family bootstrap (Supplementary Note 2),
latent outcomes use the jackknife (UK Biobank) or family influences (ABCD) of Supplementary Note 3, and the
phenome row compares the corrected within-family-on-population profile slopes across 1,854 outcomes
(Supplementary Note 5).
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Supplementary Note 4: Adult health, life and disease outcomes

This note relates to Figure 1C and Table 2. It defines the 20 life and health outcomes and the 23 diagnoses
and summarizes the results for the PGC score.

Outcomes. Table S8 defines the life and health outcomes and Table S9 the diagnoses. Every outcome
was oriented so that higher values mean greater burden or disadvantage. A participant was a case if
any listed hospital diagnosis, self-report or additional rule applied in any available record. Participants
without case evidence but with a related condition listed as a control exclusion were set to missing, and all
others were controls. The diagnoses therefore describe recorded lifetime history, with no common follow-up
window or record-coverage cutoff. The outcome labelled Alzheimer’s disease combines hospital diagnoses
of Alzheimer’s disease (G30), dementia in Alzheimer’s disease (F00), vascular dementia (F01), dementia in
other diseases (F02) and unspecified organic mental disorder (F09) with the self-reported item “dementia,
Alzheimer’s disease or cognitive impairment”. It therefore describes dementia broadly rather than clinically
diagnosed Alzheimer’s disease alone.

Models and tests. FEach outcome was analysed in the sibling validation sample with the two SNIPar
models of Supplementary Note 2: a child-only model for the population association and a model adding
the parental-score sum for the direct association. Models adjusted for sex, birth year and its square, and
principal components 1-20, except that the sex-restricted cancers adjusted for birth year and principal
components only. Scores and outcomes were standardized in each outcome’s analysed sample, so coeffi-
cients are outcome SDs per score SD, and binary diagnoses were analysed as linear outcomes. Two-sided
Wald tests used family-clustered robust (HCO0) standard errors. The direct-to-population ratio has paired
Fieller intervals, which are unbounded when the population association is not clearly different from zero.
Benjamini—-Hochberg correction covered all 23 diagnoses together, separately for each score and for the
population and direct coefficients.

Results for the PGC score. Complete results for both scores are in the Supplementary Data. For
every life and health outcome, the population coefficient of the PGC score was smaller than that of the
integrated score, for example 0.107 versus 0.131 for health burden. The share retained within families
was similar for the two scores: the direct-to-population ratio was 0.85 (PGC) versus 0.86 (integrated) for
health burden and 0.88 versus 0.87 for any chronic pain. For education and occupational status the ratio
was close to zero with both scores.

Table S8: UK Biobank life and health outcomes

Outcome UKB fields Definition and orientation
Health burden 2178 Poor = 1, fair = 2, good = 3, excellent = 4. Response mean,
reversed.
Health dissatisfaction 4548 Satisfaction coding below. Response mean, reversed.
Tiredness 2080 Not at all = 1, several days = 2, more than half the days = 3,
nearly every day = 4. Response mean.

Financial 4581 Satisfaction coding below. Response mean, reversed.

dissatisfaction

Lower happiness 4526 Satisfaction coding below. Response mean, reversed.

Family dissatisfaction 4559 Satisfaction coding below. Response mean, reversed.

Friendship 4570 Satisfaction coding below. Response mean, reversed.

dissatisfaction

Work dissatisfaction 4537 Satisfaction coding below. Response mean, reversed.

Any chronic pain 2956, 3404, 3414, 1 if any of the eight chronic-pain indicators is positive, 0 if at least
3571, 3741, 3773,  one is observed and none is positive, and missing otherwise.
3799, 4067, 6159

Number of pain sites Same eight pain Number of positive chronic-pain indicators, ignoring missing ones.
fields, 6159 Missing if none is observed. Includes general (all-over) pain.

Neck/shoulder pain 3404, 6159 Site-specific chronic-pain rule (see notes).

Hip pain 3414, 6159 Site-specific chronic-pain rule (see notes).

Back pain 3571, 6159 Site-specific chronic-pain rule (see notes).

Abdominal pain 3741, 6159 Site-specific chronic-pain rule (see notes).

Knee pain 3773, 6159 Site-specific chronic-pain rule (see notes).

Headache 3799, 6159 Site-specific chronic-pain rule (see notes).
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Outcome UKB fields Definition and orientation

Lower fluid 20016, 20128 Raw fluid-intelligence score at the earliest available assessment

intelligence (the first instance when assessments tied). Participants who
attempted at most three questions in every instance were
excluded. Values were multiplied by —1 so that higher values
indicate lower ability.

Lower education 6138 Highest qualification converted to years: university degree 20,
NVQ/HND/HNC 19, other professional qualification 15, A or AS
levels 13, O levels/ GCSE/CSE 10 and none 7. Missing if declined
or unrecognized. Values were multiplied by —1 so that higher
values indicate lower educational attainment.

Lower occupational 20277 SOC2000 occupation code converted to the sex-specific CAMSIS

status occupational-status scale (male scale for men, female scale for
women). Values were multiplied by —1 so that higher values
indicate lower occupational status.

Lower household 738 Household income before tax: less than GBP 18,000 = 1, GBP

income 18,000-30,999 = 2, GBP 31,000-51,999 = 3, GBP
52,000-100,000 = 4 and greater than GBP 100,000 = 5. Declined
answers were missing. Values were multiplied by —1 so that
higher values indicate lower household income.

