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Objective: Although attention deficit

hyperactivity disorder (ADHD) is highly

heritable, genome-wide association studies

(GWAS) have not yet identified any common

genetic variants that contribute to risk.

There is evidence that aggression or con-

duct disorder in children with ADHD in-

dexes higher genetic loading and clinical

severity. The authors examine whether

common genetic variants considered en

masse as polygenic scores for ADHD are

especially enriched in children with co-

morbid conduct disorder.

Method: Polygenic scores derived from

an ADHD GWAS meta-analysis were cal-

culated in an independent ADHD sam-

ple (452 case subjects, 5,081 comparison

subjects). Multivariate logistic regression

analyses were employed to compare

polygenic scores in the ADHD and com-

parison groups and test for higher scores

in ADHD case subjects with comorbid

conduct disorder relative to comparison

subjects and relative to those without

comorbid conduct disorder. Association

with symptom scores was tested using

linear regression.

Results: Polygenic risk for ADHD, de-

rived from the meta-analysis, was higher

in the independent ADHD group than

in the comparison group. Polygenic score

was significantly higher in ADHD case

subjects with conduct disorder relative

to ADHD case subjects without conduct

disorder. ADHD polygenic score showed

significant association with comorbid

conduct disorder symptoms. This rela-

tionship was explained by the aggression

items.

Conclusions: Common genetic variation

is relevant to ADHD, especially in indi-

viduals with comorbid aggression. The

findings suggest that the previously pub-

lished ADHD GWAS meta-analysis contains

weak but true associations with common

variants, support for which falls below

genome-wide significance levels. The

findings also highlight the fact that ag-

gression in ADHD indexes genetic as well

as clinical severity.

(Am J Psychiatry 2013; 170:909–916)
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Attention deficit hyperactivity disorder (ADHD) is

a highly heritable early-onset neurodevelopmental disor-

der, with marked clinical heterogeneity, affecting males

more often than females (1–3). It has a complex genetic

architecture, as is the case for most common psychiatric

disorders. Although associated rare variants have been

identified (4–7), the general view is that the most satis-

factory explanatory model of inheritance is a multifactorial,

polygenic liability threshold one in which the combined

effects of multiple common genetic variants with environ-

mental factors contribute to ADHD risk.

With respect to common risk variants, there are no

genome-wide significant findings for ADHD (8, 9). Al-

though it has been proposed that this simply reflects

inadequate sample sizes (5, 10), others suggest that the

lack of findings is a consequence of psychiatric disorders

(including ADHD) being explainedmainly or solely by rare

high-penetrance variants (11). So far, for ADHD, rare

variants in the form of copy number variants (CNVs) have

been found to be associated (4–7), and studies have shown

that other classes of rare mutations make some contri-

bution to autism spectrum disorder (ASD) (12–14), an-

other childhood-onset disorder that strongly overlaps with

ADHD (15). While the issue of the relative contributions of

common and rare variants is far from being empirically

resolved, pathway-analytic approaches have shown that

not only do both contribute to ADHD, but they tend to act

on similar functional classes of genes (5, 16).

Given a contribution from both common and rare alleles

(and presumably also alleles with intermediate frequencies),

the multifactorial, polygenic liability threshold model pre-

dicts that forms of the disorder in groups of people less often

affected (e.g., ADHD in females) orwithmore severe forms of

the disorder should carry a greater genetic load, including

greater enrichment of ADHD common risk alleles.

The presence of conduct disorder in youths with ADHD

is known to index greater clinical severity (17). Twin and

family studies have also shown that in children with

ADHD, the presence of conduct disorder symptoms

indexes higher ADHD familial and genetic loading

(18–22). For example, the relative risk for ADHD in bio-

logical relatives of probands who have ADHD with

comorbid conduct disorder (relative risk=9.5) is almost

double that of relatives of probands with ADHD alone

(relative risk=5.4) (18). These studies suggest that in

ADHD, the presence of conduct disorder likely indexes

greater genetic load. Previously, it has only been possible

to infer this indirectly by measuring recurrence rates in

various classes of relatives, but recent developments now

allow the component attributable to relatively common

alleles to be estimated using genome-wide molecular ge-

netic data in the form of polygenic load (23–25). In the

present study, we used ADHD polygenic risk scores de-

rived from the largest published genome-wide association

meta-analysis (8) to test in an independent sample whether

ADHDaccompaniedby conduct disorder is characterized by

greater enrichment of ADHD “risk alleles.” We also in-

vestigated the relationship between polygenic score and

conduct disorder symptoms.

Method

Study Subjects

Participants for what we term in this study the “Cardiff

sample” were recruited from child and adolescent mental health

services or community pediatric outpatient clinics in the United

Kingdom. The sample of 452 children met criteria for a lifetime

DSM-III-R or DSM-IV diagnosis of ADHD, confirmed by a re-

search diagnostic assessment (26). Children with bipolar dis-

order, schizophrenia, ASD, Tourette’s syndrome, an IQ ,70

(assessed using the WISC-III or WISC-IV) (27, 28), epilepsy, or any

other neurological or genetic disorder were excluded. Written

informed consent from parents and assent or consent from

children was obtained for all participants. The study protocol was

approved by North-West England and Wales Multicentre Re-

search Ethics Committees.

The comparison sample comprised 5,081 individuals from the

Wellcome Trust Case Control Consortium–Phase 2.

Clinical Measures

For the Cardiff sample, ADHD diagnoses were confirmed using

the Child and Adolescent Psychiatric Assessment (26), a research

diagnostic interview undertaken with the child’s parents. Inter-

views were conducted by trained psychologists who were

supervised weekly by a child psychiatrist and a psychologist.

Interrater reliability for diagnosis of ADHD subtype, assessed

using 60 cases, was excellent (kappa=1.0). Information on symp-

tom pervasiveness and impairment in school was obtained using

the Child ADHD Teacher Telephone Interview (29) or the DuPaul

(30) or Conners teacher rating scales (31).

