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The American Psychiatric Association estimates that 3 to 7 per
cent of all school aged children are diagnosed with attention
deficit hyperactivity disorder (ADHD). Even after correcting for
general cognitive ability, numerous studies report a negative
association between ADHD and educational achievement. With
polygenic scores we examined whether genetic variants that have
a positive influence on educational attainment have a protective
effect against ADHD. The effect sizes from a large GWA meta-
analysis of educational attainment in adults were used to calcu-
late polygenic scores in an independent sample of 12-year-old
children from the Netherlands Twin Register. Linear mixed
models showed that the polygenic scores significantly predicted
educational achievement, school performance, ADHD symp-
toms and attention problems in children. These results confirm
the genetic overlap between ADHD and educational achieve-
ment, indicating that one way to gain insight into genetic
variants responsible for variation in ADHD is to include data
on educational achievement, which are available at a larger scale.
© 2014 Wiley Periodicals, Inc.

Key words: polygenic scores; genetics; ADHD; educational
achievement; school performance

INTRODUCTION

The American Psychiatric Association (APA) estimates that 3 to 7
per cent of all school aged children are diagnosed with attention
deficit hyperactivity disorder (ADHD) [APA, 2000]. These children
have difficulties with inattention, impulsivity and/or hyperactivity
interfering with their daily functioning. Children with ADHD have,
on average, lower general cognitive ability than controls [Frazier
et al., 2004]. At school, they are more likely to repeat a grade and
are more often referred to specialized education [Biederman
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etal,, 1996]. In addition, lower educational attainment is negatively
related to numerous outcomes, including earnings [Julian and
Kominski, 2011] and health [Mackenbach et al., 1997]. The phe-
notypic association between ADHD and general cognitive ability
and ADHD and educational achievement is estimated to be around
—0.30 [Kuntsi et al., 2004; Polderman et al., 2010]. This correlation
is also shown longitudinally, attention problems assessed at an
earlier age predicted lower general cognitive ability and educational
achievement years later [Polderman et al., 2006, 2010]. Twin and
family studies showed that a substantial part of the (longitudinal)
associations seems to be due to shared genetic influences [Kuntsi
et al., 2004; Saudino and Plomin, 2007; Polderman et al., 2006].
However, there are no studies that examined at the genotype level
whether ADHD and educational achievement share the same
common genetic variants.

ADHD in children is approximately 75 per cent heritable
[Faraone et al., 2005] and several candidate genes have been
identified [Neale et al., 2010a, 2010b; Mick et al., 2010; Stergiakouli
etal., 2012], but the largest meta-analysis of genome-wide associa-
tion (GWA) studies with 2,064 trios, 896 cases and 2,455 controls
has notled to the discovery of causal genetic variants associated with
ADHD [Neale et al., 2008]. One of the explanations is that ADHD is
a highly complex disorder caused by many common genetic
variants with small effects. The non-significant single nucleotide
polymorphisms (SNPs) probably captured relevant genetic varia-
tion, but sample sizes have not been large enough to detect these
small effects [Neale et al., 2010b; Flint and Munafo, 2013]. The same
is true for educational achievement. It is a trait which is heritable,
with heritability estimates of 60—70 per cent in children in current
Western society [Bartels et al., 2002; Kovas et al., 2007], with a
substantial phenotypic and genetic correlation with general cogni-
tive ability [Bartels et al., 2002], and approximately 40 per cent in
adults [Rietveld et al., 2013]. A large GWA study of educational
attainment (126,559 adult individuals) revealed genome-wide sig-
nificant associated genetic variants with a largest estimated effect
of 0.02 per cent [Rietveld et al., 2013]. In an additional analysis,
Rietveld et al. [2013] combined the effect of all genetic variants,
including non-significant variants, and explained approximately 20
per cent of the variance in educational attainment, indicating that
educational attainment too is a very polygenic phenotype.

