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Objective: Genetic factors contribute to individual differ-
ences in behavior problems. In children, genome-wide as-
sociation studies (GWAS) have yielded the first suggestive
resultswhen aiming to identify genetic variants that explain
heritability, but the proportion of genetic variance that can
be attributed to common single nucleotide polymorphisms
(SNPs) remains to bedetermined, as only a few studies have
estimated SNP heritability, with diverging results.

Method: Genomic-relationship-matrix restricted maximum
likelihood (GREML) as implemented in the software
Genome-Wide Complex Trait Analysis (GCTA) was used
to estimate SNP heritability (SNP h2) for multiple pheno-
types within 4 broad domains of children’s behavioral
problems (attention-deficit/hyperactivity symptoms,
internalizing, externalizing, and pervasive developmental
problems) and cognitive function. We combined pheno-
type and genotype data from 2 independent, population-
based Dutch cohorts, yielding a total number of 1,495 to
3,175 of 3-, 7-, and 9-year-old children.
This article is discussed in an editorial by Drs. Philip Asherson and
Paul F. O’Reilly on page 702.
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Results: Significant SNP heritability estimates were
found for attention-deficit/hyperactivity symptoms (SNP
h2 ¼ 0.37–0.71), externalizing problems (SNP h2 ¼ 0.44),
and total problems (SNP h2 ¼ 0.18), rated by mother or
teacher. Sensitivity analyses with exclusion of extreme
cases and quantile normalization of the phenotype data
decreased SNP h2 as expected under genetic inheritance,
but they remained statistically significant for most
phenotypes.

Conclusion: We provide evidence of the influence of
common SNPs on child behavior problems in an ethni-
cally homogenous sample. These results support the
continuation of large GWAS collaborative efforts to
unravel the genetic basis of complex child behaviors.
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omplex behaviors are shaped by both genetic and
environmental influences,1,2 and numerous twin,
C family, and adoption studies have estimated signif-

icant contributions of genetic factors to individual differ-
ences in behavioral and psychiatric traits.3-5 In addition,
longitudinal population-based studies provide evidence of
the genetic stability of common behavioral problems
(e.g., anxiety and depression symptoms,6 attention prob-
lems7) across the lifespan, with higher heritability estimates in
childhood (e.g., for attention problems, heritability estimates
decreased from 0.70 in childhood to 0.40 in adulthood7).

In adult samples, genome-wide association studies
(GWAS) identified genes and pathways related to complex
traits.8,9 This approach has also yielded positive findings in
studies of important traits in children (e.g., birth weight10
and length11). For childhood psychiatric traits and problem
behaviors, successes have been limited,12-15 which can
probably be ascribed to the very modest sample sizes
in these studies.16 The relatively small or absent genetic
associations with complex traits of interest in GWAS12-15

may seem in contrast to the large heritability estimates
from twin and family studies but are indeed in line with
recent evidence that the small effect sizes of individual
SNPs may be responsible for the nonreplicability of these
associations.17 To assess whether GWAS of child behavior
problems can be expected to yield important findings
regarding biological pathways, we address the question of
what part of the heritability of childhood behavior problems
is captured by common (minor allele frequency >1%) single
nucleotide polymorphisms (SNPs) included in standard
genotyping arrays.

The genetic variance explained by genome-wide SNPs18

can be estimated by using the genetic similarity among
unrelated individuals as a predictor of their phenotypic
resemblance. When individual-level genotype data are
available, these can be used to obtain a measure of genetic
similarity between all possible pairs of (unrelated)
www.jaacap.org 737

http://www.jaacap.org


PAPPA et al.
individuals in the study. In a second step, this genetic
relatedness matrix (GRM) is used to predict the phenotype
similarity between individuals, just as the different simi-
larity of monozygotic (MZ) and dizygotic (DZ) twin pairs
predicts their different phenotype resemblances. This
approach has been implemented in the software package
Genome-Wide Complex Trait Analysis (GCTA).18 The
heritability estimates from GCTA (SNP h2) are commonly
considered an indicator of the upper limit of the variance
that can be explained by current GWAS efforts. Power
estimations have indicated that for quantitative traits, a
sample size of 3,000 individuals is required to detect an SNP
h2 of 0.30 with 80% power.19 Thus, large sample sizes are
required to reliably estimate the SNP heritability of complex
behavioral traits, which can imply the need to pool data
from multiple studies.