Health, satisfaction and tiredness outcomes are means of the recognized responses over all available assessments, and at
least one valid response was required. Satisfaction was coded extremely unhappy = 1, very unhappy = 2, moderately
unhappy = 3, moderately happy = 4, very happy = 5 and extremely happy = 6. “Reversed” means multiplied by —1,
so that every outcome is oriented towards greater burden or disadvantage.

The eight chronic-pain indicators cover general (all-over), neck or shoulder, hip, back, abdominal, knee, head and facial
pain. Each field was combined over its available assessments: any “yes” to pain lasting three months or longer counted
as pain, and other observed answers counted as none. A site not reported among the pain types of the last month
(field 6159) was coded as no pain at that site. A reported site with a missing answer to the three-month question
remained missing.

Fluid intelligence used the earliest available assessment. CAMSIS is the published sex-specific occupational-status
scale for SOC2000 codes.

Table S9: UK Biobank diagnoses: sources, case codes and control exclusions

Outcome UKB fields Case codes Additional rules and
exceptions

Psychiatric diagnoses
Bipolar disorder 20002, 41270, ICD-10: F31, F31[0-9]. Self-report: Probable bipolar I/II (20126) or
20126, 20544  1291. professional mania, hypomania,
bipolar or manic-depression
diagnosis (20544) also defines a

case.
Schizophrenia 20002, 41270, ICD-10: F20, F20[0-9]. Self-report: Professional schizophrenia
20544 1289. diagnosis (20544) also defines a

case. F20.4 (post-schizophrenic
depression) is included, but F32
depression alone is not a case

code.
Psychosis spectrum 41270, 41202, ICD-10 prefixes: F20-F29. Any matching diagnosis,
(F20-F29) 41204, 40001, main/secondary diagnosis,
40002 underlying death cause or

contributory death cause after
code normalization. No
duration or incident-onset
restriction.
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Outcome

UKB fields

Case codes

Additional rules and
exceptions

Cardiometabolic disease

Coronary artery
disease

Gout

Hypertension
Type 2 diabetes

Venous
thromboembolism

20002, 41270,
41272, 6150

20002, 41270,
20003

20002, 41270
20002, 41270

20002, 41270

Immune and inflammatory disease

Asthma

Atopic dermatitis

Inflammatory
bowel disease

Multiple sclerosis
Psoriasis

Vitiligo
Cancer

Basal cell
carcinoma

Breast cancer
(female)
Colorectal cancer

Melanoma

Prostate cancer
(male)

Testicular cancer
(male)

20002, 41270,
6152

41270
20002, 41270

20002, 41270
20002, 41270

20002, 41270

20001, 41270

20001, 41270
20001, 41270
20001, 41270
20001, 41270

20001, 41270

Other diagnosed disease

Alzheimer’s disease

20002, 41270

ICD-10: 121, 121]0-49], 122, 122[0189],
123, 123]0-68], 1241, 1252. Self-report:
1075. OPCS-4: K40[1-489],
K41[1-489], K45[1-5], K49[1-489),
K502, K75[1-489).

ICD-10: M10, M10[0-49]. Self-report:
1466.

ICD-10: 110. Self-report: 1065, 1072.

ICD-10: E11, E11[0-9]. Self-report:
1223.

ICD-10: 126, 126[09], 180, I80[0-389],
182, 182[0-389], 0871, 0882.
Self-report: 1093, 1094, 1068.

ICD-10: J45, J45[0189], J46.
Self-report: 1111.

ICD-10: L20, L20[089].

ICD-10: K50, K50[0189], K51,
K51[0-589]. Self-report: 1462, 1463,
1461.

ICD-10: G35. Self-report: 1261.
ICD-10: L40, L40[0-589]. Self-report:
1453.

ICD-10: L80. Self-report: 1661.

ICD-10: C44, C44[0-9]. Self-report:
1061.

ICD-10: C50, C50[0-689]. Self-report:

1002.

ICD-10: C18, C18]0-9], C19, C20.
Self-report: 1020, 1022, 1023.
ICD-10: C43, C43[0-9]. Self-report:
1059.

ICD-10: C61. Self-report: 1044.

ICD-10: C62, C62[019]. Self-report:
1045.

ICD-10: G30 and G30[0189]
(Alzheimer’s disease), and F00, F01,
F02 and F09 with all subcodes
(dementia in Alzheimer’s disease,
vascular dementia, dementia in other
diseases, and unspecified organic
mental disorder). Self-report: 1263
(dementia, Alzheimer’s disease or
cognitive impairment).
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Field 6150 reporting heart
attack also defines a case.

Allopurinol use at any time
(20003, code 1140875408) also
defines a case. Control
exclusions: ICD-10: M11,
M11[01289].

111-113 and I15 do not qualify
as case codes.

Doctor-diagnosed asthma (6152)
also defines a case. Control
exclusions: ICD-10: J40, J41,
J41[018], J42, J43, J43[01289],
J44, J44[0189], J47, J980.
Self-report: 1113, 1114.

C44 also includes nonmelanoma,
skin malignancies beyond
histologically confirmed
basal-cell carcinoma.

Restricted to women.

Restricted to men.

Restricted to men.

The outcome covers dementia
broadly, including vascular
dementia and cognitive
impairment, rather than
clinically diagnosed Alzheimer’s
disease alone.