The Child and Adolescent Psychiatric Assessment was also

used to assess comorbid psychiatric disorders. Interrater reli-

ability for parent-rated conduct disorder symptoms was very

good (intraclass correlation=0.98). Summed scores for total

number of DSM-IV conduct disorder symptoms were obtained

in addition to diagnoses. In line with previous studies and factor

analyses (32, 33), total counts for aggressive symptoms (DSM-IV

conduct disorder criteria labeled as “aggression to people and

animals”) and covert symptoms (DSM-IV conduct disorder crite-

ria labeled as “destruction of property” or “deceitfulness or theft”)

were generated. (For a full list of DSM-IV aggressive and covert

conduct disorder symptoms, see the data supplement that accom-

panies the online edition of this article.)

Genotyping

DNA was obtained through saliva and blood samples. Ge-

notyping for cases was performed on the Illumina (San Diego)

Human660W-Quad BeadChip. Genotyping for comparison sub-

jects was performed using the Illumina Human 1.2M BeadChip.

The samples, quality control assessment, and genome-wide as-

sociation study results have been described in detail previously (5).

Data Used to Derive ADHD Polygenic Risk Scores

We used the international meta-analysis of ADHD versus

control data, described in detail elsewhere (8). This data set

contains data for 2,064 trios, 896 case subjects, 2,455 comparison

individuals, and 1,206,461 single-nucleotide polymorphisms

(SNPs). Case subjects were assessed with the same inclusion

criteria and by methods similar to those used in the Cardiff study.
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A total of 54 individuals with ADHD were removed from the

Cardiff sample because they had been included in the meta-

analysis (8). The comparison groups did not overlap.

Polygenic Analysis

We used the analytic approach described by the International

Schizophrenia Consortium (25) with the published meta-analysis

of ADHD (8) as the discovery data set and Cardiff sample ADHD

data as the target set. Each individual in the target set was

assigned a polygenic score based on information in the discovery

set. We made comparisons between ADHD case subjects (with

and without conduct disorder) and comparison subjects to

determine whether the ADHD-derived polygenic scores were

significantly different. As comorbid conduct disorder indexes

higher ADHD familial loading, our key aim was to test whether

polygenic scores for ADHD were higher in ADHD case subjects

with conduct disorder compared to those without.

We first selected a set of SNPs in relative linkage equilibrium in

our ADHD and comparison samples using a sliding window of

200 SNPs, moving it along the genome in steps of five SNPs and

dropping a SNP when the pairwise estimate of linkage disequi-

librium (r2) was greater than 0.2 (PLINK command:–indep-

pairwise 200 5 0.2) (34). In the discovery meta-analysis data set,

we identified corresponding p values and associated alleles for

the selected SNPs. Based on the findings from the International

Schizophrenia Consortium (25) and Psychiatric Genetics Con-

sortium studies (23, 24), which identified a relaxed p value ,0.5

as the optimal “association” threshold in discovery samples of

the size equivalent to those used here, we defined this a priori as

the threshold from which to derive score alleles from our

discovery sample. Alleles that are more common in the discovery

cases at p,0.5 for two-tailed p values are termed the “score”

alleles (34). For each individual in the target sample, we used

PLINK to obtain a polygenic score that corresponds to the mean

number of score alleles across the set of SNPs. We employed

logistic regression analysis to compare the polygenic scores for

ADHD in the target set to those in the comparison sample. To

allow for population stratification in our data, we conditioned on

two covariates (the first two principal components estimated

from our GWAS data using the EIGENSTRAT software package,

which was designed for this purpose (35, 36). We hypothesized

a priori that ADHD “risk alleles” derived from the published

GWAS would be enriched in our independent ADHD sample

(relative to the comparison sample), and in particular in those

with conduct disorder. Therefore, for each analysis, we report

a one-tailed p value and pseudo-R2, the latter being a measure of

the estimated variability in case-control status explained.

Using logistic regression analysis, we then compared polygenic

score in those with and without a conduct disorder diagnosis

from the set of ADHD cases (ADHD with conduct disorder com-

pared with ADHD without conduct disorder).

Linear regression analyses were used to investigate whether

polygenic score was significantly associated with total DSM-IV

conduct disorder symptom score, as well as aggression and

covert conduct disorder symptom scores. Our rationale for

further dividing conduct disorder symptoms into two subgroups

was based on factor analyses (33) showing that they can be split

into aggressive symptoms (such as cruelty to people or animals,

fighting, and stealing with confrontation of the victim) and covert

symptoms (such as fire-setting, breaking into a building or car,

and vandalism).

Results

A total of 452 children from the Cardiff sample met

inclusion criteria and had genetic and phenotypic data

available. They ranged in age from 6 to 17 years (mean=10.7

years, SD=2.8); 389 were male (86.1%) and 63 were female

(13.9%). The mean full-scale IQ was 87 (SD=11.2). The

gender ratio and IQ scores are typical of U.K. ADHD clinic

case subjects. The mean number of ADHD symptoms was

14.68 (SD=2.87; 25th percentile ADHD score=13.00, 50th

percentile=15.00, 75th percentile=17.00). Within this sam-

ple, 77 individuals (17.0%) had a diagnosis of ADHD with

conduct disorder and 375 (83.0%) had no comorbid

conduct disorder. The mean numbers of DSM-IV conduct

disorder symptomswere 3.6 (SD=1.86) and 0.5 (SD=0.76) for

the ADHD groups with and without conduct disorder,

respectively. There was no association between conduct

disorder scores, age, and gender. In addition, 229 (50.7%)

subjects met criteria for a DSM-IV diagnosis of oppositional

defiant disorder; 65 of those with a conduct disorder

diagnosis (84.4%) also had a diagnosis of oppositional

defiant disorder. Twenty-two individuals (4.9%) had a

comorbid diagnosis of anxiety disorder, and three in-

dividuals (0.7%) had a comorbid depressive disorder.