To date, few SNP heritability estimates are available for
behavioral problems in childhood. Some studies indicate
substantial additive genetic heritability of normative dif-
ferences in children’s social communication difficulties20

and in clinical cases of attention-deficit/hyperactivity
disorder (ADHD)21,22 and childhood-onset obsessive-
compulsive disorder (OCD).23 However, other studies
indicate modest, statistically nonsignificant SNP heritability
estimates for children’s internalizing problems,12 anxiety,24

and callous-unemotional (CU) traits13 in population-based
samples. A study from the Twins Early Development
Study (TEDS) indicated no significant SNP heritability for
parent-, teacher-, and self-reported behavioral problems
(i.e., attention problems, internalizing, and externalizing
problems) in contrast to cognitive and anthropomorphic
traits in a population-based sample (n ¼ 2,500) of 12-year-
old children.25

Here we focus on 4 domains of children’s behavioral
problems: attention deficit problems, externalizing, inter-
nalizing, and pervasive developmental problems. Genetic
influences on nonverbal cognitive abilities were also esti-
mated. To obtain sufficient power, we combined genotype
and phenotype data from 2 independent, population-based
Dutch cohorts: the Generation R Study (GEN-R) and the
Netherlands Twin Register (NTR). Genotyped SNP data
from both studies were used to construct a GRM.26 For both
studies, behavior problems of a total number of 1,495 to
3,175 of 3-, 7-, and 9-year-old children were rated by mothers
and/or teachers. We estimated the SNP heritability in each
of these traits, and we compared our findings to the SNP
heritability estimates previously reported.

METHOD
Participants
This study included data from children from 2 population-based
Dutch cohorts, GEN-R and NTR. GEN-R is a prospective cohort
based in Rotterdam. The characteristics of the study have been
previously described in detail.27 NTR is a nationwide longitudinal
sample of twins and their family members followed from birth
onward after voluntary registration.28 In both studies, parents gave
informed consent for participation and also to approach teachers of
the children. Study protocols were approved by the local ethics
committees.
738 www.jaacap.org
Measures
All phenotypes analyzed in this study have been described in detail
in previous publications of GEN-R and NTR, and twin-based heri-
tabilities in the Dutch population were reported for these traits
(see Table S1, available online).

Conners’ Parent Rating Scale. ADHD symptoms and related
comorbid symptoms were assessed using the Conners’ Parent
Rating Scale (CPRS-R)26 completed by the mothers. Four scales of
the CPRS-R were used: ADHD Combined; ADHD Inattentive;
ADHD Hyperactive-Impulsive; and Oppositional Defiant Disorder
(ODD) scale.

Child Behavior Checklist. We assessed child behavior problems
using the well-validated Child Behavior Checklist (CBCL),27

completed by the mother. Internalizing, externalizing, and total
problems were assessed using the appropriate CBCL syndrome
scales. For the CBCL Internalizing, Externalizing, and Total Prob-
lems scores, the GEN-R study used the CBCL for ages 1.5 to
5 years,28 and NTR used the CBCL for ages 6 to 18 years.29 In the
CBCL for ages 1.5 to 5 years, the Internalizing scale consists of
4 scales (Emotionally Reactive, Anxious/Depressed, Somatic
Complaints, and Withdrawn), and the Externalizing scale consists of
2 scales (Attention Problems and Aggressive Behavior). In the CBCL
for ages 6 to 18 years, the Internalizing scale consists of 3 scales
(Anxious/Depressed, Withdrawn/Depressed, and Somatic Com-
plaints), and the Externalizing scale consists of 2 scales (Rule-
Breaking Behavior and Aggressive Behavior). The Total Problems
score is computed by summing the ratings of all problem items
included in the CBCL. To avoid phenotypic heterogeneity in the
combined dataset due to differences in the items between the
2 CBCL versions, we selected only overlapping items to compute the
scores (see Table S2, available online).