Outcome UKB fields Case codes Additional rules and

exceptions
Glaucoma 20002, 41270, ICD-10: H40, H401, H402, H408, Reported glaucoma (6148) or
6148, 6119 H409. Self-report: 1277. any nonmissing affected-eye

response (6119) also defines a
case. Control exclusions:
ICD-10: G453, H17, H17[0189],
H18, H18[0-9], H192, H31,
H31[0-489], H32, H32[08], H33,
H33[0-5], H34, H34[01289], H35,

[
H35[0-9], H36, H36(08], H44,
H44[0-9], H45, H45[018],
HA0[3-6].

Osteoporosis 20002, 41270  ICD-10: M80, M80[0-589], M8&1, —
MS81[0-689], M82, M82[018].
Self-report: 1309.

A participant was a case if any listed code or additional rule applied in any available record. Case evidence took
precedence over control exclusions: participants without case evidence but with a listed control-exclusion code were
set to missing, and all others, including those with no recorded evidence, were controls. Sex restrictions apply to the
named outcomes.

ICD-10 codes came from hospital diagnoses (41270), and self-report codes from noncancer illness (20002) or cancer
(20001), as listed. Coronary procedures used OPCS-4 (41272). Psychosis additionally used main diagnoses (41202),
secondary diagnoses (41204), underlying death causes (40001) and contributory causes (40002). Other fields are named
in the outcome-specific rules. Bracketed digits list the included fourth characters of a code. The outcomes describe
recorded history, without a common follow-up period or record-coverage cutoff.

Supplementary Note 5: Childhood phenome and developmental trajectories

This note relates to Figure 2. It describes how the ABCD outcomes were coded and selected, the association
models, the profile slope used to compare sets of associations (also used in Supplementary Notes 6 and 7),
the comparison with the PGC score and the trajectory analyses.

Outcome inventory. FEach ABCD item was analysed separately for each reporter (youth, parent or
teacher). When a question was asked only after a positive screening question, children with a negative
screen were coded as not having the outcome, and children with a positive screen but a missing follow-up
answer were left missing. We excluded items that record details asked only of a subgroup, unordered
categorical items, administrative fields, duplicates and items whose question routing was uncertain. The
resulting inventory of 2,328 outcomes defines the Benjamini—-Hochberg family of the phenome-wide analysis
(Figure 2A).

Association models. FEach outcome was regressed on the score using all assessments of each child (linear
probability models for binary outcomes), with sex, baseline age, principal components 1-10, study site and
assessment as covariates, and family-clustered (CR1) standard errors. An outcome was analysed if at least
200 children contributed, the outcome varied, and, for binary outcomes, at least 20 children were observed
in each category. Outcomes with 20—49 children in a category are flagged as sparse. A child whose status
changed between assessments could count in both categories. The sibling analyses used non-twin siblings
and dizygotic twins from families with at least two children with usable observations, not necessarily from
the same assessment. They comprised a population model fitted to these siblings, which required at least
100 families, and a within-family model with family fixed effects, which required at least 20 families in
which the children differed in both outcome and score. Both sibling models required at least ten children in
each category of a binary outcome. The family fixed effects were centred within the outcome-specific rows
of each analysis. Figure 2A highlights outcomes whose within-family association was nominally significant
and in the same direction as the population association. Benjamini-Hochberg-adjusted results are in the
Supplementary Data.
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Profile slopes. To summarize how two sets of association coefficients relate across many outcomes, we
used a slope through the origin corrected for sampling error in both sets:

>, wi{z;y; — Cov(z;,75)}
> wi{@? = Var(z;)}

Here z; and y; are the two association coefficients for outcome j, not individual observations, and the
sampling variances and covariances come from the fitted models. The slope compares:

7{\:

e the PGC score (x) with the integrated score (y),

« sibling population coefficients (x) with within-family coefficients (y),
o girls (z) with boys (y),

o main score effects (x) with score-by-exposure interactions (y),

o White children (2) with another population group (y).

Each outcome received equal weight (w; = 1) in the primary analyses. Weighting each battery equally
was a sensitivity analysis. Every comparison used all outcomes that could be estimated in both models,
whatever the strength of their score associations. The slope describes the relative size of two association
profiles, not prediction accuracy for individuals.

Uncertainty came from 10,000 wild-bootstrap draws that multiplied each family’s linearized influence on
the slope by a random sign shared by all members of that family. This preserves the dependence between
outcomes, models, sexes and scores. The sampling covariances and reference moments were held fixed. The
denominator D =, w; {75 - \737r(§7\])} had to be positive. For comparisons of scores, of family models
and of population groups, a denominator below 1.96 of its standard errors marked a weak reference, and
intervals were still reported. Sex profiles required D > 5 SE(D). For differences between the two scores’
household slopes, we used paired delta-method intervals when both denominators exceeded 1.96 standard
errors, and otherwise each score’s Fieller confidence set and a conservative common-ratio Anderson—Rubin
test. Fieller sets can be unbounded or consist of two disjoint intervals, and we report them as they are.