Polygenic Scores Predicting ADHD in the Target

Sample

ADHD risk as defined from weakly associated alleles

(N=46,156) in the discovery GWAS was significantly higher

in ADHD case subjects than in comparison subjects

(p=0.01) (Table 1). Thus, as we postulated, risk for ADHD

is in part attributable to common alleles tagged by the

genome-wide genotyping arrays.

Polygenic Score Enrichment in Those With ADHD

Accompanied by Conduct Disorder

The polygenic score representing ADHD risk was

significantly higher in ADHD case subjects who had

a conduct disorder diagnosis than in those who did not

(p=0.01). The magnitude of the effect (as defined by R2)

was 1.1%, larger than that observed when comparing

ADHD case subjects and comparison subjects (Table 1).

To test whether our findings could be attributable to

higher ADHD total symptom counts in those with conduct

disorder, we tested the association between ADHD symp-

tom count and polygenic risk score. Within ADHD case

subjects, the total number of ADHD symptoms was not

significantly associated with polygenic score. As expected,

total ADHD score was significantly associated with total

conduct disorder score (b=0.159, t=22.900, p=0.004).

ADHD polygenic risk scores were significantly higher in

female than in male case subjects (b=20.104, t=22.159,

p=0.031), and hence all the data were reanalyzed allowing

for sex as a covariate. The results were unchanged (data

not shown).

Polygenic Score Predicting Conduct Disorder

Symptom Scores

Within case subjects, ADHD polygenic risk score in-

creased with total conduct disorder score (b=0.118, t=2.530,

p=0.006). At the level of individual composite phenotypes,
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polygenic risk score also increased with number of

aggressive conduct disorder symptoms (b=0.151, t=3.152,

p=0.002), but not covert conduct disorder symptoms.

These associations remained significant when controlling

for sex. The distribution of risk scores showed increasing

polygenic score with respect to increasing total conduct

disorder scores (Figure 1).

Discussion

We initiated this study to investigate the contribution of

common genetic variants to ADHD and to test whether

comorbid conduct disorder, defined categorically and

dimensionally, indexed greater genetic risk at a molecular

level. Our data support a polygenic component to ADHD,

in that the risk score was higher in our independent

sample of ADHD case subjects than in the comparison

sample. To our knowledge, this is the first report to suggest

that the previously published ADHD GWAS meta-analysis

(8) harbors common risk alleles that show contribution to

ADHD when they are considered en masse. More impor-

tantly, as hypothesized on the basis of previous family and

twin studies suggesting that comorbid conduct disorder

indexes higher familial and genetic loading in ADHD, we

found that ADHD risk score is particularly elevated in

those with ADHD and conduct disorder compared with

those who have ADHD only.

A within-case analysis of conduct disorder symptoms as a

dimension rather than a category revealed similar findings,

with a positive linear relationship between ADHD polygen-

ic scores and comorbid conduct disorder symptoms. In-

terestingly, this association was related to aggressive, rather

than covert, conduct disorder symptoms. Twin studies also

suggest that these different symptom dimensionsmay be

distinct in their genetic etiology, with stronger genetic

loading for overt aggressive symptoms (32, 37).

Overall, our study confirms the hypothesis that com-

mon genetic variants are relevant to ADHD risk. Our

findings also highlight the fact that comorbid conduct

disorder indexes heterogeneity in terms of genetic loading

at a molecular level. Our finding that individual symptom

groups of total conduct disorder scores and aggressive

conduct disorder scores are significantly associated with

polygenic score further underscore the point that specific

clinical phenotypes can index differential genetic loading.

Most of the evidence to date suggests that conduct

problems index ADHD cases that are quantitatively rather

than qualitatively different from the remaining ADHD

cases (38) in terms of the patterns of association with

clinical, cognitive, genetic, and environmental correlates.

This is in keeping with the approach taken by ICD-10, in

which hyperkinetic conduct disorder is considered a sub-

type of ADHD/hyperkinetic disorder (39). However, some

associated factors also appear to be unique to conduct

disorder in ADHD. Notably, the functional COMT Val158-

Met variant has been found to be associated with conduct

problems in ADHD (40), a finding that has been replicated

in six independent samples (32, 41–43), while meta-

analysis shows that this variant is not associated with

ADHD risk (44). A separate issue of interest would be

to investigate the independent contribution of genetic

liability associated with conduct disorder (regardless of

ADHD). There is evidence to suggest shared liabilities, but

as yet, large-scale conduct disorder GWAS data sets are

unavailable.

TABLE 1. Summary of Results Using the Published ADHD Meta-Analysis as the Discovery Data and the Cardiff Data Set as the
Target Samplea

Comparison Analysis (Sample 1 Versus Sample 2)

Sample sizes z R2 (%) pSample 1 Sample 2

Total ADHD sample Comparison group 452 and 5,081 2.32 0.098 0.010

ADHD with conduct disorder Comparison group 77 and 5,081 3.11 0.190 0.00095

ADHD, no conduct disorder Comparison group 375 and 5,081 1.27 0.030 0.10

ADHD with conduct disorder ADHD, no conduct disorder 77 and 375 2.23 1.1 0.013
a Meta-analysis data are from reference 8. In all analyses, the ADHD case subjects had more risk alleles than the comparison subjects. All
z statistics are distributed with one degree of freedom, and all p values are one-tailed.

FIGURE 1. Distribution of Polygenic Scores for ADHD, by
Total Conduct Disorder Scorea
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a The whiskers extend to the most extreme data point, which is no
more than 1.5 times the interquartile range from the box. The
horizontal bars indicate median scores, and the blue dots
represent outliers.
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We also incidentally found that female case subjects

had significantly higher ADHD risk scores than males.