By using polygenic scores the information from non-significant
genetic variants can be used to test whether these genetic variants
with small effects may actually explain a part of the variance
[International Schizophrenia Consortium, 2009]. Polygenic scores
also allow for exploration of the underlying etiology of the associa-
tion between two phenotypes, such as, ADHD and educational
achievement. Here, it is expected that genetic variants associated
with one phenotype, will explain part of the variance in the other
phenotype. Recently, this method was applied by Lencz et al. [2014],
who compared polygenic scores, consisting of genetic variants
related to general cognitive ability, between schizophrenic patients
and controls, showing that the schizophrenic group had lower
polygenic scores than the control group, This suggests that some of
the genetic variants are involved in both general cognitive ability
and schizophrenia. No study has yet used polygenic scores to
determine whether the same common genetic variants underlie
both ADHD and educational achievement.
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The expression of the genotype of an individual may depend on
age, with different genes influencing a phenotype in adults and
children. General cognitive ability becomes more heritable over
time although the influencing genes remain relatively stable
[Haworth et al., 2010; Deary et al., 2012; Franic et al., 2014]. In
childhood, there is a large overlap between genes that have an
influence on educational achievement at the start of primary school
and genes that are influencing the trait at the end of primary school
[Kovas et al., 2007]. However, less is known about the genetic
stability of educational achievement from childhood into adult-
hood. Therefore, we first determined whether the same genetic
variants contribute to educational attainment in adults and educa-
tional achievement and school performance in children. In the
present study, polygenic scores, based on the effect sizes from the
meta-analysis of educational attainment by Rietveld et al. [2013],
were calculated for children of primary school age and used to
explore the association between educational achievement and
ADHD symptoms and attention problems.

The Netherlands Twin Register (NTR), established around 1987 by
the Department of Biological Psychology at the VU University
Amsterdam, registers approximately 40 per cent of all multiple
births in the Netherlands [Boomsma et al., 2006; van Beijsterveldt
et al., 2013]. The parents of the twins receive a survey about the
development of their children every two years until the twins are
12 years old. Since 1999, at age 7, 9 and 12, when the twins attend
primary school, parents are asked for their consent for the NTR to
approach the teacher(s) of their children with a survey. Genotypes
and data for educational achievement, school performance, ADHD
symptoms and/or attention problems at age 12 were available for
2133 children. Data were excluded if a child had a non-European
ancestry (N =106) or had a disease or handicap that interfered
severely with daily functioning (N = 38). The ancestry was deter-
mined on the basis of a child’s genotype data by using the 1000
Genomes dataset as a reference and was confirmed by the data on
birth country of the parents of the child. Eight principal compo-
nents of the 1000 Genomes cluster the European populations
together and a child was labeled non-Dutch ancestry when
the child was an outlier on one of these principal components
[Abdellaoui et al., 2013]. This resulted in a total sample of 1,989
12-year-old children with genotype data. The children belonged
to 1,030 families.

Educational achievement was assessed by a score on a national
standardized test of educational achievement, which is adminis-
tered in the last grade of primary school at approximately 80 per
cent ofall schools in the Netherlands [ CITO, 2002]. The test consists
of multiple choice items in four different subjects, namely Arith-
metic, Language, Study Skills and Science and Social Studies. The
first three subscales are combined into a Total Score, which is
standardized on a scale between 500 and 550. Due to the fact that the
Total Score of the educational achievement test has also been
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collected in other surveys send to the parents, teacher and the
children themselves, there are more data available for the Total
Score than for the subscales. School performance was assessed by
teacher ratings of three educational domains, namely Arithmetic,
Language and Reading, with two versions of the teacher survey. In
the first version (birth cohorts 1989-1993), teachers could choose
up to six educational domains and rate the proficiency of the
students on a five-point scale from 1 (insufficient) to 5 ((very)
good). In the second version (birth cohorts 1994-2000), teachers
rated the proficiency of the students in four predefined educational
domains on the same five-point scale. Due to the free choice in the
first version of the survey, the sample size for the teacher ratings
differs across educational domains.

Attention Problems (AP) were assessed, by teachers, with the
Teacher Report Form (TRF) and, by mothers, with the Child
Behavioral Check List (CBCL) [Achenbach, 1991]. The TRF AP
scale consists of 20 items rated on a 3 point scale from 0 (not at all or
never) to 2 (very true or often). The CBCL AP scale consists of 10
items, which overlap with the TRFAP scale. ADHD symptoms were
assessed, by teachers, with the ADHD index of the short version of
the Conners’ Teacher Rating Scales - Revised (CTRS-R) and, by
mothers, with the ADHD index of the short version of the Conners’
Parent Rating Scales - Revised (CPRS-R) [Conners et al., 1998].
Both scales consist of 12 items, of which 6 overlap, rated on a 4 point
scale from 0 (not true or never) to 3 (completely true or very often).
Sum scores were computed when subjects had no or a limited
number of missing items on a scale (no more than two for ADHD
symptoms and mother-rated AP and no more than three for
teacher-rated AP). A missing item on a scale was imputed by taking
the rounded average of the scale for that child.