We assessed pervasive developmental problems using the
Pervasive Developmental Disorder (PDD) subscale of the CBCL for
children 1.5 to 5 years.28 The PDD subscale has been shown to be a
valid screening tool for autism spectrum disorders (ASD).30

Teacher’s Rating Form. The Teacher’s Rating Form (TRF) for ages
6 to 18 years29 was used to assess attention problems (Attention
Problems scale) and behavioral problems (Externalizing scale), rated
by the teacher. We used the teachers’ ratings of externalizing and not
internalizing problems, since it has been previously shown that they
can better identify children with externalizing rather than internal-
izing problems.31 The teacher reports were also selected to assess
behavior in a different environment, and to avoid informant effects,
which could bias estimates of genetics contribution to common child
behavior problems.32,33

Nonverbal Cognitive Abilities. Nonverbal cognitive abilities were
assessed with the Snijder–Oomen Nonverbal Intelligence Test34

(SON-R 2.5–7 years) in the GEN-R study, and the nonverbal sub-
test of the Revised Amsterdam Children Intelligence Test35 (RAKIT)
in the NTR. Both measurements are well validated and correlate
substantially with the Wechsler Preschool and Primary Scale of
Intelligence–Revised (WPPSI-R)36 and the Wechsler Intelligence
Scale for Children (WISC).37 The nonverbal cognition scores in both
samples were transformed to mean ¼ 100 and SD ¼ 15.

Genotyping and Imputation
A total of 3,102 children from the GEN-R study and 2,826 children
from NTR, all of white ethnicity, were genotyped on Illumina
(660W, 610K) and Affymetrix 6.0 platforms, respectively. Because
the number of overlapping SNPs between platforms was small
(n w 120K), both cohorts were cross-platform imputed using
MaCH-Admix imputation software38 as described in Fedko et al.26

Cross-platform imputation supplies all participants from both
cohorts with genetic information from all SNPs genotyped on both
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platforms. To avoid population stratification between samples
due to genotyping platform, the Genome of the Netherlands
reference set39 was used to phase and subsequently impute
missing genotypes into both cohorts. The final dataset consisted of
5,928 individuals where each individual had information for
989,757 SNPs expressed in dosage scores. Postimputation quality
control (QC) was performed on imputed datasets to check and
control for possible residual imputation stratification due to
genotyping platform or true genetic differences between cohorts.
The overall imputation quality measure (R2) was high (mean ¼ 0.97,
median ¼ 0.99). Case-control analysis of the imputed sample, where
GEN-R children were assigned as participants and NTR children as
controls, showed 4,340 SNPs that were significantly different in
frequency (p < 10–5). These SNPs were excluded from further
analysis.
Genome-Wide Complex Trait Analysis (GCTA)
We built a GRM based on cross-platform imputed data using GCTA
version 1.20.40 Data for the GRMwas filtered based on the following
2 criteria: R2 > 0.8 to allow SNPs with high imputation quality; and
minor allele frequency > 0.01 to exclude SNPs with low minor allele
frequency. We performed principal components analysis (PCA)
on the resulting GRM to check for possible residual stratification
due to genotyping platform. We used the GREML (Genomic-
relatedness-matrix restricted maximum likelihood) method to
estimate SNP heritability in distantly related individuals from all
genotyped and imputed SNPs in the dataset. The convention
excludes those individuals whose genetic relatedness exceeds the
0.025 threshold in GRM, which corresponds to third- or fourth-
degree cousins. We applied such a cut-off while performing
GREML analysis, and 1 of each pair of closely related individuals
was excluded from analysis, resulting in a number range from 1,495
to 3,175 depending on phenotype (see Table S4, available online).
For all phenotypes, we included age and sex as covariates. We also
adjusted for the cohort of origin (GEN-R or NTR) to control for re-
sidual imputation stratification due to genotyping platform, true
genetic differences, and possible phenotype differences.
Statistical Analyses
In both GEN-R and NTR, nonresponse analysis indicated no dif-
ferences in the baseline characteristics of children whose assessment
of child behavior problems was not completed at ages 7 and 9 years.
As these are longitudinal studies, families are permitted to miss
participation for a particular survey, allowing them to participate
again in later surveys.41 To explore the effect of extreme cases, often
found in ratings of children’s behavior problems, we winsorized
phenotypes used in this study when it was required. If the corre-
sponding absolute z score was more than 3.29 for a phenotype, we
replaced the raw score with the less extreme value, that is, with the
next highest score plus 1 unit.42 In addition, we checked for possible
population stratification in combined dataset, adjusting for 10
principal components (PCs) in analysis of each scale.

