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Objective: To investigate the genetic architecture of internalizing symptoms in childhood and adolescence.

Method: In 22 cohorts, multiple univariate genome-wide association studies (GWASs) were performed using repeated assessments of internalizing
symptoms, in a total of 64,561 children and adolescents between 3 and 18 years of age. Results were aggregated in meta-analyses that accounted for
sample overlap, first using all available data, and then using subsets of measurements grouped by rater, age, and instrument.

Results: The meta-analysis of overall internalizing symptoms (INToverall) detected no genome-wide significant hits and showed low single nucleotide
polymorphism (SNP) heritability (1.66%, 95% CI ¼ 0.84-2.48%, neffective ¼ 132,260). Stratified analyses indicated rater-based heterogeneity in
genetic effects, with self-reported internalizing symptoms showing the highest heritability (5.63%, 95% CI ¼ 3.08%-8.18%). The contribution of
additive genetic effects on internalizing symptoms appeared to be stable over age, with overlapping estimates of SNP heritability from early childhood to
adolescence. Genetic correlations were observed with adult anxiety, depression, and the well-being spectrum (|rg| > 0.70), as well as with insomnia,
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GWAS OF EARLY LIFE INTERNALIZING SYMPTOMS
loneliness, attention-deficit/hyperactivity disorder, autism, and childhood aggression (range |rg| ¼ 0.42-0.60), whereas there were no robust associations
with schizophrenia, bipolar disorder, obsessive-compulsive disorder, or anorexia nervosa.

Conclusion: Genetic correlations indicate that childhood and adolescent internalizing symptoms share substantial genetic vulnerabilities with adult
internalizing disorders and other childhood psychiatric traits, which could partially explain both the persistence of internalizing symptoms over time and
the high comorbidity among childhood psychiatric traits. Reducing phenotypic heterogeneity in childhood samples will be key in paving the way to
future GWAS success.
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nternalizing disorders, including anxiety and
depression, are substantial contributors to the
global burden of disease.1,2 Although the esti-
mated 12-month prevalence of depression and anxiety dis-
orders in adults is 15%,3 internalizing disorders are also
present in early life, with an estimated prevalence of 2% to
3% of depression and 6% to 7% of anxiety in childhood
and adolescence.4 Prior to the diagnosis of internalizing
disorders, as many as 1 in 5 children self report internalizing
symptoms.5 These early symptoms of anxiety and depres-
sion appear to pose a long-term risk, as longitudinal studies
show that internalizing symptoms in childhood are associ-
ated with mood disorders, anxiety, and suicidality in
adulthood.6–8 Findings from twin research show that
internalizing symptoms have a moderately strong genetic
component. It is estimated that 40% to 50% of individual
differences in internalizing symptoms are explained by ge-
netic factors.9–11 Moreover, research suggests that both
stability and change in anxious and depressive symptoms
from early childhood to adulthood are genetically influ-
enced.10,12–14 However, unlike adult anxiety and depres-
sion, investigation of the molecular genetic architecture of
internalizing symptoms in early life has received little
attention thus far, and, to date, only 2 studies have applied a
genome-wide approach.15,16

Published in 2013 and 2014, the first genome-wide
association studies (GWASs) on childhood internalizing
symptoms did not identify any genome-wide significant hits
for maternal-reported anxiety-related behaviors in children
7 years of age (N ¼ 2,810)15 or internalizing problems in
children 3 years of age (N ¼ 4,596).16 Estimates of SNP-
based heritability (the proportion of phenotypic variance
captured by SNPs included in the GWAS), using genome-
wide complex trait analysis (GCTA), were not robust in
both studies.15,16 Other GCTA studies similarly show
mostly inconsistent and broad estimates of SNP heritability,
mainly due to small sample sizes.17–22 Large-scale GWASs
have led to significant discoveries in adult samples, with
now 102 variants identified for depression23 and 5 variants
for anxiety.24 Given the comparable heritability estimates of
he American Academy of Child & Adolescent Psychiatry
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adult and childhood internalizing phenotypes, the next step
in this line of research is to increase childhood sample sizes
in order to generate sufficient power to capture the small
effects of common variants that have been observed in adult
studies.

