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Abstract

Importance.
Suicide is the second leading cause of death in children worldwide but no available means exist to
identify the risk in youth.

Objective.
To predict the risk of suicide in children and to investigate whether and to what extents genetic factors
and a major environmental risk factor, early life stress(ELS), influence youth suicide.

Design, Setting and Participants.
We analyzed the genotype-phenotype data of 11,869 preadolescent children ages 9- to 10-year-old from
the Adolescent Brain and Cognitive Development (ABCD) study. We estimated genome-wide polygenic
scores (GPSs) of 25 complex traits to investigate their phenome-wide associations and predictive utility
with suicidality (suicidal ideation and attempt) with machine learning approaches.

Predictors.
GPSs of 25 traits including psychiatric disorders, personality, cognitive capacity, and psychological traits.
Parent Child Behavior Checklist to measure ELS in youth and Youth Family Environment Scale to assess
family environment.

Main outcomes and Measures.
Records of suicidal ideation and attempt of the participants were derived from the computerized version
of Kiddie Schedule for Affective Disorders and Schizophrenia (K-SADS).

Results.
We identified three GPSs associated with youth suicidality in multiethnic (n = 7,206) and Europeanancestry (n = 5,749) participants: ADHD (P = 3.48x10− 4; odds ratio = 1.13 in multiethnic participants, P =
5.60x10− 5, OR = 1.25 in European-ancestry participants), general happiness (P = 1.43x10− 3; OR = 0.89 in
multiethnic, P = 8.61x10− 4, OR = 0.89 in European) and autism spectrum disorder(ASD) (P = 1.81x10− 3;
OR = 1.15 in multiethnic, P = 1.26x10− 3, OR = 1.18 in European). We also found a significant GPS-byenvironment interaction between the effects of genetic risk factors for ASD and the level of ELS in
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increasing the risk for suicidal ideation (P = 1.36x10− 2, OR = 1.12 in multiethnic, P = 1.39x10− 3, OR = 1.19
in European). A machine learning model trained on the same data showed moderately accurate
prediction of children with overall suicidal ideation with a test ROC-AUC of 0.727 (0.746 in European), and
with suicidal attempts with a test ROC-AUC of 0.641 (0.975 in European) in held-out samples.

Conclusions and Relevance.
This study provides the first quantitative account of polygenic and environmental factors of suicidality in
a large, representative population of preadolescent youth. It thus shows the potential utility of the GPSs in
identifying a child with high risk for suicidality for early screening, intervention, and prevention.

Introduction
Every 1 minute 2.6 persons attempts suicides and succeeds every 11 minutes in the U.S 1 In youth,
suicide has been the 2nd leading causes of death worldwide; the suicide-rate curve has not been reduced
in decades.1,2 Identifying a child with risk for suicide is challenging and existing approaches show poor
predictive validity.3
Suicidal behaviors, including suicidal ideation and/or attempt, are under significant genetic influences as
demonstrated in twin and family studies4,5, with the estimated heritability ranging from 30% to 55%4,6.
The literature supports that an inherited genetic factor may account for suicidal risk, and furthermore, the
genetic predisposition may be aggravated by psychiatric illnesses and environmental factors such as
stress7. No literature has yet to report this in children.
The genetic architecture of suicidal behaviors is known to be polygenic8,9, being influenced by the
cumulative effects of numerous single-nucleotide polymorphisms (SNPs) each with miniscule effects.
Recent Genome-wide Association Studies (GWAS) revealed several loci linked to completed suicide10,11,
suicide attempt12,13, and suicidal ideation14,15,16,17. But none of the loci have been replicated across
studies. Based on the findings from GWAS, genome-wide polygenic scores (GPS) integrate cumulative
effects of genome-wide SNPs18, 19 and has emerged as a promising tool to efficiently predict the
likelihood of a complex trait from a genomic perspective.20,21 GPSs can be used to stratify individuals at
higher biological risk or to provide insights into the possible genetic overlaps among complex traits,
potentially enabling the goal of personalized medicine.22,23,24
Genetic predisposition of suicidal behaviors has been reported to interact with environmental factors
(GxE interaction)9, such as early life stress (ELS),25,26 potentially via epigenetic mechanisms27,28.
Investigating whether and to what extents ELS and genetic factors together act synergistically on youth
suicide will offer a much-needed insight into the biological pathway of suicide and an actionable target
for intervention. To date, no studies have reported this GxE interaction or the predictive utility of genetic
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factors for youth suicidality. In this study, we investigate the extent to which GPSs22,23 for common traits
and psychiatric disorders, and their interaction with ELS is linked to the risk for suicide in young children.