This finding requires replication, but it is intriguing, as

it supports the hypothesis that ADHD is less common in

females because a more extreme genetic load is required

for the liability threshold to be surpassed. This would

predict that relatives of female ADHD probands have

a greater risk for ADHD than relatives of male ADHD

probands, although evidence here is lacking (3). However,

there is a possible effect of ascertainment bias. Females

with ADHDmay be less likely to be diagnosed (or referred

for diagnosis) than males with comparable severity of

disorder (45), and therefore our findings might simply

reflect a higher threshold of severity for females to be

diagnosed and ascertained. However, females in our

sample did not have significantly more ADHD or conduct

disorder symptoms than males.

As expected, ADHD severity (i.e., total ADHD score)

showed association with conduct disorder scores, but the

genetic findings were driven by conduct disorder, as there

was no association between ADHD severity and polygenic

risk. Given that all clinical case subjects have high ADHD

scores by definition, and thus variance is limited, this may

not be surprising.

It is noteworthy that case-control comparisons were

significant for the total ADHD group and for the ADHD

with conduct disorder group but did not achieve signifi-

cance in the ADHD without conduct disorder group. This

result might simply reflect sample size, whereby larger

samples would be needed to demonstrate statistically

significant differences in groups with lower genetic load

(those with ADHDwithout conduct disorder) than in those

with higher genetic load (those with ADHD with conduct

disorder).

This study used a well-characterized sample of children

who underwent careful phenotyping. The diagnosis of

ADHD was confirmed using a semistructured research

diagnostic interview, which also allowed the collection of

detailed information on conduct disorder symptoms, and

the measures showed high reliability. It is not possible to

obtain clinical data on the comparison subjects, although

failure to exclude comparison subjects with ADHD or

conduct disorder would reduce our study’s statistical

power, not generate false positives. One limitation of case-

control and within-case studies is the possibility of

population stratification. However, we limited the impact

of stratification by the well-accepted approach of in-

cluding derived principal components that allow for

population variation (35, 36) in our ADHD GWAS and by

using hypothesis-driven analyses. Furthermore, for strat-

ification to be an issue, it would have to be refractory to

inclusion of the principal components, and the same

uncorrected ethnic variation would have to be over-

represented in case subjects in both the Cardiff sample

and the samples used in the meta-analysis (46); it would

also have to be specifically overrepresented in subjects

with comorbid conduct disorder compared with the full

ADHD sample.

The magnitudes of the polygenic effect (as defined by

R2) are small, as is typical when this method is used. The

magnitudes are also smaller than some of those published

for schizophrenia (R2=3%–6% [24, 25]) but not all (47). This

method is also very sensitive to sample size, and available

GWAS data sets for ADHD are very much smaller than

those for schizophrenia. In the most recent schizophrenia

analysis, with more than 9,000 case subjects and 12,000

comparison individuals (24), the total amount of variance

explained was estimated to be 6%, whereas in an earlier

analysis of 3,000 case subjects and 3,000 comparison

subjects by the International Schizophrenia Consortium

(25), the estimate was 3%. Our estimate that 0.1% of the

variance explained is based on much smaller samples,

with 452 ADHD case subjects and 5,081 comparison

subjects. Another factor that would reduce explained

variance is heterogeneity across samples. This could

plausibly be higher for some disorders than others—for

example, through international differences in clinical

service provision and thus in ascertainment, as well as

other variability, such as ethnic composition. It is also

important to note that GWAS SNP arrays do not com-

pletely capture relevant genetic variation; they “tag” po-

tentially causal variants, and the arrays do not capture the

full spectrum of allelic frequencies or allele types (e.g.,

repeat sequence polymorphisms such as variable number

tandem repeats). Overall, we expect that as more ADHD

and comparison samples with more comprehensive

genetic capture become available, more variance will be

explained. Finally, we also acknowledge the contribution

of environmental risk factors and gene-environment

interplay, although this was not the focus of the present

analyses.

These findings suggest that ADHD, like other psychiatric

disorders, can be considered a polygenic disorder, the

architecture of which includes common as well as rare

alleles (10). They are also compatible with our earlier work

showing overlap between the biological processes

enriched for weak ADHD SNP association signals and

those enriched for rare copy number variants (5). Given

the evidence for contribution of common variants, the

future acquisition and genetic analysis of much larger

ADHD samples in an attempt to capture relevant genetic

variation is crucial. The aim is not to simply identify single

“significant” SNPs of small effect size, but rather to utilize

the spectrum of associated common and rare genetic risk

variants to uncover novel clues for risk mechanisms and

underlying biology and to inform our conceptualization of

ADHD.

In summary, we found that common genetic variation

appears relevant to ADHD and that a higher loading for

common ADHD genetic risk variants is indexed by comor-

bid conduct disorder, especially aggressive symptoms. Our

results also suggest that the previously published ADHD
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GWAS meta-analysis contains weak but true associations

to common variants, support for which falls below cur-

rently accepted genome-wide significance levels. The

findings highlight the fact that aggression in ADHD, as

an index of clinical severity, is underpinned by higher

genetic loading at a molecular level. They also illustrate

that for hypothesis-driven research, careful phenotyping is

still useful in psychiatric genetic studies.