Here, we present a genome-wide association meta-
analysis that aims to identify common genetic variants
associated with the development and course of internalizing
symptoms. The study combines repeated measurements of
dimensional symptom scores from 22 independent cohorts
of European ancestry, resulting in an overall sample of
64,641 individuals and 251,152 observations in children
and adolescents between 3 and 18 years of age. All datasets
were combined to produce a GWAS of overall internalizing
symptoms (INToverall), with an effective sample size of
132,260. Stratified analyses were used to investigate age-,
rater-, and instrument-specific genetic effects. The overall
GWAS of INToverall was followed up with gene-based an-
alyses. Genetic overlap with external traits was examined by
computing genetic correlations, with a focus on psychiatric
phenotypes. Nonpsychiatric traits were also investigated if
they were previously found to be genetically correlated with
adult anxiety and depression.23–25 Finally, polygenic scores
were computed to test prediction of internalizing symptoms
in independent samples. With this study, we aim to gain
insight into the genetic underpinnings of internalizing
symptoms throughout childhood and adolescence to
improve our understanding of the development and pro-
gression of internalizing disorders.
METHOD
This project was preregistered at the Open Science
Framework (https://osf.io/edas6). Minor deviations from
the preregistration are explained in Supplement 1, available
online.

Sample and Univariate Analyses
The sample includes cohorts that are part of the EArly
Genetics and Lifecourse Epidemiology (EAGLE)
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consortium behavior and cognition working group
(https://www.eagle-consortium.org/)26 and additional co-
horts with appropriate data. In total, 22 cohorts of Eu-
ropean ancestry participated in the study. Ethical approval
was provided by local committees at the cohort level.
Many cohorts were longitudinal birth or childhood
cohort studies with long-term follow-up and multiple
raters, for example, mother, father, self, and teacher.
Repeated assessments of internalizing symptoms within
childhood and adolescence, from age 3 to age 18 years,
were included. All cohorts performed univariate GWASs
stratified by (1) age, (2) rater, and (3) instrument, with a
minimum of 450 observations in each analysis. In the
absence of diagnostic data, internalizing symptoms were
dimensionally measured and positively scored on contin-
uous scales, with higher scores indicating more internal-
izing symptoms. Data were not dichotomized into a case-
control design, as this would have resulted in a reduction
of statistical power.27 Detailed descriptions of the cohorts,
phenotypic measures, and genotyping and imputation
procedures can be found in Tables S1 to S6 and
Supplement 1, available online.

Cohorts that included only unrelated subjects applied a
linear regression model. Cohorts with a sample of related
individuals corrected for nonindependence of observations
by applying either a mixed linear model or a sandwich
correction of the standard errors. Sex (ascertained through
genotype) was included as a covariate in all univariate an-
alyses. Further details about the univariate GWASs are
provided in Supplement 1, and cohort-specific covariates are
listed in Table S6, available online.

In total, 125 univariate GWASs were collated, with
251,152 observations based on 64,641 unique participants.
The observations included ratings by mothers (40.7%),
fathers (6.8%), teachers (18.3%), self (19.7%), and siblings
(0.7%). An additional 13.8% of ratings were parental re-
ports, for which the informant was either the mother or the
father. Of the observations, 15.1% were in early childhood
(3-6 years), 36.0% in mid childhood (7-10 years), 18.4% in
late childhood (11-12 years), and 30.0% in adolescence
(13-18 years). Twelve instruments were used to measure
internalizing symptoms, of which the most commonly used
were the Strengths and Difficulties Questionnaire (SDQ)28

(38.2%), Achenbach System of Empirically Based Assess-
ment (ASEBA)29 (36.7%), and Rutter Children’s Ques-
tionnaires30,31 (8.2%).