Comparison with the PGC score. Both scores were standardized in the same White reference sample
and compared on the identical outcome rows of the 1,854 outcomes that could be estimated in the full
population, sibling population and within-family models (Table S10). We also compared the incremental
variance explained on the observed scale,

2 2 5S¢0

A]%sj - bsj TSSyJ )

where bs; is the coefficient of score s for outcome j, SS¢;|c the sum of squares of the score after adjustment
for the covariates, and TSSy, the total sum of squares of the outcome. In family models, the adjustment
included the fixed effects, and the total sum of squares was computed before family centring. Relative gains
compare the equal-weight means of the increments. Their intervals are Fieller intervals from paired family
influences that propagate the coefficients and the score and outcome variances, and the tests of equal means
use the 10,000 shared-family draws. Population and within-family gains are based on different samples
and do not measure attenuation. The similarity of the two population profiles is also described by the
Pearson correlation of the two scores’ coefficients across all 2,328 outcomes. Results for all 2,328 outcomes
and for battery-equal weights are in the Supplementary Data.

Developmental trajectories. Six outcomes were chosen to illustrate developmental patterns (Ta-
ble S11). Score deciles were defined once, in all scored White children, before the outcomes were cho-
sen. Logistic models included the continuous score, assessment and their interaction, together with sex,
baseline age, principal components 1-10, study site and the deviation of age from the assessment mean,
with family-clustered (CR1) standard errors. An outcome was modelled if it was measured at three or
more assessments spanning at least two years of mean age. Each retained assessment needed at least ten
children in each outcome category and 100 children in each extreme decile, and the retained assessments
together needed at least 30 children in each category. Predicted probabilities for the lowest and highest
deciles averaged the model predictions over the observed scores within each decile and a common covariate
distribution: each child’s earliest complete assessment, with the age deviation set to zero. Mean ages
label the assessments. Intervals for the probabilities and risk ratios are pointwise and come from the joint
covariance of the logit probabilities and log risk ratios.
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Table S10: ABCD phenome: integrated and PGC scores compared on identical outcomes

Profile slope of integrated-score on PGC-score coefficients

Model Outcomes Slope 95% CI
Population 1,854 1.11 (1.04, 1.18)
Sibling population 1,854 0.98 (0.83, 1.14)
Within family 1,854 1.10 (0.84, 1.37)

The analysis uses the 1,854 outcomes estimable in all three models, weighted equally. Profile slopes are corrected for
sampling error, with 95% intervals from 10,000 shared-family multiplier draws. The sibling population and within-
family models use the same observations. The correlation between the two scores’ population coefficients was r = 0.988
across all 2,328 outcomes and r = 0.990 across the 1,854 outcomes. Correlated sampling error contributes to these
values.

Table S11: Developmental trajectories: outcome definitions and estimates by assessment

Assessment Mean  Lowest score decile, % Highest score decile, % Risk ratio (95% CI)

age

Current major depression. Youth report of a current K—SADS diagnosis at each assessment.

Baseline 10.0 0.3 (0.1, 0.7) 1(0.6,2.1) 3.79 (1.14, 12.64)
Year 2 12.1 0.1 (0.0, 0.3) (o 8, 2.4) 12.50 (4.00, 39.01)
Year 4 14.2 1(0.7, 1.7) 6 (3.2, 6.6) 4.40 (2.23, 8.68)
Year 6 16.1 1.0 (0.6, 1.6) 0 (3.6, 6.9) 5.07 (2.65, 9.71)

Current social anziety. Youth report of a current K—SADS diagnosis at each assessment.

Baseline 10.0 0.1 (0.0, 0.3) (0 4,1.6) 8.16 (2.28, 29.27)
Year 2 12.1 0.3 (0.2, 0.6) 4(08, 2.3) 4.49 (1.65, 12.24)
Year 4 14.2 1.9 (1.4, 2.7) 3 (6.6, 10.4) 4.26 (2.69, 6.73)
Year 6 16.1 4 (1.8, 3.3) 7.3 (5.8, 9.3) 3.01 (1.89, 4.79)

Suicidal thoughts. Youth and parent K-SADS history of active suicidal thoughts, reported at each assessment. Both

reports required, positive if either is positive.

Baseline 10.0 3.9 (3.1, 4.9) 8.7 (7.2, 10.4) 2.21 (1.56, 3.13)
Year 2 12.1 4.0 (3.2, 4.9) 13.7 (11.7, 16.0) 3.41 (2.47, 4.71)
Year 4 14.2 6.7 (5.6, 8.0) 23.3 (20.5, 26.4) 3.48 (2.66, 4.54)

Nonsuicidal self-injury. Youth and parent K-SADS history of self-injury without suicidal intent. Both reports required,
positive if either is positive.

Baseline 10.0 5.0 (4.2, 6.1) 11.6 (9.9, 13.5) 2.30 (1.72, 3.09)
Year 2 12.1 3.8 (3.0, 4.8) 11.5 (9.6, 13.7) 3.00 (2.12, 4.26)
Year 4 14.2 6.9 (5.7, 8.3) 20.5 (17.9, 23.5) 2.98 (2.25, 3.94)

Nicotine or cannabis use. Youth report of lifetime nicotine and cannabis use by each assessment. Both items required,
positive if either is positive.