Sensitivity analyses were also performed to explore the influence
of exclusion of extreme cases, skewness on SNP heritability esti-
mates, and the influence of study of origin. First, we estimated SNP
heritability by excluding extreme scores below or above 3 standard
deviations from the mean. If such cases represent extremes due to,
for example, measurement errors, we expect SNP heritability to
increase after exclusion of these cases. If, however, they represent
genuine outliers, we expect them also to be outliers for heritable
traits, and consequently the SNP heritability will decrease after
exclusion of these cases. Second, we transformed the data to
the quantile normalized scale, using the Van der Waerden
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transformation. This transformation reduces the extreme influence
that outliers could have by ranking them as low or high within a
normal distribution,43 although it results in some loss of phenotypic
information. In addition, we performed GCTA separately on the
2 participating studies (i.e., GEN-R and NTR) to explore possible
effects of the specific study. All transformations were conducted in
SPSS 21.0 software.44
RESULTS
Genotypic and Phenotypic Sample Characteristics
The sample characteristics of the children participating in
each study and in the combined dataset, before and after
exclusion of related individuals, are presented in Tables S3
and S4, available online. The distribution of age, sex, and
behavior problems did not significantly differ between the
2 studies.
Estimates of SNP Heritability
Table 1 summarizes the SNP heritability estimates using the
combined GRM, adjusting for age, sex, and sample of origin.
For the mother ratings of child problem behavior, estimates
were substantial and statistically significant for the ADHD
Combined scale (SNP h2 ¼ 0.40, SE ¼ 0.14, p ¼ .001), as well
as for the ADHD Inattentive scale (SNP h2 ¼ 0.37, SE ¼ 0.14,
p ¼ .003) and the Hyperactive-Impulsive scale (SNP h2 ¼ 0.45,
SE ¼ 0.14, p ¼ .0006), measured by the CPRS. We also found
significant SNP heritability estimates for the CBCL Total
Problems score (SNP h2 ¼ 0.18, SE ¼ 0.10, p ¼ .03).
For the teacher ratings, we obtained significant SNP herita-
bility estimates for both the Attention Problems scale (SNP
h2 ¼ 0.71, SE ¼ 0.22, p ¼ .0006) and the Externalizing scale
(SNP h2 ¼ 0.44, SE ¼ 0.22, p ¼ .03). No significant estimates
were found for the CPRS ODD scale, the CBCL PDD
subscale, the CBCL Internalizing and Externalizing scales,
and the nonverbal cognition. When 10 PCs were used as
covariates, we found nonsignificant difference in SNP heri-
tability estimates (1%–3% drop or 1%–2% increase, data not
shown) for all scales. The level of significance remained
the same, except for CBCL Total Problems score (p ¼ .07 and
p ¼ .03 with and without PCs adjustment, accordingly).
Sensitivity Analyses
To examine the influence of extreme cases on SNP herita-
bility estimates and to enable comparison with the TEDS
results25 that were based on deletion of extreme cases, we
also performed GCTA analyses excluding individuals above
or below 3 standard deviations from the mean. Overall, the
exclusion of extreme cases decreased the SNP heritability
estimates by almost half in most of the complex problem
behaviors, suggesting that these children are genuine
outliers and that their extreme phenotype values do not
represent measurement errors or other artifacts. Even
after removal of outliers, SNP heritability estimates for all
scales of CPRS (ADHD Combined, ADHD Inattentive,
ADHD Hyperactive-Impulsive, and ODD scale) were
still substantial. The CBCL Total Problems score and the
teacher-reported Attention Problems and Externalizing
www.jaacap.org 739
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TABLE 1 Single Nucleotide Polymorphisms (SNP) Heritability Estimates in Child Behavior Problems