Meta-analyses and the Calculation of SNP Heritabilities
Stratified by Age, Rater, and Instrument
Quality control for each univariate GWAS was performed
using EasyQC (Supplement 1, available online).32 After
936 www.jaacap.org
quality control, most cohorts retained between 3.4 and 7.1
million autosomal SNPs per GWAS (Table S7, available
online). An exception was the Philadelphia Neuro-
developmental Cohort, which retained fewer SNPs after
merging data from different genotyping platforms. To ac-
count for dependency of repeated measurements of inter-
nalizing symptoms within cohorts, the N-weighed meta-
analysis approach was applied.33,34 In short, two n � n
matrices, representing sample overlap and phenotypic
covariance within cohorts, were created, where n was the
total number of univariate GWASs. As there was no overlap
across cohorts, sample overlap and phenotypic covariance
between cohorts were set to zero. Using the observed sample
overlap within cohorts and their phenotypic covariance
matrices, expected pairwise cross-trait intercept (CTI) values
between GWASs were calculated. The pairwise CTI is
approximately equal to the covariance between the test
statistics from univariate GWASs. N-weighted meta-
analyses were performed to obtain a multivariate test sta-
tistic per SNP, which represents a weighted sum of test
statistics, adjusted by the CTI to account for sample overlap
between GWASs. Formulas for the calculation of the
multivariate test statistic for each SNP in the meta-analyses,
the CTI between GWASs, and estimation of the effective
sample size to account for repeated measurements (neff) are
provided in the Ip et al. supplementary text.34

A meta-analysis was performed based on the results of all
available GWASs on internalizing symptoms: INToverall.
SNP-based heritabilities (h2) were estimated using linkage
disequilibrium score regression (LDSC),35 first for INToverall,
and next based on results of meta-analyses stratified according
to rater, age, rater-by-age, and instrument (Table S8, available
online). To ensure that the stratified analyses had sufficient
power, a sample size thresholdwas set so that the total number
of observations (nobs) for each meta-analysis was at least
15,000. Rater-specific SNP heritabilities were estimated us-
ing assessments from parents (mother and/or father),
mothers, fathers, teachers, and self, respectively. Age-specific
SNP heritabilities focused on internalizing symptoms during
early childhood (3-6 years), mid childhood (7-10 years), late
childhood (11-12 years), and adolescence (13-18 years).
Rater-by-age SNPheritabilities assessed age effects within and
between raters, provided that the univariate Nobs exceeded
15,000. Finally, instrument-specific SNP heritabilities were
calculated for SDQ, ASEBA, and Rutter for which the nobs
exceeded 15,000.

Genetic correlations across stratified GWAMAs were
calculated using LDSC, but only if the z score of the her-
itability estimate was �4, given that the heritability z score
is a good indicator of power and a score of <4 is considered
too noisy for meaningful estimates.36
Journal of the American Academy of Child & Adolescent Psychiatry
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SNPs with minor allele frequency of <5% or neff
of <15,000 were removed from further analyses.

Gene-Based Analysis
Using summary statistics for INToverall, a MAGMA37 gene-
based test (v1.8, implemented in FUMA38) was performed
to identify genes with a significant effect on internalizing
symptoms. The gene-based test applies a multiple regression
model in which p values from individual SNPs in a gene are
combined into a test statistic for each gene, while ac-
counting for linkage disequilibrium between SNPs. Euro-
pean populations from the 1000 Genomes Phase III
reference panel were used to estimate linkage disequilib-
rium. A total of 18,592 protein-coding genes were assessed
for an association with internalizing symptoms. A Bonfer-
roni correction was applied to correct for multiple testing
(a ¼ 0.05 / 18,592; p < 2.69�10�06).

Tissue Expression and Gene-Set Analyses
Tissue enrichment and gene-set analyses were conducted in
FUMA.38 The tissue enrichment analyses used 2 types of
tissues from GTEx v8: namely, 30 general tissue types from
multiple organs and 53 specific tissue types within these
organs. A MAGMA gene-property test was performed to
test one-sided relationships between cell type�specific gene
expression and disease–gene associations. Bonferroni cor-
rections were applied to correct for multiple testing for the
general (a ¼ 0.05 / 30; p < 1.7�10�04) and specific (a ¼
0.05 / 53; p < 9.4�10�04) tissue types.