Baseline 10.0 3 (0.1, 0.7) 0.6 (0.3, 1.3) 2.34 (0.53, 10.30)
Year 1 11.0 8 (0.4, 1.4) 4(08,2.2) 1.78 (0.68, 4.69)
Year 2 12.1 5 (1.0, 2.2) 2, 9 (2.1, 4.0) 1.95 (1.05, 3.61)
Year 3 13.0 (1.7,3.1) 6.1 (4.8, 7.7) 2.62 (1.67, 4.11)
Year 4 142 6.0 (5.0, 7.3) 14.1 (12.1, 16.3) 2.34 (1.73, 3.15)
Year 5 15.1 10.7 (9.2, 12.4) 26.7 (24.0, 29.7) 2.50 (2.00, 3.13)
Year 6 16.1 21.8 (19.6, 24.2) 42.5 (39.5, 45.6) 1.95 (1.67, 2.27)
Year 7 17.0 25.1 (22.7, 27.7) 46.9 (43.7, 50.1) 1.87 (1.61, 2.16)

Psychiatric inpatient treatment. Parent report of inpatient psychiatric treatment since the previous assessment (follow-
ups 1 to 7). A negative screening answer counts as no treatment, and a positive screen with a missing follow-up answer

is missing.

Year 1 11.0 1 (0.0, 0.2) 0 (0.5, 1.9) 15.71 (3.79, 65.13)
Year 2 12.1 2 (0.1, 0.5) 2 (0.6, 2.2) 6.60 (1.74, 25.07)
Year 3 13.0 0.3 (0.1, 0.6) 5 (0.8, 2.7) 5.73 (1.63, 20.12)
Year 4 14.2 4 (0.2, 0.8) (1.6, 4.0) 5.83 (2.18, 15.58)
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Assessment Mean  Lowest score decile, % Highest score decile, % Risk ratio (95% CI)

age
Year 5 15.1 0.5 (0.3, 0.8) 4.1 (2.8, 6.1) 9.20 (4.24, 19.95)
Year 6 16.1 0.4 (0.2, 0.7) 4.4 (3.1, 6.4) 11.80 (5.32, 26.17)
Year 7 17.0 0.8 (0.5, 1.3) 3.8 (2.7, 5.5) 4.82 (2.35, 9.88)

Model-standardized probabilities (with 95% confidence intervals) for children in the lowest and highest deciles of the
integrated score, and the ratio of the two. Intervals are pointwise. The outcomes are illustrations chosen by the
authors, and the probabilities are not incidence estimates.

Supplementary Note 6: Sex differences and household moderation

This note supports Figure 3 and Table 3. It describes the sex-specific analyses, the symptom-content
ratings, the household exposures and the moderation models, and compares the integrated and PGC
scores.

Sex-specific associations. Separate models for girls and boys used the same score and outcome scaling
as the pooled analyses (the common score SD and the pooled outcome SD) and let the covariate effects
differ by sex. Family influences were computed from the original families, so brothers and sisters remained
linked. The psychiatric inventory comprised 726 outcomes from the Kiddie Schedule for Affective Disorders
and Schizophrenia (K-SADS), the Prodromal Psychosis Scale, the General Behavior Inventory—Mania and
the 7-Up Mania items. Benjamini-Hochberg correction covered the 726 boy-minus-girl tests. The direction
of each contrast follows the coding of the outcome, so a positive contrast does not necessarily mean a larger
absolute association in boys.

The boys-to-girls multiplier k is the profile slope of Supplementary Note 5, with girls’ coefficients as  and
boys’ coeflicients as y. It was computed for the 726 psychiatric outcomes and for all 2,139 outcomes that
could be estimated in both sexes. With D = j{mf — Var(z;)}, the linearized influence of family f on
the slope is

Uy = D> {(yj — 2ka;)Ussj +2;Uyp5},
j

and the resampling draws were b+ > 7 & Uky with shared-family random signs £7. The same draws gave
percentile intervals and centred two-sided tests for the difference between the two scores. In a sensitivity
analysis, coefficients and influences were rescaled by the ratio of the pooled to the sex-specific outcome
SD, keeping the score units and outcomes unchanged.

Symptom-content ratings. To test whether sex differences followed how strongly a symptom is asso-
ciated with one gender, a language model (gpt-5.6-s0l) rated the cultural typicality of each psychiatric
item among US adolescents aged 12-15, from 1 (strongly typical of boys) through 5 (neutral or mixed)
to 9 (strongly typical of girls). Each item was rated in a separate request containing only its wording,
reporter and response options, without participant data or association results. Ten items with insuffi-
cient, nonspecific or erroneous descriptions were excluded, leaving 716. For each sex, the equally weighted
outcome coefficients were regressed on the rating centred at 5. The slope is the change in coefficient per
rating point, and the difference between the sexes used the paired family influences. The descriptive curves
are local linear (LOESS) fits with tricube weights, a span of 0.70, no robustness iterations and pointwise
bands with fixed weights. The ratings and their covariances were treated as fixed, so the uncertainty of
the ratings is not reflected in the intervals. The ratings describe perceived cultural typicality, not the
observed prevalence of symptoms or any individual’s gender.

Household exposures. Exposures were measured at baseline, from reports that agreed within families.

e Household resources combined household income, in its ten ordered categories, with the highest edu-
cation of the caregiver or partner in five levels (below high school, high school or GED, some college
or associate degree, bachelor’s degree, postgraduate degree). Both components were standardized
across eligible families, averaged with equal weight and standardized again. Both components were
required.

e Material hardship counted seven unmet needs in the previous year: inability to afford food, lost
telephone service, incomplete rent or mortgage payment, eviction, utility shutoff, and forgone medical
and dental care. All seven items were required.
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e Residential deprivation was the scaled weighted sum of the Area Deprivation Index for the baseline
address (le_1_adi__addrl_wsum, Release 7), not its percentile.