Received Aug. 29, 2012; revision received Dec. 10, 2012; accepted

Jan. 3, 2013 (doi: 10.1176/appi.ajp.2013.12081129). From the MRC

Centre for Neuropsychiatric Genetics and Genomics, Cardiff Univer-

sity School of Medicine, Cardiff, U.K.; Department of Psychiatry,

Trinity Centre for Health Sciences, Dublin, Ireland; Departments of

Cognitive Neuroscience, Human Genetics, and Psychiatry, Donders

Institute for Brain, Cognition, and Behavior, Radboud University

Nijmegen Medical Center, Nijmegen, the Netherlands; Departments

of Psychiatry and of Neuroscience and Physiology, State University of

New York Upstate Medical University, Syracuse; ADHD Clinical

Research Network, Division of Molecular Psychiatry, Department of

Psychiatry, Psychosomatics, and Psychotherapy, and Department of

Child and Adolescent Psychiatry, Psychosomatics, and Psychother-

apy, University of Wuerzburg, Wuerzburg, Germany; Program in

Medical and Population Genetics and Stanley Center for Psychiatric

Research, Broad Institute of Harvard and MIT, Cambridge, Mass.;

Analytic and Translational Genetics Unit, Massachusetts General

Hospital, Boston; King’s College London, MRC Social, Genetic, and

Developmental Psychiatry Centre, Institute of Psychiatry, London;

Institute for Disorder of Impulse and Attention, School of Psychology,

University of Southampton, Highfield, Southampton, U.K.; Quantita-

tive Genetics, Queensland Institute of Medical Research, Brisbane,

Australia; Clinical Psychology and Epidemiology, Institute of Psychol-

ogy, University of Basel, Basel, Switzerland; Aalborg Psychiatric

Hospital, Aarhus University Hospital, Aarhus, Denmark; Department

of Child and Adolescent Psychiatry, University of Zurich, Zurich,

Switzerland; Department of Child and Adolescent Psychiatry, Psycho-

somatics, and Psychotherapy, Goethe University, Frankfurt am Main,

Germany; Institute of Psychobiology, Department of Neurobehav-

ioral Genetics, University of Trier, Trier, Germany; Department of

Experimental Clinical and Health Psychology, Ghent University,

Dunantlaan, Ghent, Belgium; Clinical and Research Program in

Pediatric Psychopharmacology and Adult ADHD, Massachusetts

General Hospital, Boston; Department of Psychiatry, Harvard Medical

School, Boston; Center for Applied Genomics and Department of

Pediatrics, University of Pennsylvania School of Medicine, Children’s

Hospital of Philadelphia, Philadelphia; Child and Adolescent Psychi-

atry, University of Goettingen, Goettingen, Germany; Department of

Child and Adolescent Psychiatry and Psychotherapy, Central Institute

of Mental Health, Medical Faculty Mannheim/Heidelberg University,

Mannheim, Germany; Clinic for Child and Adolescent Psychiatry,

University of Duisburg-Essen, Essen, Germany; UCLA Semel Institute

for Neuroscience and Human Behavior, Los Angeles; School of

Medicine, St. Andrews University, St. Andrews, U.K. Address corre-

spondence to Dr. Thapar (thapar@cf.ac.uk) or Dr. O’Donovan

(odonovanmc@cf.ac.uk).

Drs. Hamshere and Langley contributed equally to this study.

Dr. Buitelaar has served as a consultant, adviser, or speaker for

Janssen Cilag BV, Eli Lilly, Bristol-Myers Squibb, Schering Plough, UCB,

Shire, Novartis, and Servier. Dr. Faraone has received consulting fees

and support from Alcobra and Shire and support from NIH; he has

received consulting or advisory board fees or participated in con-

tinuing medical education programs sponsored by Eli Lilly, Janssen,

McNeil, Novartis, Pfizer, and Shire and has received royalties from

Guilford Press and Oxford University Press. Dr. Sonuga-Barke has

been involved in the development, implementation, and trialing

of the New Forest Parenting Programme for preschool children with

ADHD and has received royalties from sales of a New Forest Parent

Training self-help manual; he has served as a speaker, adviser, or

consultant for AstraZeneca, Flynn Pharma, Shire, and UCB Pharma,

has received conference support from Shire, and has received

research support from Janssen-Cilag, Shire, and Qbtech. Dr. Asherson

has received payments on behalf of King’s College London from

Shire, Eli Lilly, Janssen-Cilag, and Vifor Pharma for advisory work,

speaking, and educational and/or research grants. Dr. Steinhausen

has served as an adviser and speaker for Janssen-Cilag, Eli Lilly,

Novartis, Medice, Shire, and UCB; he has received unrestricted grants

for postgraduate training courses or conferences and research from

Janssen-Cilag, Eli Lilly, Novartis, Medice, and Swedish Orphan In-

ternational. Dr. Freitag has been on speakers bureaus for Eli Lilly,

Novartis, and Shire. Dr. Biederman has received research support

from Elminda, Janssen, McNeil, and Shire; speaking fees from

Fundación Areces (Spain), Fundación Dr. Manuel Camelo A.C., Medice

Pharmaceuticals, and the Spanish Child Psychiatry Association;

consulting fees from Shionogi Pharma and Cipher Pharmaceuticals

(honoraria were paid to the Department of Psychiatry at Massachu-

setts General Hospital [MGH]); honoraria from the MGH Psychiatry

Academy for a tuition-funded CME course; an honorarium from

Cambridge University Press for a chapter publication; and depart-

mental royalties for a rating scale used for ADHD diagnosis (paid by

Eli Lilly, Shire, and AstraZeneca to the Department of Psychiatry at

MGH). Dr. Rothenberger has served as an adviser, consultant, or

speaker for Lilly, Shire, Medice, Novartis, and UCB/Shire; he has

received research support from Shire, German Research Society, and

Schwaabe and travel support and an educational grant from Shire.

Dr. Banaschewski has served as an adviser or consultant for Bristol

Myers-Squibb, Develco Pharma, Lilly, Medice, Novartis, Shire, and

Viforpharma; he has received conference attendance support and

conference support or speaking fees from Lilly, Janssen McNeil,

Medice, Novartis, and Shire, and he has been involved in clinical trials

conducted by Lilly and Shire. Dr. Oades has received research funding

and conference attendance support from UCB, Janssen-Cilag, and

Shire. Dr. McGough has served as a consultant for NextWave, Noven,

Targacept, Theravance, and Shionogi Pharmaceuticals and has

received research support from NeuroSigma, Shionogi, Supernus,

and Shire Pharmaceuticals.