The gene-set analysis was performed with default pa-
rameters in MAGMA v1.8. Gene-based p values were
converted to z values, and a between-gene correlation matrix
was used as input to perform gene-set enrichment tests.
Predefined gene sets from the molecular signature database
MsigDB v7.0 were used. In total, 15,484 gene sets were
tested. A Bonferroni correction was applied to correct for
multiple testing (a ¼ 0.05 / 15,484; p < 3.2�10�06).

Genetic Correlations With External Traits
Genetic correlations between internalizing symptoms and
other phenotypes were investigated using publicly available
summary statistics for a curated set of traits (N ¼ 27).
These included primarily adult psychiatric traits, in addition
to other phenotypes selected based on previously identified
correlations with adult anxiety and depression.23–25 In
addition, we obtained summary statistics from the GWA
meta-analyses of overall and rater-specific childhood and
adolescent aggression,34 which were based on overlapping
cohorts and similar statistical methods, and calculated ge-
netic correlations with these traits. The external traits and
Journal of the American Academy of Child & Adolescent Psychiatry
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source studies are summarized in Table S9, available online.
Summary statistics from INToverall and INTself (for which
the z score of the h2 was �436) were used. Genetic corre-
lations were calculated using LDSC,35 which calculates
genetic covariance between 2 traits based on all polygenic
effects captured by included SNPs. Overlapping samples or
population differences in GWAS summary statistics do not
bias the computation of genetic correlations in LDSC.
LDSC corrects for sample overlap by including a covariance
matrix of the cross-trait LD score intercept, which is an
estimate of sample overlap and phenotypic correlation. The
genetic correlation estimate was based on the estimated
slope from regressing the product of z scores from 2 GWASs
on the LD score. The LD scores used were computed using
1000 Genomes Phase III European data.36 Genetic corre-
lations were considered significant at p < 9.26�10�04, after
applying a Bonferroni correction for 54 independent tests.

Sensitivity Analysis: Polygenic Score Prediction
Polygenic score prediction of INToverall was tested as a sensi-
tivity analysis. The Netherlands Twin Register (NTR) was
used as the target sample to examine prediction of internalizing
symptoms in childhood and adolescence. We considered
maternal-reported internalizing symptoms at age 7 years (n¼
3,845), and self-reported internalizing symptoms during
adolescence (age 13-18 years, n ¼ 2,679), using the ASEBA
Child Behaviour Checklist and the Youth Self Report scales,29

respectively. A leave-one-cohort-out meta-analysis omitting
data fromNTRwas performed for INToverall. The NTR target
dataset was restricted to SNPs with minor allele frequency of
>5% and imputation quality of R2 > 90%. Polygenic scores
were constructed using LDpred,39 using a prior value of 0.5 to
account for high polygenicity. Associations between polygenic
scores of internalizing symptoms and internalizing problems
were examined using generalized estimating equations as
implemented in the “gee” package in R (v3.5.2). To account
for relatedness in the target sample, the exchangeable working
correlation matrix in gee was used, which applies a sandwich
correction over the standard errors to account for clustering in
the data. Age, sex, genotyping array, and the first 10 genetic
principal components were included as covariates. Polygenic
prediction was considered significant at p < .025, after
applying a Bonferroni correction for 2 independent tests.
RESULTS
Overall Meta-analysis of Childhood and Adolescent
Internalizing Symptoms
The genome-wide association meta-analysis of INToverall

found no genome-wide significant hits (Figure 1). Assuming
www.jaacap.org 937
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FIGURE 1 Manhattan Plot of the Meta-analysis of Overall Childhood and Adolescent Internalizing Symptoms (INToverall)

Note: The solid line represents the significance threshold (p < 5�10�08); the dotted line represents the suggestive threshold (p < 1�10�05). Please note color figures are
available online.