Age (SD) SNP h2 SE 95% CIa n p

Parent Ratings
CPRS ADHD Combined scale 8.34 (0.7) 0.40 0.14 (0.13, 0.67) 2,262 <.01**
CPRS ADHD Inattentive scale 8.34 (0.7) 0.37 0.14 (0.10, 0.64) 2,264 <.01**
CPRS Hyperactive-Impulsive scale 8.34 (0.7) 0.45 0.14 (0.18, 0.72) 2,260 <.001***
CPRS ODD scale 8.34 (0.7) 0.20 0.14 (0.00, 0.47) 2,262 .07
CBCL Internalizing scale 6.57 (0.83) 0.12 0.10 (0.00, 0.32) 3,175 .11
CBCL Externalizing scale 6.57 (0.83) 0.12 0.10 (0.00, 0.32) 3,174 .13
CBCL Total Problems score 6.57 (0.83) 0.18 0.10 (0.00, 0.38) 3,175 <.05*
CBCL PDD subscale 3.15 (0.23) 0.16 0.11 (0.00, 0.33) 3,015 .07

Teacher Ratings
TRF Attention Problems scale 6.82 (2.35) 0.71 0.22 (0.28, 1.00) 1,495 <.001***
TRF Externalizing scale 6.82 (2.35) 0.44 0.22 (0.01, 0.87) 1,495 <.05*

Observational Ratings
Nonverbal cognition 6.14 (0.42) 0.11 0.16 (0.00, 0.42) 1,974 .23

Note: All analyses were performed with the combined genetic relatedness matrix and were adjusted for age, sex, and sample of origin (the Generation R Study or the
Netherlands Twin Register) on winsorized scores. ADHD ¼ attention-deficit/hyperactivity disorder; CBCL ¼ Child Behavior Checklist; CPRS ¼ Conners’ Parent Rating
Scale; ODD ¼ oppositional defiant disorder; PDD ¼ pervasive developmental disorder; SE ¼ standard error; TRF ¼ Teacher’s Rating Form.
aSNP heritability estimates are limited to (0.00-1.00).
*p < .05; **p < .01; ***p < .001.

PAPPA et al.
Problems also remained significant after exclusion of
extreme cases. The results are summarized in Table 2.

In addition, similar to the TEDS study,25 we performed
GCTA analyses on the quantile normalized scales, using the
Van der Waerden transformation to examine the potential
influence of skewness on SNP heritability estimates. The SNP
heritability with the transformed scales was similar to those
with untransformed scales, with substantial genetic effects
contributing to the ADHD Combined scale (SNP h2 ¼ 0.30,
SE ¼ 0.14, p ¼ .01), ADHD Inattentive scale (SNP h2 ¼ 0.30,
SE ¼ 0.14, p ¼ .01), and Hyperactivity-Impulsive scale (SNP
h2 ¼ 0.37, SE ¼ 0.14, p ¼ .004) rated by the mother using
the CPRS. Also, the CBCL PDD subscale (SNP h2 ¼ 0.18,
SE ¼ 0.11, p ¼ .05) and the teacher-reported Attention
Problems scale (SNP h2 ¼ 0.64, SE ¼ 0.22, p ¼ .002) and
Externalizing scale (SNP h2 ¼ 0.60, SE ¼ 0.22, p ¼ .004)
yielded significant SNP heritability estimates. The results are
summarized in Table S5, available online.

Finally, we also provide SNP heritability estimates of the
2 samples independently. As expected, the smaller NTR
sample shows estimates with larger SE values. Although
variable, the SNP heritability estimates of the 2 samples did
not differ significantly from each other. The results are
summarized in Table S6, available online.
DISCUSSION
The aim of this study was to provide estimates of SNP
heritability of normative differences in attention deficit
problems (measured at age 7 and 9 years), externalizing and
internalizing problems (measured at 7 years), pervasive
developmental problems (measured at 3 years), and
nonverbal cognitive function (measured at 7 years) in
population-based samples. Our study provides evidence of
740 www.jaacap.org
significant SNP heritability for attention-deficit/
hyperactivity problems, externalizing, and total problems,
rated by mother or teacher. We identified nonsignificant
SNP heritability estimates for pervasive developmental and
internalizing problems. These results are parallel to twin
heritabilities previously reported on the same phenotypes,
that is, higher twin heritabilities were associated with higher
SNP heritabilities. Sensitivity analyses showed that SNP
heritability estimates decreased but remained significant for
most phenotypes after exclusion of the extreme cases.