Methods And Materials
Study design and participants
The study sample includes 11,869 preadolescent children ages of 9 to 10 years old in the US across 21
sites recruited between 2015 and 2019 from the Adolescent Brain and Cognitive Development (ABCD)
cohort. Among the initial samples, 1,658 cases and 124 cases were identified for suicidal ideation and
suicide attempt, respectively. Ethical approval for the study was obtained from Seoul National University
IRB. Full details of the study, measures, and samples can be found elsewhere.29

Genotype data
Saliva samples of the participants were collected and genotyped at Rutgers University Cell and
DNA Repository using Affymetrix SmokeScreen Array consisting of 733,293 single nucleotide
polymorphisms (SNPs). After removing the SNP with genotype call rate <95%, sample call rate <95%, and
minor allele frequency (MAF) <1%, raw genotypes were imputed toward 1000G Phase3 reference panel
using the Michigan Imputation Server30 and phased with Eagle v2.431 (a total of 12,046,090 variants).
Additional quality control (QC) process removed SNPs with INFO score <0.4, genotype call rate <95%,
Hardy-Weinberg Equilibrium p-value <1E-20 for ethnically diverse population, sample missingness >5%,
and minor allele frequency (MAF) <0.5%. We also removed samples with extreme heterozygosity having F
coefficient bigger than 3 standard deviations of the population mean.
Our study samples have complex genetic structures owing to the presence of related family members,
diverse genetic ancestries, and admixed samples innate to the U.S. population. We used PC-Air32 to
estimate ancestrally-informative PCs of the genotypes that is robust to the related pedigree structure, and
PC-Relate33 to provide accurate estimate of recent genetic relatedness measures from the population
with ancestry admixture. The details of QC procedure are available in Supplementary Method. In the rest
of this paper, we used the genotype data (a total of 11,301,999 variants) of 8,760 unrelated samples after
QC, and the final PCs were used as covariates in all the reported analyses.

Construction of Genome-Wide Polygenic Scores (GPS)
For GPS generation, we selected 25 psychiatric and common traits that are known to be related to
suicidality and have their GWAS summary statistics data publicly available, including personality,
cognitive, psychological traits, and psychiatric disorders that are known to be broadly related to
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suicidality: general happiness,34,35 insomnia,36 depression,37 risk behaviors,38 risk tolerance, educational
attainment,39,40 cognitive performance,38,39 snoring,41 worry,42 IQ,39 cannabis usage,43,44 drink per
week,45 smoker,46 Attention deficit hyperactivity disorder (ADHD),47 Autism spectrum disorder (ASD),48
major depressive disorder (MDD),49 schizophrenia,50 bipolar disorder,51 post-traumatic stress disorder
(PTSD)52 and Alzheimer's disease 53 For general happiness, four GPS were built and tested for the study:
the participants were asked with different questionnaires about their level of subjective well-being, such
as (1) two different GWAS of “how happy are you in general”, (2) “how happy are you with your health in
general”, and (3) “to what extent do you feel your life to be meaningful”. All the GWAS summary statistics
of the aforementioned traits are publicly available and have been collected for GPS generation.
We performed clumping and pruning of SNPs using PRSice254 with a clumping window of 500 kb,
clumping r2 of 0.2 based on the 1000 Genomes cosmopolitan panel, and no thresholding of p-value
significance on the summary statistics since we wanted to fully incorporate the effects of all the SNPs.
The GPS for each individual was then computed as a sum of their SNPs adjusting for first 10 genotype
PCs, with each SNP being weighted by the effect in the discovery samples.54 Since most of the summary
statistics were derived from the European population, we selected 5,749 European-ancestry participants
(genetic ancestry determined with fastSTRUCTURE algorithm55, available from ABCD release 3.0) and
performed the same analysis to determine the transferability of Eurocentric PRS in different ethnic
groups.