JAMI et al.
a neff of 132,260, the SNP-based heritability of INToverall

was estimated at 1.66% (95% CI ¼ 0.84%-2.48%). The
mean c2 statistic was 1.086, with an LDSC-intercept of
1.043 (standard error [SE] ¼ 0.0075), indicating that a
small part of the inflation in test statistics might have been
due to confounding biases, such as population stratification.

Stratified SNP Heritabilities and Within-Trait Genetic
Correlations
Estimates of SNP heritability from stratified meta-analyses
are shown in Figure 2 and Table S8, available online. In
rater-specific meta-analyses, self-reported internalizing
symptoms showed the highest heritability (5.63%; 95%
CI ¼ 3.08%-8.18%), followed by teacher, maternal, and
parental report, which were all significant. Although
father-reported internalizing symptoms had the highest
SNP heritability in rater-specific analyses (8.98%), the
wide confidence intervals overlapped zero (�0.06% to
18.02%). In age-specific meta-analyses, SNP h2 for
internalizing symptoms in adolescence was highest
(1.97%, 95% CI ¼ 0.30%-3.64%), whereas estimates for
early childhood, mid childhood, and late childhood were
similar, but not robust to significance testing. In rater-by-
age meta-analyses, self-reported internalizing symptoms
938 www.jaacap.org
during adolescence showed the highest SNP h2 (3.20%,
95% CI ¼ 0.34%-6.06%). Instrument-specific meta-an-
alyses showed that variance in internalizing symptoms
explained by ASEBA and SDQ scales were comparable at
w3%. The estimate for Rutter was smaller (0.3%), but
the difference was not substantial, based on the over-
lapping confidence intervals.

INToverall and self-reported internalizing symptoms
were highly genetically correlated (rg ¼ 0.84, SE ¼ 0.12,
p ¼ 2.08�10�12). The other stratified meta-analyses were
insufficiently powered to estimate genetic correlations
(heritability z score, <4).

Gene-Based Analysis, Tissue Expression, and Gene-Set
Analyses
The genome-wide gene-based analysis did not reveal any
genes significantly associated with internalizing symptoms,
but the top 10 genes are reported in Table S10, available
online. MAGMA tissue expression analyses of 30 general
and 53 specific tissue types did not show any statistically
significant associations with internalizing symptoms
(Table S11, available online). The gene-set analysis did not
show any significant associations (Table S12, available
online).
Journal of the American Academy of Child & Adolescent Psychiatry
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FIGURE 2 Single Nucleotide Polymorphism (SNP)
Heritabilities Based on N-Weighted Meta-analyses of
Internalizing Symptoms

Note: Error bars represent 95% CI. ASEBA ¼ Achenbach System of Empirically
Based Assessment; SDQ ¼ Strengths and Difficulties Questionnaire. Please note
color figures are available online.

GWAS OF EARLY LIFE INTERNALIZING SYMPTOMS
Genetic Correlations With External Traits
Genetic correlations between INToverall and INTself (for
which the z score of the h2 was �436), and a set of
preselected external traits are shown in Figure 3 and
Table S13, available online. INToverall held strong positive
genetic correlations (rg > 0.7) with major depressive
disorder, anxiety, and neuroticism, and a strong negative
correlation (rg < �0.7) with the well-being spectrum.
High correlations (|rg| > 0.5) with other adult and
childhood psychiatric and psychological traits, including
attention-deficit/hyperactivity disorder (ADHD), autism
spectrum disorder (ASD), depressive symptoms, loneli-
ness, and overall and maternal-reported aggression were
found. Moderate genetic correlations (|rg| > 0.3) with
insomnia, age at first birth, cigarettes per day, educational
attainment, and intelligence were also observed. INTself

showed a similar, but generally weaker, pattern of genetic
associations with external traits, with some exceptions.
ASD, overall and maternal-reported aggression, age at first
birth, and intelligence were correlated with INToverall but
Journal of the American Academy of Child & Adolescent Psychiatry
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showed weaker correlations with INTself, whereas self-
reported aggression, smoking initiation, and body mass
index (BMI) were correlated with INTself but showed
weaker or no correlation with INToverall.