Supported by Wellcome Trust, the Medical Research Council (U.K.),

and Action Research. Acknowledgments for the published ADHD

meta-analysis data are detailed in reference 1.

The authors acknowledge the members of the Psychiatric

Genomics Consortium, ADHD Subgroup, for providing data and

analyses for the ADHD meta-analysis used as the discovery sample

in this manuscript: Erik Willcutt, Mark Daly, Thuy Trang Nguyen,

Susanne Walitza, Helmut Schäfer, Michael Gill, Joseph Sergeant, Eric

Mick, Susan Smalley, Sandra Loo, Josephine Elia, Alexandre Todorov,

Ana Miranda, Fernando Mulas, Richard Ebstein, and Stan Nelson.

References

1. Thapar A, Holmes J, Poulton K, Harrington R: Genetic basis of

attention deficit and hyperactivity. Br J Psychiatry 1999; 174:

105–111

2. Faraone SV, Mick E: Molecular genetics of attention deficit hy-

peractivity disorder. Psychiatr Clin North Am 2010; 33:159–180

3. Faraone SV, Biederman J, Monuteaux MC: Attention-deficit dis-

order and conduct disorder in girls: evidence for a familial

subtype. Biol Psychiatry 2000; 48:21–29

4. Williams NM, Franke B, Mick E, Anney RJL, Freitag CM, Gill M,

Thapar A, O’Donovan MC, OwenMJ, Holmans P, Kent L, Middleton

F, Zhang-James Y, Liu L, Meyer J, Nguyen TT, Romanos J, Romanos

M, Seitz C, Renner TJ, Walitza S, Warnke A, Palmason H, Buitelaar

J, Rommelse N, Vasquez AA, Hawi Z, Langley K, Sergeant J,

Steinhausen HC, Roeyers H, Biederman J, Zaharieva I, Hakonarson

H, Elia J, Lionel AC, Crosbie J, Marshall CR, Schachar R, Scherer SW,

Todorov A, Smalley SL, Loo S, Nelson S, Shtir C, Asherson P, Reif A,

Lesch KP, Faraone SV: Genome-wide analysis of copy number

variants in attention deficit hyperactivity disorder: the role of

rare variants and duplications at 15q13.3. Am J Psychiatry 2012;

169:195–204

5. Stergiakouli E, Hamshere M, Holmans P, Langley K, Zaharieva I,

Hawi Z, Kent L, Gill M, Williams N, Owen MJ, O’Donovan M,

Thapar A; deCODE Genetics; Psychiatric GWAS Consortium:

914 ajp.psychiatryonline.org Am J Psychiatry 170:8, August 2013

HIGH LOADING OF POLYGENIC RISK FOR ADHD IN CHILDREN WITH COMORBID AGGRESSION



Investigating the contribution of common genetic variants to

the risk and pathogenesis of ADHD. Am J Psychiatry 2012; 169:

186–194

6. Williams NM, Zaharieva I, Martin A, Langley K, Mantripragada K,

Fossdal R, Stefansson H, Stefansson K, Magnusson P, Gudmundsson

OO, Gustafsson O, Holmans P, Owen MJ, O’Donovan M, Thapar A:

Rare chromosomal deletions and duplications in attention-

deficit hyperactivity disorder: a genome-wide analysis. Lancet

2010; 376:1401–1408

7. Lesch KP, Selch S, Renner TJ, Jacob C, Nguyen TT, Hahn T,

Romanos M, Walitza S, Shoichet S, Dempfle A, Heine M, Boreatti-

Hümmer A, Romanos J, Gross-Lesch S, Zerlaut H, Wultsch T,

Heinzel S, Fassnacht M, Fallgatter A, Allolio B, Schäfer H, Warnke

A, Reif A, Ropers HH, Ullmann R: Genome-wide copy number

variation analysis in attention-deficit/hyperactivity disorder: as-

sociation with neuropeptide Y gene dosage in an extended

pedigree. Mol Psychiatry 2011; 16:491–503

8. Neale BM, Medland SE, Ripke S, Asherson P, Franke B, Lesch KP,

Faraone SV, Nguyen TT, Schäfer H, Holmans P, Daly M, Stein-

hausen HC, Freitag C, Reif A, Renner TJ, Romanos M, Romanos J,

Walitza S, Warnke A, Meyer J, Palmason H, Buitelaar J, Vasquez AA,

Lambregts-Rommelse N, Gill M, Anney RJ, Langely K, O’Donovan

M, Williams N, Owen M, Thapar A, Kent L, Sergeant J, Roeyers H,

Mick E, Biederman J, Doyle A, Smalley S, Loo S, Hakonarson H,

Elia J, Todorov A, Miranda A, Mulas F, Ebstein RP, Rothenberger

A, Banaschewski T, Oades RD, Sonuga-Barke E, McGough J,

Nisenbaum L, Middleton F, Hu X, Nelson S; Psychiatric GWAS

Consortium, ADHD Subgroup: Meta-analysis of genome-wide

association studies of attention-deficit/hyperactivity disorder. J

Am Acad Child Adolesc Psychiatry 2010; 49:884–897

9. Franke B, Neale BM, Faraone SV: Genome-wide association

studies in ADHD. Hum Genet 2009; 126:13–50

10. Sullivan PF, Daly MJ, O’Donovan M: Genetic architectures of

psychiatric disorders: the emerging picture and its implications.