Outcomes and Measures
Suicidal ideation and attempt data were derived from the computerized version of Kiddie Schedule for
Affective Disorders and Schizophrenia (K-SADS).56,57 Passive suicide ideation is wanting to be dead and
active ideation is considering suicide with specific methods or plans. Among parent and child reports of
K-SADS, we used the one that reported more severe symptoms or diagnoses. The following variables
were additionally considered for inputs to the classification models. For psychopathology, ABCD Parent
Child Behavior Checklist (CBCL); for intelligence, NIH toolbox;58 for family environment, Youth Family
Environment Scale; and for ELS, abuse (physical and sexual), household challenges (family substance
abuse, family mental illness, family criminals, parental separation or divorce, and violently treated
mothers) and neglect (emotional and physical neglect). The items assessing ELS were extracted from
various measurement tools reported by children themselves or parents (Table S1). An ELS composite
score was calculated by averaging z-standardized scores of each subtype. Higher composite score
indicates more severe ELS.

Statistical Analysis and Machine Learning Prediction
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After QC and GPS construction, the complete dataset of phenotypic outcomes, GPS, and covariate data
were available for 7,206 children and used for statistical analysis (Figure 1). Associations of the GPSs
with suicidal variables within the ABCD children were tested using logistic regression with the following
covariates: sex, age, site for sample collection, and self-reported race. We use false discovery rate (FDR)
to control for multiple statistical comparisons. We also performed the same analysis after excluding any
control individuals with one or more K-SAD records (n=3,108 healthy controls remained).
For suicidal risk prediction with GPSs, we trained CatBoost57 model, a recent high-performance gradient
boosting model on decision trees. The following input features were used: 25 GPSs, socio-demographic
information (sex, age, self-reported ethnicity, study site), psychological information (CBCL), family
environment factors (Youth Family Environment Scale), and ELS. We rationalized that the multiple GPSs
would account for the multi-dimensional genetic predisposition to suicidal behaviors. For model training
and evaluation, we split the data into 80% and 20% in which samples were balanced (bootstrapping
without replacement). Within the 80% training data, we conducted five-fold stratified cross-validation and
optimized hyperparameters in cross-validation sets. Since the training data have an imbalanced count of
case and control, we undersampled every cross-validation set to make an equal number of cases and
controls.