Polygenic Score Prediction
Prediction of internalizing symptoms in childhood and
adolescence by polygenic scores based on INToverall are
shown in Table S14, available online. After correction for
multiple testing, polygenic scores for INToverall (Neff ¼
132,260) were significantly associated with maternal-
reported internalizing problems in children 7 years of age,
and explained up to 0.38% of the phenotypic variance.
Polygenic scores for INToverall were not associated with self-
reported internalizing problems in adolescence.
DISCUSSION
This genome-wide association meta-analysis of childhood
and adolescent internalizing symptoms included data from
64,641 children and adolescents between 3 and 18 years of
age. The overall meta-analysis showed low SNP heritability
(1.66%) and did not identify genome-wide significant loci or
biological pathways for early life internalizing symptoms.
Still, strong genetic correlations with external traits were
observed, suggesting that childhood and adolescent inter-
nalizing symptoms share substantial genetic vulnerabilities
with adult internalizing disorders and other childhood psy-
chiatric traits, which could partially explain both the persis-
tence of internalizing symptoms over time and the high
comorbidity among childhood psychiatric traits. A more
detailed look into the results of stratified analyses pointed to
rater-based heterogeneous effects, indicating that in addition
to further increases of sample size, approaches that reduce
heterogeneity will be essential in futureGWAS investigations.

The most striking findings of this study are the direction
and strength of genetic correlations with external traits,
which point to an overlapping genetic architecture between
internalizing symptoms and other traits. The strong corre-
lations may initially be surprising given the low SNP heri-
tability observed here, but while SNP heritability estimates
the overall variance in a trait explained by genome-wide
SNPs, a genetic correlation reflects the extent to which the
same set of genetic factors are involved in 2 traits. As such,
even traits with low SNP heritability can have high genetic
correlations if the underlying set of genetic factors influ-
encing the traits are overlapping. Strong genetic correlations
(|rg| > 0.7) with adult depression, anxiety, neuroticism, and
the well-being spectrum were of note, and suggest a sub-
stantial shared genetic etiology between childhood internal-
izing symptoms and adult internalizing disorders and related
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FIGURE 3 Genetic Correlations With External Phenotypes

Note: The left panel shows genetic correlations with the meta-analysis for overall internalizing symptoms in childhood and adolescence (INToverall); the right panel shows
genetic correlations with self-reported internalizing symptoms (INTself). Error bars represent 95% CIs. Correlations plotted with a star are statistically significant after correc-
tion for multiple testing. Please note color figures are available online.

JAMI et al.
traits, that has also been observed in previous studies.40–42

Viewed in combination with the overlapping estimates of
SNP heritability from early childhood to adolescence in this
study, these findings point to a stable set of genetic factors
that partially explain the persistence of symptoms over time.