Previous studies on the heritability captured by common
SNPs have yielded significant SNP heritability estimates for
normative differences in autistic-like traits20,45 and in clinical
cases of childhood-onset OCD23 and ADHD.21,22 Quantifi-
able although nonsignificant SNP heritability has also been
reported for internalizing problems in population-based
samples of preschoolers.12 However, a recent TEDS study
by Trzaskowski et al.25 indicated no additive genetic effects
for common child behavior problems. This discrepancy may
be due to several factors. First, there are methodological
differences between the 2 studies. In the present study, we
removed ethnic outliers instead of correcting for them by
principal components. Moreover, we estimated heritability
with and without extreme cases, showing that in some
cases, treatment of outliers results in substantially different
findings. Extreme cases might be biologically significant
extremes, or they might constitute statistical outliers. Our
results indicate that extremes were more likely to be genetic
extremes rather than statistical outliers, and they suggest
that in the TEDS study,25 the exclusion of extreme cases may
have resulted in an underestimation of SNP heritability.46

Winsorizing the extreme cases instead of excluding them
may address the problem of extremely skewed distributions
while still retaining information for all participants. It should
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TABLE 2 Impact of Extreme Cases on Single Nucleotide Polymorphisms (SNP) Heritability Estimates in Child Behavior Problems

Age (SD) SNP h2 SE 95% CIa n p

Parent Ratings
CPRS ADHD Combined scale 8.34 (0.7) 0.22 0.14 (0.00, 0.49) 2,240 .05*
CPRS ADHD Inattentive scale 8.34 (0.7) 0.24 0.14 (0.00, 0.51) 2,229 <.05*
CPRS Hyperactive-Impulsive scale 8.34 (0.7) 0.33 0.15 (0.04, 0.62) 2,231 .01*
CPRS ODD scale 8.34 (0.7) 0.28 0.14 (0.01, 0.55) 2,246 <.05*
CBCL Internalizing scale 6.57 (0.83) 0.04 0.10 (0.00, 0.24) 3,139 .36
CBCL Externalizing scale 6.57 (0.83) 0.06 0.10 (0.00, 0.26) 3,136 .28
CBCL Total Problems score 6.57 (0.83) 0.16 0.10 (0.00, 0.36) 3,143 .05*
CBCL PDD subscale 3.15 (0.23) 0.14 0.11 (0.00, 0.36) 2,999 .10

Teacher Ratings
TRF Attention Problems scale 6.82 (2.35) 0.49 0.22 (0.06, 0.92) 1,470 .01*
TRF Externalizing scale 6.82 (2.35) 0.46 0.23 (0.01, 0.91) 1,463 <.05*

Observational Ratings
Nonverbal cognition 6.14 (0.42) 0.11 0.16 (0.00, 0.42) 1,968 .23

Note: In all analyses, statistical outliers (mean �3 SD) were excluded. All analyses were performed with the combined genetic relatedness matrix and were adjusted for
age, sex, and sample of origin (the Generation R Study or the Netherlands Twin Register). ADHD ¼ attention-deficit/hyperactivity disorder; CBCL ¼ Child Behavior
Checklist; CPRS ¼ Conners’ Parent Rating Scale; ODD ¼ oppositional defiant disorder; PDD ¼ pervasive developmental disorder; SE ¼ standard error;
TRF ¼ Teacher’s Rating Form.
aSNP heritability estimates are limited to (0.00e1.00).
*p < .05.

SNP HERITABILITY OF CHILDREN’S BEHAVIOR PROBLEMS
be noted, however, that even after exclusion of the extreme
cases, we found significant additive genetic heritability for
ADHD-related symptoms and children’s behavior problems.