Discovery sample. The GWA meta-analysis on educational
attainment conducted in a discovery sample of 126,559 individuals
is described in Rietveld et al. [2013]. Educational attainment was
analyzed as a quantitative measure defined as an individual’s total
years of schooling (EduYears) and as a binary measure defined as
whether or not an individual had a college degree (College). The
GWA meta-analysis discovery sample included adult NTR partic-
ipants, who could be related to the children in the sample used in the
present study. Therefore, the meta-analysis was carried out again and
effect sizes were estimated based on a sample without the NTR
individuals.

Target sample. Selection of NTR samples for genotyping gave
preference to samples which were collected in unselected groups of
children who participated in cognition studies [Polderman
et al., 2006; Hoekstra et al., 2007], in MRI projects [van Soelen
et al., 2012], and in a study of blood group chimerism [van Dijk
et al,, 1996]. Approximately one third of the children took part in a
study [Derks et al., 2008] that selected children for the presence or
absence of high AP/ADHD symptom scores. Children with longitu-
dinal DNA samples, or whose parents could be genotyped, also were
included [Scheet et al., 2012]. The remaining samples were selected
based on the availability of longitudinal phenotype data collected in
NTR survey studies. There were no significant differences for educa-
tional achievement, school performance, attention problems and
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ADHD symptoms between the genotyped group (N =1989) and
the group of children without genotype data (N = 16581).

NTR individuals were genotyped on Illumina and Affymetrix 6.0
platforms. Data were phased using Mach 1.0 and genotype impu-
tation was performed on a larger sample with Minimac using the
1000 Genome Phase I Integrated Release Version 3 Haplotypes
(b37, HG19). For the quality control (QC) of the single nucleotide
polymorphisms (SNP), criteria were a Hardy-Weinberg equilibri-
um (HWE) P-value > 0.00001, minor allele frequency (MAF)
>0.01, call rate >0.95, Mendel error rate <0.02 and allele frequency
difference with reference <0.20 and, for C/G and A/T, SNPs were
only included with a MAF <0.35. For the QC of the samples, criteria
were a missing rate <0.10, heterozygosity —0.10 < F <0.10, con-
sistency between reported gender and sex chromosome genotypes,
consistency of expected and observed family relatedness between
samples and Mendelian error rate <0.02.

The SNPs were clumped using the linkage disequilibrium (LD)
based result clumping procedure in Plink [Purcell et al., 2007]. All
SNPs were included with the default settings of a LD threshold
based on a R* of 0.50 and a distance threshold of 250 kb to ensure
that only nearly independent SNPs were included in the calculation
of the polygenic scores. Only SNPs overlapping between the
discovery and the target sample were included in the clumping
procedure. The remaining criteria for the SNPs were a MAF >0.01,
an info score >0.40 in both the discovery and the target sample, a
difference in the frequency of the reported minor alleles <0.15, and,
for C/G and A/T SNPs, a MAF <0.35. The clumping procedure led
to a total number of 343,388 and 352,397 SNPs for the calculation of
the polygenic scores based on, respectively, EduYears and College.

The polygenic scores were then calculated in the Plink program
[Purcell et al., 2007] for each individual by multiplying the number
of observed effect alleles with the effect size found in the meta-
analysis and summed over all SNPs [International Schizophrenia
Consortium, 2009]. The effect size of a SNP was calculated by
multiplying the METAL [Willer et al., 2010] z-statistic with the
square root of twice the MAF times the major allele frequency
[Rietveld et al., 2013]. For each individual, two polygenic scores
were calculated; one based on the effect sizes for EduYears and the
other on those for College. The polygenic scores were calculated for
different subsets of SNPs, selected on the bases of their p-value in the
discovery sample, with thresholds of 5x 10%, 1 x 10>, 0.001,
0.01, 0.05, 0.1, 0.5 and 1.0.

Educational achievement, school performance, AP and ADHD
symptoms were regressed on the EduYears and College polygenic
scores in linear mixed models using the Statistical Package for the
Social Sciences (SPSS 20) [IBM, 2011]. For each analysis, the
predictor and the outcome measure were standardized within
each subset of children with data available on both. To correct
for dependency of the observations due to family clustering an
additive genetic variance component was included as a random
effect based on the family pedigree and dependent on zygosity.
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Covariates included in the analyses were gender, three principal
components, reflecting ancestry differences within the Dutch pop-
ulation, six principal components, reflecting ancestry differences
based on the 1000 Genomes project, one principal component,
correcting for a possible batch effect and a number of dummy
variables to indicate the specific subset in which individuals were
genotyped, to correct for differences in genotyping quality across
sets [Abdellaoui et al., 2013]. The amount of variance (R?)
explained by the polygenic scores was calculated by squaring the
standardized regression coefficient. The total number of indepen-
dent dimensions in the outcome data was extracted from the
correlation matrix of the phenotypes with the MatSpD program
developed by Nyholt [2004]. The phenotypes contained 7 inde-
pendent dimensions [Li and Ji, 2005] and therefore a P-value of
0.007 (0.05/7) was considered significant.