Results
In this study, we leveraged a nationwide prospective cohort study of 11,869 preadolescent children ages
of 9 to 10 years old in the US across 21 sites recruited between 2015 and 2019. After QC of genotype and
phenotype data, the study analyzed 7,206 multiethnic samples including a total of 1,020 identified cases
with suicidal thoughts or behaviors: 1,014 cases with suicidal ideation and 71 cases with suicidal
attempts were identified with the K-SADS (Figure 1). Preadolescent children with suicidal ideation or
attempts showed similar sociodemographic, behavioral, clinical characteristics to controls without
suicidal ideation or attempts (Table 1).
We found several GPS significantly associated with suicidality. Out of the 25 GPSs, a greater GPS of
ADHD significantly correlated with a greater likelihood of suicidal ideation (P=3.48x10-4, odds ratio
(OR)=1.13; FDR significance) from the analysis of the entire 7,206 multiethnic participants. The ADHD
GPS significantly correlated with overall suicidality (P=4.64x10-4, OR=1.13), active suicidal ideation
(P=4.71x10-4, OR=1.17) and passive suicidal ideation (P=1.29x10-3, OR=1.13) (Table 2(a), Figure 2). In
active suicidal ideation, a greater GPS of ASD correlated with a greater likelihood of suicidal ideation
(P=1.81x10-3, OR=1.15). Conversely, a smaller GPS of general happiness significantly correlated with a
greater likelihood of passive suicidal ideation (P=1.43x10-3, OR = 0.90) and overall suicidal ideation
(P=1.47x10-3, OR = 0.90). Correlations among the tested GPSs were examined and none of their
correlations seemed to affect the results (Figure S1).
Analysis of the participants of European descent only (n=5,749) revealed of the GPSs examined the
ADHD GPS had the strongest association with all types of suicidality (strongest with overall suicidal
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ideation, P=1.43x10-3, OR = 0.90). Significant inverse associations between suicidal behaviors and
general happiness GPS (strongest with passive suicidal ideation, P=8.61x10-4, OR = 0.87) were found
with negative effect sizes. The European-only analysis identified additional GPSs correlated with youth
suicidality compared to the analysis of the entire multiethnic participants: Smoker GPS (strongest with
overall suicidality, P=1.08x10-3, OR = 1.13), MDD GPS (strongest with overall suicidality, P=2.65x10-3, OR
= 1.12), risky behaviors GPS (strongest with passive suicidal ideation, P=3.43x10-3, OR = 1.13), and
schizophrenia GPS (with suicide attempt, P=3.55x10-3, OR = 1.51) (Table 2(b)).
Of those three GPSs (ADHD, ASD, general happiness) showing significant associations with suicidality,
we further tested their interaction with ELS. We found significant ASD-GPS-by-ELS interaction on active
suicidal ideation in both European and multiethnic analyses: a greater ASD GPS in the presence of ELS
correlated with a synergistic increase in these likelihood of suicidality (P=1.36x10-2, OR=1.12 in entire
participants, P=1.39x10-3, OR=1.19 in European-ancestry participants, FDR significant). Effects were
adjusted for the same covariates with the regression analysis. Bivariate associations between ELS and
suicidality were non-significant (Ps > 0.23). When stratified by sex, no significant associations were
found.
Additionally, as a sensitivity analysis, we limited our analysis to healthy children, defined as participants
with no active or past records on the K-SADS (n=3,108). The association between suicidality and the
follow GPSs remained significant or even became slightly stronger in terms of effect size: ADHD GPS
(strongest association with overall suicidal ideation, P=1.36x10-4, OR=1.17), ASD GPS (strongest
association with active suicidal ideation, P=5.78x10-4 , OR=1.19) and general happiness GPS (strongest
association with overall suicidal ideation, P=3.21x10-3, OR=0.89) (Table S2(a)). We also found additional
GPS associations with youth suicide, including smoker GPS (strongest association with overall suicidal
ideation, P=9.74x10-4, OR=1.14), PTSD GPS (strongest association with overall suicidality, P=2.15x10-3,
OR=1.13), MDD GPS (strongest association with overall suicidality, P=3.77x10-3, OR=1.13), all of which
were identified in the analysis of European-only analysis. These significant GPS associations stayed
consistent in the analysis of European-ancestry participants with healthy controls who have no K-SADS
record (Table S2(b)).
We next tested whether machine learning and the consideration of multiple GPSs could contribute to the
prediction of youth suicidality. In predicting suicidal ideation, the 5-fold cross-validated and optimized
CatBoost57 classifier model showed an ROC-AUC of 0.716, accuracy of 0.601, sensitivity of 0.842,
specificity of 0.357, positive predictive value of 0.570, negative predictive value of 0.691 in the balanced
held-out test set (N= 366; bootstrap samples) (Figure 3). Adding the GPS to the phenotype model resulted
in a 1.1% boost in ROC-AUC (0.727). In predicting suicidal attempts, the cross validated and optimized
stacked ensemble model showed an ROC-AUC of 0.756, accuracy of 0.640, sensitivity of 0.923, specificity
of 0.333, positive predictive value of 0.600, negative predictive value of 0.800 in the balanced held-out
test set (N= 25; bootstrap samples) (Figure 3). When predicting based only on participants of Europeanancestry, the model performance increased in ideation, but more dramatically in attempt. The phenotype
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model showed ROC-AUC of 0.716 in ideation and 0.736 in attempt. In presence of GPS, ROC-AUC
increased to 0.746 in ideation and 0.975 in attempt.