A consistent report from one relative could fill another relative’s missing income, education or hardship
item. A family was excluded from an exposure if its members disagreed on any required component or if
data remained missing. The deprivation index required a value for every family member and agreement
across the address measures. Each exposure was standardized across eligible families, with one observation
per family, before any outcome restriction. The exposures are therefore family-level baseline measures, not
verified shared addresses at each later assessment. Higher values indicate more resources, more hardship
and more deprivation.

Moderation models. Following Keller (2014), each model included the score, the exposure E, E?,
the score-by-FE interaction, the covariates, and the interactions of both the score and the exposure with
every covariate. Latent internalizing models used the expanded White population with MLR, estimation,
full-information handling of missing items, family clustering and delta-method intervals based on the
total latent SD. They included site indicators, centred on the site distribution of the original reference
sample, with their interactions with the score and the moderator. The same site assignments were used
for both scores and all moderators. Sex was coded 0 (girls) and 1 (boys). Phenome models also included
the site-by-exposure and assessment-by-exposure interactions. In household profiles, the profile slope of
Supplementary Note 5 relates the interaction coefficients to the main score coefficients, separately for
the symptom and full-phenome inventories. For sex, the reported profile estimate is the boys-to-girls
multiplier minus one. Holm correction (Holm, 1979) covered the three household exposures, both for the
latent interactions tested against zero and for the symptom-profile tests, whereas outcome-by-exposure
tests used Benjamini-Hochberg correction. Main score coefficients refer to an exposure of zero and to
average covariate values (centred covariates in the latent models and, in the phenome models, the score
coefficient averaged over the covariate values of the analysed observations through the score-by-covariate
terms). A latent interaction is the change in the score coefficient, in latent SD units, per SD of the
exposure, whereas profile moderation is a proportional change across all outcome coefficients.

Comparison with the PGC score. Both scores were compared on identical participants and outcomes.
The sex profiles were nearly identical. Across the 726 psychiatric outcomes, k was 0.68 (95% CI 0.53 to
0.82) for the integrated score and 0.68 (0.52 to 0.84) for the PGC score (difference —0.01, —0.10 to 0.09,
P =0.903). Across all 2,139 outcomes, the corresponding values were 0.71 (0.57 to 0.84) and 0.70 (0.55 to
0.85), with a difference of 0.00 (—0.09 to 0.09, P = 0.948). With within-sex standardization, & was 0.79
for both scores across the psychiatric outcomes and 0.77 and 0.76 across all outcomes (all P > 0.866). For
latent internalizing, the score-by-sex interaction (boys minus girls) was —0.099 for the integrated score and
—0.084 for the PGC score (difference —0.015, —0.048 to 0.018, P = 0.362). The household interactions
were —(0.007 and —0.016 for resources, 0.007 and 0.011 for hardship, and 0.016 and —0.007 for deprivation.
No difference between the scores was significant (all P > 0.114, Holm-adjusted P > 0.458), and none
of the household interactions differed from zero (Holm-adjusted P = 1.000 for the integrated score and
P > 0.943 for the PGC score). These comparisons used 5,720 children from 4,644 families for sex, and
5,311 (4,366 families), 5,609 (4,581) and 5,215 (4,308) children for resources, hardship and deprivation.

Supplementary Note 7: Portability across population groups

This note is about Figure 4. It defines the population groups, the models for the core outcomes and the
phenome, the published expectations shown for context, and the observed-score check.

Population groups. In UK Biobank we used the genetic groups defined by Privé et al. (2022) from
principal components, which that study labels by country: United Kingdom, Nigeria, China and India.
We refer to them as EUR, AFR, EAS and SAS. These labels describe genetic similarity, not nationality
or birthplace. The EUR reference was the family reserve (United Kingdom group), which was excluded
from all discovery analyses (Supplementary Note 1). The AFR, EAS and SAS groups included all eligible
participants with scores, with no sibling requirement. In ABCD we used the parent-reported groups of
Supplementary Note 1: White (reference), Hispanic and African American.

The reduction in association is 1 — 84/ Brt, where §, is the coefficient in group g and S, the coefficient
of the same score in the reference group. Coefficients are log odds ratios for depression and latent-SD
coefficients for internalizing, with the score standardized within each group. Ratios were not constrained,
so a reduction can exceed 100% or fall below zero.
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Depression in UK Biobank. Depression used the case and control rules of Supplementary Note 2 in all
four groups, with the case-specific psychiatric exclusions and without the British or Caucasian restriction.
Agreement between reported and genetic sex and the absence of a sex-chromosome aneuploidy flag were
required. Models adjusted for sex, birth year and its square, and principal components 1-10. Each group’s
score moments and analysis rows were fixed, and uncertainty came from 40 whole-family deletion groups
shared by both scores, with t3g intervals. A group was analysed if it had at least 40 participants, including
20 cases and 20 controls, and flagged as small if it had fewer than 200 participants or fewer than 100
cases or controls. The AFR and EAS depression analyses are small by this rule and are shown with open
markers in Figure 4A.