Second, the 2 studies involve different samples. The
TEDS sample25 involved 12-year-old children, whereas in
our sample, we analyzed data on behavior problems at 3, 7,
and 9 years. Estimations of genetic effects may differ
developmentally, although the direction depends on the
phenotype of interest. For example, SNP heritability of
autistic-like traits was shown to be low (SNP h2 ¼ 0.24,
SE ¼ 0.07, n ¼ 5,204) but strongest in early childhood,20

whereas it increased from age 7 to 12 years in the case of
general cognitive ability.47 Previous twin studies have also
indicated an increase in the heritability for general cognitive
ability,48 as well as for nonverbal IQ49 from childhood to
adulthood. In line with the low heritability estimates in 5- to
6-year-old twins for nonverbal IQ, we found no significant
SNP heritability of nonverbal cognitive ability at 6 years in a
subsample of 1,974 unrelated individuals. Similarly, our
study indicated nonsignificant SNP heritability of pervasive
developmental problems in 3-year-old children (n ¼ 3,015).
Given the low overall heritability, larger samples may be
needed to estimate modest SNP heritability of nonverbal
cognition and pervasive developmental problems in early
childhood. The perception of genetic heritability as time/age
dependent50 could explain discrepancies between samples
and between measurements at different time points
(e.g., CBCL measures at 7 years and CPRS measures at 9
years), and suggests that SNP heritability estimates cannot
be easily generalized across age.

Third, SNP heritability, as an estimation of the fraction of
phenotypic variation explained by common SNPs, is
dependent on sample characteristics.51 Thus, as a population
property, SNP heritability estimates can differ between
JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 54 NUMBER 9 SEPTEMBER 2015
samples, both because the GRM differs between populations
and because environmental factors are different. Environ-
mental influences may play a more important role in a
sample derived from multiple, culturally diverse sites in the
United Kingdom, whereas genetic effects would be more
prominent in the geographically restricted and rather
homogeneous Dutch society in terms of socioeconomic
conditions. Parental reports of child problem behaviors
might be determined partly by subjective criteria for what
parents consider to be problem behavior, and these criteria
may be dependent on cultural norms or socioeconomic
circumstances such as crowding.52

In this study, we found nonsignificant SNP heritability
for parent-reported internalizing problems in 7-year-old
children. One reason for this finding could be the difficulty
in assessing internalizing symptoms in early childhood.
Internalizing symptoms are often not overtly expressed
in young children and thus not easily observed by the
parents.53 Another reason could be that since the prevalence
of internalizing symptoms typically increases in middle-to-
late adolescence,54,55 we are not yet able to identify all
children who will develop internalizing symptoms later in
life. The particularly high heterogeneity and the distinctive
genetic architecture of internalizing problems have also been
addressed in previous work.56

A limitation of this study is the sample size. GCTA power
calculations indicate that even with large sample sizes, the
SEs of the SNP heritability estimates are large.19 Thus, even
larger samples are needed to estimate modest additive
genetic effects. However, the sample size of the current
study is for most phenotypes comparable to the study of
Trzaskowski et al.,25 indicating that sample size is not
exclusively responsible for the discrepancies between
studies. A parameter inherent to most behavior problems
www.jaacap.org 741
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research is the skewed distribution of the phenotypes.
Nevertheless, sensitivity analyses with transformed distri-
butions and winsorized extreme cases did not reduce the
significant SNP heritability estimates to nonsignificance.
This study is based on data from 2 longitudinal studies
(GEN-R and NTR). Systematic attrition is a limitation
inherent to longitudinal studies,57 potentially leading to
selective dropout of high-risk individuals and thus to
underestimation of the heritability of common behavior
problems in children. However, previous research has
shown that psychopathology of the participants has a small
to moderate effect on attrition rates58,59 and that estimations
from longitudinal studies are robust and generalizable.60,61

Finally, the results of this study are derived from
population-based samples of children. Although it has been
shown that additive effects of hundreds of SNPs are
responsible for observed normal variation in most quanti-
tative traits,62 it is possible that the genetic architecture of
children diagnosed with severe behavior problems differs
from that of children in population-based samples (e.g.,
increased role of rare variants and de novo mutations).

In summary, this study provides molecular genetic evi-
dence of additive genetic influences on specific child
behavior problems in an ethnically and socioeconomically
homogeneous sample. SNP heritability for other common
behavior problems in children, or for the p factor as pro-
posed by Caspi et al.,63 remains to be estimated. SNP heri-
tability estimates may be influenced by diversity in
socioeconomic environment, developmental stage, and
study design, arguing for approaches that model gene-
by-environment interactions, developmental information,
and possibly data from population-based and clinical
samples in GCTA research. Our results provide support for
and encourage the continuation of GWAS efforts by genetics
consortia focusing on complex behavioral traits in search of
elusive heritability. &
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