Discussion
This study provides the first quantitative account of the polygenic and environmental factors of youth
suicidality in a large-scale, representative, multi-ethnic sample of preadolescent children. We found novel
associations between youth suicidality and GPS for ADHD, ASD -- positive associations -- and general
happiness -- a negative association. We next found significant gene-by-environment interactions between
the GPS of ASD and ELS,27 a known risk factor for youth suicidality, together acting cumulatively on
youth suicidality. In our predictive modeling, together with the self-reported questionnaires for
psychopathology (CBCL), cognitive intelligence (NIH Toolbox), family environment, and sociodemographic variables, inclusion of the multiple GPSs permitted moderately accurate identification of
preadolescent youth with suicidality.
We identified significant associations between youth suicidality and the genetic components of
psychiatric disorders, i.e., ADHD and ASD, particularly relevant to childhood psychopathology, and of a
common trait, i.e., general happiness. For ADHD and ASD, a greater polygenic score correlated with a
greater likelihood of suicidal ideation, whereas for general happiness, a smaller polygenic score correlates
with a greater likelihood of passive suicide ideation. This is in line with the literature, suggesting that
ADHD is associated with suicidal attempts in youth.60 Our GPS results highlight possible genetic overlaps
between ADHD and youth suicidality. The explained variance (McFadden’s pseudo-R2)61 of suicide
attempt by ADHD GPS was approximately 6.6% in multiethnic children (6.2% in European-ancestry
children). This estimation is higher than the results from past PRS studies of suicidality, which showed
maximum variance explained by 0.13-0.20% with self-harm behaviors62 or up to 0.30-0.70% of the
phenotypic variance for suicide attempt explained by depression-based GPS.63,64
The GPS of ASD not only correlated with suicidal ideation, but also showed a significant interaction with
ELS. These results corroborate previous findings of preadolescent youth with ASD being at an increased
risk for suicidality.65,66 One study shows that youth with ASD are 28 times more likely to endorse suicidal
thoughts or behaviors than their unaffected peers.67 This strong link between risk of suicidality and
elevated autistic traits could be explained by behavioral attributes of both phenotypes, such as poor
socialization and problem-solving skill, or increased levels of impulsivity and anxiety.65 Although
literature has reported several social risk factors underlying the ASD-suicidality link,66,67 the genetic and
environmental contribution to the overlap of ASD and suicidal behaviors remained unknown.69 Our
analysis shows that the interaction between adverse childhood experience and the genetic risk for ASD is
associated significantly with the risk for suicidality. To our knowledge, this is the first report of the geneby-environment interaction linking ASD to suicidality. These results may imply that for those who has the
genetic liability for ASD an adverse childhood experience is particularly risky with regard to suicidality.
This might suggest a potential actionable target for intervention.
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In line with our findings, previous literature has reported high suicidal risk in individuals who in addition to
ASD also have ADHD 69. As 20-50% of individuals with ASD are known to have comorbid ADHD,70 our
significant results of ASD and ADHD GPSs associated with suicidality suggest the genetic liability of
psychiatric comorbidity for high suicidal risk in children.
Our study suggests that higher genetic liability for general happiness (i.e., the tendency to believe that her
or his life is meaningful) underlies a decreased risk of suicidality in youth. Of the several measures of
subjective well-being (e.g., happy in general, happy with your health in general, etc), only the GPS for the
belief of own meaningful life is significantly linked to youth suicidality. Prior studies report a negative
correlation between subjective happiness and suicide34,35. Due to the absence of relevant subjective wellbeing variables in the ABCD study, we could not further investigate their phenotypic correlation.
Our findings provide evidence for utilizing multiple GPSs for suicide prediction and contributes to our
understanding of its genomic architecture. The combination of cross-phenotype GPSs, family
environment, behavioral, psychological scales, and ELS allowed accurate prediction of suicidality with a
ROC-AUC up to 0.727 (0.746 in European-ancestry only) for suicidal ideation, and 0.641 (0.975 in
European-ancestry only) for suicidal attempts on the balanced test set in the entire multiethnic samples.
Previous studies tested different methods for suicide risk prediction and showed substantial
classification ability having AUC ranging from 0.74 to 0.88, using known sociodemographic and
psychiatric risk factors.71–74 Although successful, some of the previous models included long-term
measurement of risk indices such as 12-month or lifelong risk factors, which are not readily measured in
naturalistic clinical practices. Our models showed relatively lower performances than previous studies,
but our methodology is promising in that we incorporated short-term or cross-sectional factors that could
be accessible and readily measured in clinical settings, on top of the genetic factors. Despite the
acceptable accuracy and sensitivity, however, there is much room for improvement regarding specificity
and negative predictive value of the model.
This study has some limitations. We used European-ancestry based GWAS for estimating GPS for
ethnically diverse samples. The transferability of our findings across different ethnic groups will be
improved if better GPS methodology for multiethnic individuals is developed, which is currently an active
area of research 75. Also, because of the scarcity of committed suicide in preadolescent youth, we had to
use suicidal ideation and attempts as a proxy phenotype of suicidal behavior 29,76. It should be noted that
not all suicidal ideation or attempts lead to committed suicide. We also acknowledge the potential
selection bias from missing outcome/covariate data from the participants.
Our results highlight the importance and potential utility of the GPS approach in early screening which
can identify a young population at high risk of suicidal behaviors. These findings also motivate the
further development of effective screening methods and intervention strategies for youth at suicidal risk.
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Tables
Table 1. Sociodemographic and clinical outcomes of the study participants from the Adolescent
Brain and Cognitive Development (ABCD) study. The completed dataset of phenotypic
outcomes, genotype, and covariates data available for 7,206 preadolescent U.S. children.
Youth with suicidality
(n=1,020)