First, it was tested whether the polygenic scores based on educa-
tional attainment, as obtained in an adult sample, predicted edu-
cational achievement and school performance in children. Both
genotype and phenotype data were available for educational
achievement in Arithmetic (N= 745, Mean =59.5, SD =27.2),
Language (N=746, Mean=58.7, SD=27.2), Study Skills
(N=744, Mean=61.0, SD =26.4), Science and Social Studies
(N=662, Mean=57.5, SD=27.8) and the Total Score
(N=1365, Mean = 537.7, SD = 8.4) and for school performance
in Arithmetic (N=901, Mean=3.83, SD=1.13), Language
(N=2847, Mean = 3.84, SD = 0.97) and Reading (N =470, Mean
=3.79, SD =1.08). The standardized regression coefficients are
reported in Table I. The results are given for the polygenic scores
based on years of education (EduYears) and for completion of
College (College). The polygenic scores significantly predicted
educational achievement and school performance at certain thresh-
olds. All significant effects were in the expected direction. Polygenic
scores, related to years of education and completion college,
predicted higher scores on the educational achievement test and
higher ratings for school performance. The highest proportion of
variance explained by the EduYears (Fig. 1) and College (Fig. 2)
polygenic scores was at different thresholds (pt) for educational
achievement in Arithmetic (EduYears: R°=0.012, P=0.006 at
pr=0.5; College: R°=0.021, P=3x10"* at py=1x10"),
Language (EduYears: R =0.021, P=4 x 10~ *.at py= 1.0; College:
R°=0.028, P=8x 107> at p;=1.0), Study Skills (EduYears:
R°=0.016, P=0.002 at p;y=0.5; College: R°=0.017, P=0.002
at pr=1.0), Science and Social Studies (EduYears: R?=0.006,
P=0.060 at pr=1.0; College: R°=0.013, P=0.008 at pr=0.1)
and the Total Score (EduYears: RZ=0.024, P=4 x 10~ at pr=
0.5; College: R°=0.022, P=9 x 10”7 at py=1.0) and for school
performance on Arithmetic (EduYears: R*=0.025, P=2 x 10~ at
pr=0.1; College: R”=0.027, P=1 x 10> at p;=0.5), Language
(EduYears: R°=0.033, P=2x 10"® at py=1.0; College: R°=
0.025, P=4x 10" at p;=0.5) and Reading (EduYears: R’=
0.031, P=4x 10" * at py=1.0; College: R°=0.042, P=1 x 10~ * at
pr=10.05).

Both genotype and phenotype data were available for AP
(N=1028, Mean =4.63, SD =5.71) and ADHD index (N =583,
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Mean =3.92, SD =5.78) rated by teachers and AP (N=1856,
Mean=2.72, SD=2.99) and ADHD index (N=1164, Mean
= 6.48, SD = 6.91) rated by mothers. The polygenic scores, based
on EduYears and College, significantly predicted the score of the
ADHD index at certain p-value thresholds (Table I). All significant
effects were in the expected direction. Higher polygenic scores
were associated with a lower score on the ADHD index, especially
for the larger sample of mother ratings. For AP, the effects were
less clear. There was only one polygenic score, based on College at
the threshold of suggestive genome-wide significance, for AP
rated by teachers. The highest proportion of variance explained
by the EduYears (Fig. 1) and College (Fig. 2) polygenic scores was
at different thresholds (pr) for teacher-rated AP (EduYears:
R®=0.006, P=0.022 at pr-= 0.1; College: R°=0.014, p=5 x 10~*
at pr=1x10") and ADHD index (EduYears: R’=0.011,
P=0.016 at p;=0.1; College: R*=0.021, P=0.002 at py=0.001)
and for mother-rated AP (EduYears: R°=0.002, P=0.098 at Pr
= 1.0; College: R*=0.005, P=0.010 at py=1 x 10~ >) and ADHD
index (EduYears: R°=0.014, P=2x 107" at pr=0.1; College:
R’=0.009, p=0.003 at py=1x 107).

To investigate whether the non-normality of the school perfor-
mance and ADHD phenotypes influenced the results, all analyses
for school performance, attention problems and ADHD symptoms
were also conducted after normalizing the data in PRELIS [Jéreskog
and S6bom, 2002]. PRELIS transforms the data by fitting an inverse
normal density function to the ranked data. This normalization did
not alter the results of the polygenic score analyses. Almost exactly
the same pattern of significant regression coefficients was observed
(results are available upon request from the first author).