Comparisons with other adult psychiatric disorders
showed high genetic correlations (|rg|> 0.5) with childhood-
onset disorders ADHD and ASD, but no robust associations
with bipolar disorder, obsessive-compulsive disorder, or
anorexia nervosa. A small genetic correlation with schizo-
phrenia was observed (rg¼ 0.2, p¼ .0025), which, albeit not
significant due to the strict correction for multiple testing
applied here, is in line with previous studies showing suc-
cessful prediction of internalizing symptoms in childhood
using polygenic scores for schizophrenia.42–45 The overall
pattern of genetic correlations with other psychiatric traits is
comparable to adult cross-disorder genetic correlations,
where depression shows stronger associations with ADHD
and ASD than with schizophrenia or bipolar disorder.46 It
appears that, like adult depression, the broader (and perhaps
also milder) symptomatology captured by dimensional
measures of childhood internalizing symptoms shares fewer
genetic similarities with severe and less common disorders
such as schizophrenia, bipolar disorder, obsessive-compulsive
940 www.jaacap.org
disorder, and anorexia, but is more closely tied to childhood-
onset disorders ADHD and ASD. This also resembles find-
ings from the recent GWAS of total child psychiatric prob-
lems, which similarly found no robust genetic correlations
with less common disorders.47 Correlations with other traits,
including insomnia, loneliness, intelligence, educational
attainment, cigarettes per day, and age at first birth were
observed, as also seen in GWASs of adult depression and
anxiety23,24; however, unlike adult depression, no robust
associations with coronary artery disease, BMI, smoking
initiation, or age at menarche were found. On the other
hand, both BMI and smoking initiation held robust associ-
ations with INTself, for which ratings were available only
during adolescence. This could indicate that genetic factors
during adolescence are particularly important in these asso-
ciations. Age-specific genetic effects may also explain why
coronary artery disease was not associated with INToverall, in
contrast to the small but robust genetic correlation that
coronary artery disease shares with both adult depression and
anxiety.23,24 Genetic innovation (the involvement of novel
genetic variants) in adulthood may explain the genetic
commonalities between adult internalizing disorders and
coronary artery disease. Alternatively, the lack of genetic
correlation between INToverall and coronary artery disease, as
Journal of the American Academy of Child & Adolescent Psychiatry
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well as age of menarche (which also genetically correlates with
adult depression), could be due to a lack of power. This is
indicated by the wide confidence intervals for some genetic
correlations (Figure 3), which can be a consequence of low
SNP heritability.

Focusing on childhood traits, as well as sharing high
genetic correlations with childhood-onset disorders ADHD
and ASD, internalizing symptoms were also highly correlated
with childhood aggression. The high correlations observed
across childhood traits indicate the presence of specific ge-
netic effects that are common between childhood disorders
within the neurodevelopmental spectrum. These shared ge-
netic effects could partially explain the high comorbidity
between psychiatric traits in childhood.48–50 In further
examining the association between childhood internalizing
symptoms and aggression, INToverall shared high genetic
correlations with overall and maternal-reported aggression,
but not with teacher or self report. On the other hand, self-
reported aggression and self-reported internalizing symp-
toms were highly correlated, whereas INTself did not share
robust associations with overall, teacher-reported, or
maternal-reported aggression. These patterns of rater-
stratified genetic correlations suggest that observed genetic
effects on childhood phenotypes can vary substantially
because of differences in the phenotype captured by different
raters, with the same set of raters showing the highest cor-
relation between traits.

The difficulty in identifying causal loci for early life
internalizing symptoms is not novel, and resembles the tra-
jectory of GWAS investigations of adult internalizing disor-
ders. GWAS studies of adult depression also made slow
progress because of limited sample sizes and heterogeneity.51–
53 As depression has several potential sources of heterogeneity,
including a diverse presentation of symptoms, large case-
control sample sizes were required to achieve success in iden-
tifying specific genomic loci.23,25 GWAS studies of anxiety
similarly saw increased success as sample sizes grew.24,54

Although the current study represents a substantial increase
in sample size in comparison to previous GWASs of childhood
internalizing phenotypes,15,16 the availability of childhood
samples is still insufficient to lead to successful “brute force”
GWASs such as those that are now available for adult inter-
nalizing disorders. Furthermore, in addition to heterogeneity
due to a broad symptomatology, our findings indicate that
GWAS investigations of childhood internalizing symptoms are
further disadvantaged by rater-based heterogeneous effects.
Unlike adult studies in which measurements are typically self
or clinician reports, childhood studies, particularly those
focusing on early childhood, rely heavily on parent and teacher
report, which act as an additional source of heterogeneity.
Rater-based differences in genetic correlations with external
Journal of the American Academy of Child & Adolescent Psychiatry
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traits have been discussed above. The current study also
observed varying estimates of SNP heritability in rater-
stratified analyses (Figure 2). Although these estimates did
not appear to be significantly different (likely because of
sample size limitations), the partial genetic correlation between
INToverall and INTself points to incomplete overlap in relevant
SNPs, indicating the presence of rater-specific genetic effects.
In addition, polygenic scores based on INToverall did not
predict self-reported internalizing symptoms in the NTR
cohort, which could also indicate heterogeneity between the
target and discovery traits.55 Rater-specific genetic effects and
rater disagreement on internalizing symptoms are noted in
previous research,56–59 and rater-based heterogeneity is also
reported in the GWAS of childhood aggression.34