Latent internalizing. In ABCD, the latent models used the 30 averaged YSR items with MLR, esti-
mation, full-information handling of missing items and no correlated residuals, with item and covariate
transformations fixed and each group’s own score moments. Children needed at least one answered item,
complete sex, age and principal components, and genotype and family quality control. A group needed at
least 150 children for the model to be fitted and 500 to be included in the main analysis. Intervals used
family influences that propagated the fitted parameters, the empirical covariance of the predictors and the
joint covariance of the scores and groups, including families that spanned groups.

In UK Biobank, the latent models used the hierarchical model of Supplementary Note 3 without correlated
residuals, WLSMYV estimation with the theta parameterization, all available pairs of items, and sex, birth
year and its square (each standardized) and principal components 1-20 as covariates. Score moments
were computed in each group before any item or covariate restriction. Sparse response categories were
merged without reference to the scores: adjacent positive PHQ and GAD categories were combined until
each category had at least ten observations in every group, keeping the zero category and the binary
neuroticism items. The final coding combined categories 2 and 3 for depressed feelings (field 20510),
appetite (20511), concentration (20508), restlessness (20516), irritability (20505) and foreboding (20512),
and all positive categories for slowness or restlessness of movement (20518) and thoughts of suicide or
self-harm (20513), whereas the other PHQ and GAD items kept all four categories. The coding and all
transformations were the same for both scores and in every jackknife refit. All 40 whole-family deletions
were refitted, including the empirical covariance of the predictors in the total latent variance, and the joint
deletion covariance gave t3g coefficient intervals and Fieller ratio intervals. The same model and fit criteria
applied to every group and both scores. In the non-EUR groups, most participants had not completed the
online questionnaire, so for most of them the latent factor is informed only by the neuroticism items from
the baseline assessment (Table S12C gives the share who answered all 28 items).

Intervals for reductions. Fieller intervals were obtained by inverting
(Bg - Tﬂrcf)2 < qQ{Vg + Tz‘/ref - 27"09,1‘0{'}7

where V' and C are the sampling variances and covariance, and the reduction interval is [1 — U,.,1 — L,].
The critical value g came from the t39 distribution for the UK Biobank analyses and for the observed-score
analyses in both cohorts, and from the normal distribution for the ABCD latent analyses. Unbounded or
disjoint Fieller sets are reported as such. Similar standardized coefficients do not show that a measure
works in the same way in every group.

Phenome profiles. Phenome-wide portability compared each group’s outcome coefficients with those of
White children using the profile slope of Supplementary Note 5, weighting outcomes equally and including
every outcome eligible in both groups (at least 200 children and, for binary outcomes, 20 in each category)
whatever its significance. The models used the covariates of the phenome-wide analysis, and the coefficients
of both groups were expressed in the score and outcome SDs of White children. Figure S1 shows all points
underlying Figure 4B, with the same outcomes, slopes and intervals.

Published expectations. The expected reductions shown for context are 1 — \/Rfelative, where RZ .
is the variance explained in a group divided by that in the European reference. For UK Biobank we
used the relative partial r? that Privé et al. (2022) estimated across 245 traits: 0.180 for AFR, 0.486
for EAS and 0.647 for SAS (expected coefficient retention 0.424, 0.697 and 0.804). For ABCD we used
the corresponding estimates of Moore et al. (2025), as applied to ABCD by Wolfram et al. (2026). For
the Hispanic group, a linear model of these estimates on genetic distance predicts a relative R? of 0.740
at the intermediate distance of admixed American populations (0.32, Ding et al., 2023). For African
American children we interpolated between the relative R? of 0.283 that Moore et al. (2025) found in
Nigerian-ancestry individuals and 1 for Europeans, 0.8 x 0.283 + 0.2 x 1 = 0.4264, assuming 80% African
ancestry. That proportion is an assumption of Wolfram et al. (2026), not a measurement in ABCD. The
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expected coefficient retention is therefore 0.860 and 0.653. These expectations come from other traits,
were not calibrated to depression and carry no uncertainty and we did not test observed against expected
values. The relative R? compares variance explained within each group, which corresponds to within-group
standardization of the score and outcome. It therefore matches the core-outcome reductions in Table S12A,
but the phenome profile slopes use the score and outcome SDs of White children, so their comparison with
the expected slopes assumes similar SDs in the compared groups.

Observed-score check. To see whether the latent measurement model drove the portability results, we
repeated the core comparisons with observed symptom scores. In ABCD, the outcome was the mean of the
raw anxious/depressed, withdrawn/depressed and somatic-complaints sums, averaged over the visits with
complete answers. In UK Biobank, it was the mean of the raw PHQ, GAD and neuroticism sums among
participants who answered all 28 items. A second version prorated each scale when at least 8 of 9 PHQ, 6
of 7 GAD and 10 of 12 neuroticism items were answered. Score units and covariates were unchanged, and
each outcome definition had its own reference-group denominator. Observed coefficients use the empirical
SD of the composite, whereas latent coefficients use the model-implied SD. Forty whole-family deletion
refits re-estimated the outcome SDs, and pointwise 95% Fieller intervals used t39 and required every
deletion to be estimable (Table S12C and Figure S2). The ABCD composites covered more than 99% of
each group and broadly reproduced the latent pattern. The UK Biobank comparisons are more restricted,
because most participants in every group lacked complete PHQ and GAD answers. In the SAS group, the
change from the latent to the observed-score reduction came mainly from the reference-group denominator.
Because the sample, the outcome and the inference all change between the latent and observed analyses,
the difference cannot be attributed to the measurement model alone.