Up to ~3 per cent of the variance in educational achievement and
up to ~4 per cent of school performance in children was explained
by the polygenic scores that were based on educational attainment
in adults. The polygenic scores predicted, in general, educational
achievement in children to the same extent as educational attain-
ment in adults [Rietveld et al., 2013]. This finding is consistent with
numerous results from the genetics literature on general cognitive
ability, in which the involvement of the same genetic variants is
found in childhood and adulthood [Hoekstra et al., 2007; Haworth
etal.,2010; FraniCetal.,2014]. The current study suggests that thisis
also true for educational achievement, as polygenic scores based on
a general measure of educational attainment obtained in adults
predicted children’s performance across a number of educational
domains.

This is the first study that demonstrated genetic associations
between ADHD and educational achievement using polygenic
scores. The polygenic scores, representing educational attainment
in adults, explained up to ~2 per cent of the variance in attention
problems and ADHD symptoms in 12-year-olds, indicating that
some of the genetic variants that have a positive influence on
educational attainment have a protective effect against ADHD.
This confirms, at the measured genotype level, the existence of
shared genetic effects accounting for the negative association
between ADHD and educational achievement, previously found
in twin research [Saudino and Plomin, 2007; Polderman
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FIG. 1. The proportion of variance explained [RZ] in Educational Achievement, School Performance and Attention Problems (AP)/ADHD
symptoms by the polygenic scores based on the clumped results for years of education (EduYears) calculated for different p-value
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etal.,2010]. This finding implies that at least some of the knowledge
obtained with molecular genetic studies towards educational
achievement can be used in research towards ADHD.

On the bases of the findings from the polygenic score analyses we
cannot establish whether the observed effects of the genetic variants
on both educational achievement and ADHD are direct or indirect.
It could be that shared underlying biological mechanisms are the
cause of the association between educational achievement and
ADHD symptoms. When there is pleiotropy some of the genetic
variants have a true direct biological influence on both phenotypes.
For example, a number of molecular genetic studies demonstrated
that there are some genetic variants on chromosome 6, 13 and 14
that have an effect on both reading disability and ADHD [Willcutt
et al., 2002; Gayan et al., 2005]. The pleiotropic effect of a genetic
variant can occur when a gene is involved in multiple biological
pathways or the same biological pathway has different effects on the
associated phenotypes [Solovieff et al., 2013]. For example, dys-
function in the dopaminergic pathway has been implicated in the
development of ADHD and this pathway has also been associated
with cognitive function [Nieoullon, 2002]. Alternatively, it may be
that the genetic association appears because there are genetic
variants influencing ADHD and, being genetically predisposed
to ADHD makes it harder to concentrate at school, leading to
lower educational achievement. Or, the other way around, children
who have problems keeping up in school display, perhaps out of
boredom and frustration, ADHD symptoms. The latter hypothesis
seems to be refuted by findings from earlier studies that demon-
strated that ADHD symptoms measured before children attended
primary school are already associated with lower educational
achievement years later [McGee et al., 1991; Fantuzzo et al., 2003].

The association between the polygenic scores and ADHD symp-
toms depended on the measurement instrument and rater. The
effects were more strongly related, especially for the mother ratings,
to the ADHD index of the CTRS-R/CPRS-R and not to the AP scale
of the TRF/CBCL. One possible explanation is that the items of the
AP scales are less school-oriented and include items less related to
ADHD symptoms as described in the DSM than the ADHD index
[Achenbach, 1991; Conners et al., 1998; APA, 2000].

The proportion of variance explained by the polygenic scores is
small. According to a series of power analyses, this is as expected
given the small effects of the individual genetic variants attributed
to the complexity of the phenotypes [Dudbridge, 2013]. It is also
consistent with findings in similar studies using polygenic scores to
predict other complex phenotypes, for example, schizophrenia
[International Schizophrenia Consortium, 2009] and intelligence
[Davies et al., 2011]. Due to the highly polygenic nature of these
phenotypes, the effects of the genetic variants are small and the
standard errors of the estimates of the effect sizes are relatively large,
limiting the predictive power of the polygenic score. Furthermore,
the idea behind polygenic scores is that all genetic variants, also the
ones that are not robustly associated with the phenotype, are
included in the prediction, resulting in a majority of genetic variants
without a true effect.

To conclude, the findings of shared genetic variants between
educational achievement and ADHD may lead to new possibilities
in the research towards ADHD. Larger sample sizes to identify
genetic variants influencing ADHD might be within reach, since
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data on educational achievement are already available at a larger
scale for participants with genotype data as well as easier to collect
than ADHD data.
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