Heterogeneous effects underlying childhood internal-
izing symptoms can be accounted for in multivariate GWAS
approaches, but our study shows that current childhood
samples seem unable to meet the power requirements of
these types of analyses. Another way of reducing heteroge-
neity and helping signal detection is to focus on diagnoses.
The case-control approach has proved to be more successful
than dimensional measures in adult studies of depression
and anxiety23,24 and overcomes the limitations of treating
symptom scales as continuous traits. However, diagnostic
data are currently not available for childhood phenotypes in
large enough samples. Instead, we expect that reducing
heterogeneity at phenotypic level will be key in paving the
way to success in future GWAS investigations in childhood
samples. This could be tackled by examining symptom-level
phenotypes or separating childhood anxiety and depression
into 2 distinct phenotypes. However, given the high genetic
correlation between internalizing symptoms and both adult
depression and anxiety, a more promising approach might
be to jointly study childhood anxiety and depression, while
eliminating heterogenous effects through factor analysis.
Factor analysis can be used to derive a stable phenotype that
captures the core behavior that multiple measurements (eg,
from different informants or at different time points) have
in common. This eliminates variability from rater, age, or
situational effects. Evidence from both twin and molecular
research shows that focusing on the common part of mul-
tiple assessments results in a more reliable phenotype that
shows higher heritability than that captured by individual
measurements separately.40,58,60,61 This way of managing
rater bias has broader applicability in genetic studies within
child psychiatry, but is dependent on the availability of
multiple informants on behavior at one time point.

The findings of this study should be interpreted in light
of several limitations. First, our multivariate GWAS
approach relied on the assumption that meta-analyzing
repeated measures of internalizing symptoms would
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increase power to detect genome-wide significant loci. This
expectation was based on the reasonably strong correla-
tions between measurements from different raters or at
different ages. Instead, the burden of heterogeneity within
childhood measurements amplified noise in the dataset.
Combined with sample size limitations, this resulted in
reduced statistical power, which is reflected in the low
SNP heritability and lack of genome-wide significant
findings. Second, the low estimate of SNP heritability in
this study can also partly be explained by the methods:
estimates of SNP heritability from summary statistics are
typically lower than estimates from raw genotypic data,
and potential overcorrection of biases in LDSC may have
led to more conservative estimates. Third, the analyses in
this study corrected for sex differences rather than inves-
tigating them through sex-differentiated analysis. We chose
this approach because current evidence suggests that sex
differences in genetic effects for psychiatric traits are either
absent or small.62 However, sex-differentiated analyses in
future work could provide insight into whether the in-
fluence of genetic factors on downstream biological pro-
cesses or interplay between genetic risk and social
environments can explain the different prevalence of
internalizing behaviors in males and females. Fourth, due
to the limited availability of diverse samples, the current
findings are restricted to individuals of white European
ancestry. An important goal for future GWASs is the
funding and inclusion of multi-ancestry cohorts to allow
better representation of diverse populations and to ensure
broader applicability of findings.

To conclude, in this large GWAS of childhood and
adolescent internalizing symptoms in population-based co-
horts, no individual loci with strong associations with the
outcome were detected. However, strong genetic correla-
tions with adult internalizing traits and childhood psychi-
atric traits indicate that there is signal buried in the noise.
Future GWAS success is likely to lie in reducing hetero-
geneity in childhood samples by focusing on a more stable
phenotype of internalizing symptoms.
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