Table S12: Portability of the integrated and PGC scores across population groups

A. Reduction of the core association relative to the reference group, % (95% CI)

Group Participants Integrated PGC Expected
UK Biobank: depression
AFR 374 61.9 (8.7, 111.0) 60.1 (—11.5, 127.0) 57.6
EAS 281 71.2 (—6.1, 146.8) 31.5 (—69.2, 132.0) 30.3
SAS 581 15.7 (—19.6, 50.2) —19.5 (—69.6, 26.8) 19.6
UK Biobank: latent internalizing
AFR 4,015 57.0 (37.6, 75.9) 48.9 (16.2, 79.8) 57.6
EAS 1,803 30.0 (—4.7, 62.6) 28.8 (—22.2, 76.9) 30.3
SAS 6,507 17.3 (—1.1, 34.8) 13.1 (—9.8, 35.1) 19.6
ABCD: latent internalizing
Hispanic 2,031 27.0 (—2.5, 53.8) 23.2 (—15.1, 57.0) 14.0
African American 1,491 67.2 (35.1, 98.1) 89.7 (49.3, 129.5) 34.7
B. ABCD phenome: profile slope relative to White children (95% CI)
Group Outcomes Integrated PGC Expected
Hispanic 2,147 0.78 (0.61, 0.95) 0.79 (0.60, 0.98) 0.860
African American 2,102 0.65 (0.38, 0.91) 0.58 (0.29, 0.85) 0.653
C. Observed-score check: standardized coefficients (95% CI) and coverage
Group Participants (%  Integrated PGC

of eligible)
ABCD: mean of the three YSR scale sums
White 5,606 (99.6%)  0.182 (0.154, 0.210) 0.151 (0.123, 0.180)
Hispanic 2,015 (99.2%) 0.123 (0.081, 0.166) 0.107 (0.055, 0.159)
African American 1,483 (99.5%) 0.055 (—0.005, 0.115) 0.017 (—0.034, 0.068)
UK Biobank: mean of the PHQ, GAD and neuroticism sums, all 28 items answered
EUR 12,028 (26.3%)  0.213 (0.193, 0.233) 0.156 (0.137, 0.175)
AFR 383 (9.5%) 0.078 (—0.022, 0.179) 0.055 (—0.027, 0.137)
EAS 312 (17.3%) 0.088 (—0.034, 0.209) 0.101 (—0.040, 0.242)
SAS 626 (9.6%) 0.244 (0.170, 0.319) 0.232 (0.154, 0.310)
UK Biobank: as above, at least 80% of each scale’s items answered
EUR 14,057 (30.7%)  0.219 (0.201, 0.237) 0.163 (0.147, 0.178)
AFR 490 (12.2%) 0.096 (0.011, 0.182) 0.086 (—0.004, 0.177)

Continued on next page
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Portability (continued)

EAS 402 (22.3%) 0.110 (—0.004, 0.224)  0.114 (—0.014, 0.242)
SAS 785 (12.1%) 0.221 (0.143, 0.299) 0.186 (0.104, 0.267)

Panel A gives 100(1 — 4/ Siet), where each score is standardized within the group and compared with its own reference-
group coefficient (UK Biobank EUR, ABCD White children). Depression uses log odds ratios and internalizing
standardized latent coefficients. Intervals are pointwise 95% Fieller intervals. The UK Biobank AFR and EAS
depression samples include 49 and 54 cases. Panel B uses the score and outcome SDs of White children for both
groups, with profile slopes corrected for sampling error and 95% multiplier intervals. “Expected” values are derived
from published relative variance explained for other traits (Supplementary Note 7). They carry no uncertainty and
are shown for context. Panel C gives observed-score coefficients per group-specific score SD with 95% jackknife
intervals. Coverage is relative to each group’s sample before any item-completeness requirement. Figure S2 shows the
corresponding reductions.

Hispanic African American

—— Profile slope (95% CI)
0.30 - ---+ Expected slope 0.30
Equal effects >

Hispanic: PGS effect
African American: PGS effect

-0.30 +° Slope 0.78 (0.61-0.95) -0.30 Slope 0.65 (0.38-0.91)
T T T i T T T T T T i T T T
-0.30 -0.20 -0.10 0 0.10 0.20 0.30 -0.30 -0.20 -0.10 0 0.10 0.20 0.30
White: PGS effect White: PGS effect

Figure S1: Full-range phenome portability profiles. Associations of the integrated score with every eligible
ABCD outcome in Hispanic (left) and African American children (right), plotted against the associations in White
children. All coefficients are in White-group score and outcome SD units. Figure 4B shows the same outcomes, slopes
and intervals on a narrower range. Solid lines show the profile slope with its 95% confidence band, dashed lines equal
effects and dotted lines the expected slope (Supplementary Note 7).
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Figure S2: Observed-score check of portability. Reduction in association relative to the reference group, 1 —
Bg/ Bret, for the integrated and PGC scores (reference: White children in ABCD, EUR in UK Biobank). Grey circles
show latent internalizing, blue squares the mean of the three observed scale sums, and orange triangles the UK Biobank
composite that allows a few unanswered items. Bars are pointwise 95% Fieller intervals. Negative values indicate a
larger association than in the reference group. Table S12C gives the coefficients and sample coverage.
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