Control Youth (N=6,186)

Count or
Mean

Percentage (%)
or SD

Count or
Mean

Percentage (%)
or SD

Female

397

38.9%

3,001

48.5%

Average Age (in months)

118.8

7.54

119.0

7.45

Average Income (bracket in 1~10
scales)

7.07

2.38

7.26

2.41

Marital status of the family
(Currently married)

733

63.1%

4,987

70.7%

Average Mother's EA

16.62

2.63

16.61

2.78

Table 2. Significant associations of GPSs of 25 psychiatric and common traits with youth
suicidality, surviving FDR significance < 0.05.
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Figures
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Figure 1
Consort flow diagram for the study. The study initially assessed 11,869 preadolescent children ages of 9
to 10 years old recruited from the Adolescent Brain and Cognitive Development (ABCD) study. The
completed dataset of phenotypic outcomes, genotype, and covariates data available for 7,206
preadolescent children and used for the analysis.
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Figure 2
Manhattan plot showing the associations of 25 genome-wide polygenic scores (GPS) of cognitive,
psychological, personality traits, and psychiatric disorders with childhood suicidality. The PheWAS
analysis of the GPSs was performed on the (a) 7,202 multiethnic individuals and (b) 5,749 Europeanancestry individuals at age 9-10. Red line indicates FDR corrected p-value of 0.05 and target GPSs are
color-coded. Each point represents the effect direction (positive/negative) and effect size of each GPSphenotype association. An upward arrow indicates a positive effect size of the association.
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Figure 3
Prediction performance of the machine learning models based on GPS and cognitive, psychological,
behavioral, environmental, familial variables. Receiver-Operator Characteristics (ROC) curves of the
models predicting suicidal ideation (A) and suicide attempt (B) using CatBoost classifier. In predicting
suicidal ideation, 6,106 subjects (European-ancestry=4,863) are used for training and 366 subjects
(European-ancestry=294) for testing. On the suicidal attempt, 6,442 subjects (European-ancestry=5,103)
are used for training and 25 subjects (European-ancestry=22) for testing. We also tested the prediction
model only with European-ancestry (EA) and compared it with the results of entire ancestry.
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