Nat Rev Genet 2012; 13:537–551

11. McClellan J, King MC: Genomic analysis of mental illness:

a changing landscape. JAMA 2010; 303:2523–2524

12. Neale BM, Kou Y, Liu L, Ma’ayan A, Samocha KE, Sabo A, Lin CF,

Stevens C, Wang LS, Makarov V, Polak P, Yoon S, Maguire J,

Crawford EL, Campbell NG, Geller ET, Valladares O, Schafer C,

Liu H, Zhao T, Cai G, Lihm J, Dannenfelser R, Jabado O, Peralta Z,

Nagaswamy U, Muzny D, Reid JG, Newsham I, Wu Y, Lewis L,

Han Y, Voight BF, Lim E, Rossin E, Kirby A, Flannick J, Fromer M,

Shakir K, Fennell T, Garimella K, Banks E, Poplin R, Gabriel S,

DePristo M,Wimbish JR, Boone BE, Levy SE, Betancur C, Sunyaev S,

Boerwinkle E, Buxbaum JD, Cook EH Jr, Devlin B, Gibbs RA, Roeder

K, Schellenberg GD, Sutcliffe JS, Daly MJ: Patterns and rates of

exonic de novo mutations in autism spectrum disorders. Nature

2012; 485:242–245

13. Sanders SJ, Murtha MT, Gupta AR, Murdoch JD, Raubeson MJ,

Willsey AJ, Ercan-Sencicek AG, DiLullo NM, Parikshak NN,

Stein JL, Walker MF, Ober GT, Teran NA, Song Y, El-Fishawy P,

Murtha RC, Choi M, Overton JD, Bjornson RD, Carriero NJ,

Meyer KA, Bilguvar K, Mane SM, Sestan N, Lifton RP, Günel M,

Roeder K, Geschwind DH, Devlin B, State MW: De novo

mutations revealed by whole-exome sequencing are strongly

associated with autism. Nature 2012; 485:237–241

14. O’Roak BJ, Vives L, Girirajan S, Karakoc E, Krumm N, Coe BP,

Levy R, Ko A, Lee C, Smith JD, Turner EH, Stanaway IB, Vernot B,

Malig M, Baker C, Reilly B, Akey JM, Borenstein E, Rieder MJ,

Nickerson DA, Bernier R, Shendure J, Eichler EE: Sporadic autism

exomes reveal a highly interconnected protein network of de

novo mutations. Nature 2012; 485:246–250

15. Rommelse NNJ, Franke B, Geurts HM, Hartman CA, Buitelaar JK:

Shared heritability of attention-deficit/hyperactivity disorder

and autism spectrum disorder. Eur Child Adolesc Psychiatry

2010; 19:281–295

16. Poelmans G, Pauls DL, Buitelaar JK, Franke B: Integrated

genome-wide association study findings: identification of

a neurodevelopmental network for attention deficit hyperac-

tivity disorder. Am J Psychiatry 2011; 168:365–377

17. Taylor E, Chadwick O, Heptinstall E, Danckaerts M: Hyperactivity

and conduct problems as risk factors for adolescent de-

velopment. J Am Acad Child Adolesc Psychiatry 1996; 35:

1213–1226

18. Faraone SV, Biederman J, Monuteaux MC: Toward guidelines for

pedigree selection in genetic studies of attention deficit hyper-

activity disorder. Genet Epidemiol 2000; 18:1–16

19. Thapar A, Harrington R, McGuffin P: Examining the comorbidity

of ADHD-related behaviours and conduct problems using a twin

study design. Br J Psychiatry 2001; 179:224–229

20. Silberg J, Rutter M, Meyer J, Maes H, Hewitt J, Simonoff E, Pickles

A, Loeber R, Eaves L: Genetic and environmental influences on

the covariation between hyperactivity and conduct disturbance

in juvenile twins. J Child Psychol Psychiatry 1996; 37:803–816

21. Rhee SH, Willcutt EG, Hartman CA, Pennington BF, DeFries JC:

Test of alternative hypotheses explaining the comorbidity be-

tween attention-deficit/hyperactivity disorder and conduct dis-

order. J Abnorm Child Psychol 2008; 36:29–40

22. Freitag CM, Rohde LA, Lempp T, Romanos M: Phenotypic and

measurement influences on heritability estimates in childhood

ADHD. Eur Child Adolesc Psychiatry 2010; 19:311–323

23. Sklar P, Ripke S, Scott LJ, Andreassen OA, Cichon S, Craddock N,

et al; Psychiatric GWAS Consortium Bipolar Disorder Working

Group: Large-scale genome-wide association analysis of bipolar

disorder identifies a new susceptibility locus near ODZ4. Nat

Genet 2011; 43:977–983

24. Ripke S, Sanders AR, Kendler KS, Levinson DF, Sklar P, Holmans

PA, et al; Schizophrenia Psychiatric Genome-Wide Association

Study (GWAS) Consortium: Genome-wide association study

identifies five new schizophrenia loci. Nat Genet 2011; 43:

969–976

25. Purcell SM, Wray NR, Stone JL, Visscher PM, O’Donovan MC,

Sullivan PF, Sklar P; International Schizophrenia Consortium:

Common polygenic variation contributes to risk of schizophre-

nia and bipolar disorder. Nature 2009; 460:748–752

26. Angold A, Prendergast M, Cox A, Harrington R, Simonoff E,

Rutter M: The Child and Adolescent Psychiatric Assessment

(CAPA). Psychol Med 1995; 25:739–753

27. Wechsler D: Wechsler Intelligence Scale for Children, 3rd ed. San

Antonio, Tex, Psychological Corp, 1992

28. Wechsler D: Wechsler Intelligence Scale for Children, 4th ed

(WISC-IV): Administration and Scoring Manual. San Antonio, Tex,

Psychological Corp, 2003

29. Holmes J, Lawson D, Langley K, Fitzpatrick H, Trumper A, Pay H,

Harrington R, Thapar A: The Child Attention-Deficit Hyperac-

tivity Disorder Teacher Telephone Interview (CHATTI): reliability

and validity. Br J Psychiatry 2004; 184:74–78

30. DuPaul G: Parent and teacher ratings of ADHD symptoms:

psychometric properties in a community-based sample. J Clin

Child Psychol 1991; 20:245–253

31. Conners CK: A teacher rating scale for use in drug studies with

children. Am J Psychiatry 1969; 126:884–888

32. Monuteaux MC, Biederman J, Doyle AE, Mick E, Faraone SV:

Genetic risk for conduct disorder symptom subtypes in an

ADHD sample: specificity to aggressive symptoms. J Am Acad

Child Adolesc Psychiatry 2009; 48:757–764

33. Frick PJ, Lahey BB, Loeber R, Tannenbaum L, Van Horn Y, Christ

MAG, Hart EA, Hanson K: Oppositional defiant disorder and

conduct disorder: a meta-analytic review of factor analyses and

cross-validation in a clinic sample. Clin Psychol Rev 1993; 13:

319–340

34. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA,

Bender D, Maller J, Sklar P, de Bakker PI, Daly MJ, Sham PC:

Am J Psychiatry 170:8, August 2013 ajp.psychiatryonline.org 915

HAMSHERE, LANGLEY, MARTIN, ET AL.



PLINK: a tool set for whole-genome association and population-

based linkage analyses. Am J Hum Genet 2007; 81:559–575

35. Patterson N, Price AL, Reich D: Population structure and ei-

genanalysis. PLoS Genet 2006; 2:e190

36. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA,

Reich D: Principal components analysis corrects for stratifica-

tion in genome-wide association studies. Nat Genet 2006; 38:

904–909

37. Button TMM, Scourfield J, Martin N, McGuffin P: Do aggressive

and non-aggressive antisocial behaviors in adolescents result

from the same genetic and environmental effects? Am J Med

Genet B Neuropsychiatr Genet 2004; 129B:59–63

38. Mulligan A, Anney RJ, O’Regan M, Chen W, Butler L, Fitzgerald

M, Buitelaar J, Steinhausen HC, Rothenberger A, Minderaa R,

Nijmeijer J, Hoekstra PJ, Oades RD, Roeyers H, Buschgens C,

Christiansen H, Franke B, Gabriels I, Hartman C, Kuntsi J, Marco R,

Meidad S, Mueller U, Psychogiou L, Rommelse N, Thompson M,

Uebel H, Banaschewski T, Ebstein R, Eisenberg J, Manor I,

Miranda A, Mulas F, Sergeant J, Sonuga-Barke E, Asherson P,

Faraone SV, Gill M: Autism symptoms in attention-deficit/

hyperactivity disorder: a familial trait which correlates with

conduct, oppositional defiant, language, and motor disorders.

J Autism Dev Disord 2009; 39:197–209

39. Christiansen H, Chen W, Oades RD, Asherson P, Taylor EA, Lasky-

Su J, Zhou K, Banaschewski T, Buschgens C, Franke B, Gabriels

I, Manor I, Marco R, Müller UC, Mulligan A, Psychogiou L,

Rommelse NN, Uebel H, Buitelaar J, Ebstein RP, Eisenberg J,

Gill M, Miranda A,Mulas F, Roeyers H, Rothenberger A, Sergeant JA,

Sonuga-Barke EJ, Steinhausen HC, Thompson M, Faraone SV:

Co-transmission of conduct problems with attention-deficit/

hyperactivity disorder: familial evidence for a distinct disorder.

J Neural Transm 2008; 115:163–175

40. Thapar A, Langley K, Fowler T, Rice F, Turic D, Whittinger N,

Aggleton J, Van den Bree M, Owen M, O’Donovan M: Catechol

O-methyltransferase gene variant and birth weight predict early-

onset antisocial behavior in children with attention-deficit/

hyperactivity disorder. Arch Gen Psychiatry 2005; 62:1275–1278

41. Caspi A, Langley K, Milne B, Moffitt TE, O’Donovan MC, Owen

MJ, Polo Tomas M, Poulton R, Rutter M, Taylor A, Williams B,

Thapar A: A replicated molecular genetic basis for subtyp-

ing antisocial behavior in children with attention-deficit/

hyperactivity disorder. Arch Gen Psychiatry 2008; 65:

203–210

42. DeYoung CG, Getchell M, Koposov RA, Yrigollen CM, Haeffel GJ,

af Klinteberg B, Oreland L, Ruchkin VV, Pakstis AJ, Grigorenko

EL: Variation in the catechol-O-methyltransferase Val 158 Met

polymorphism associated with conduct disorder and ADHD

symptoms, among adolescent male delinquents. Psychiatr

Genet 2010; 20:20–24

43. Langley K, Heron J, O’Donovan MC, Owen MJ, Thapar A: Geno-

type link with extreme antisocial behavior: the contribution of

cognitive pathways. Arch Gen Psychiatry 2010; 67:1317–1323

44. Gizer IR, Ficks C, Waldman ID: Candidate gene studies of ADHD:

a meta-analytic review. Hum Genet 2009; 126:51–90

45. Woodward LJ, Dowdney L, Taylor E: Child and family factors

influencing the clinical referral of children with hyperactivity:

a research note. J Child Psychol Psychiatry 1997; 38:479–485

46. Hamshere ML, O’Donovan MC, Jones IR, Jones L, Kirov G, Green

EK, Moskvina V, Grozeva D, Bass N, McQuillin A, Gurling H, St

Clair D, Young AH, Ferrier IN, Farmer A, McGuffin P, Sklar P,

Purcell S, Holmans PA, Owen MJ, Craddock N: Polygenic dis-

section of the bipolar phenotype. Br J Psychiatry 2011; 198:

284–288

47. Levinson DF, Shi J, Wang K, Oh S, Riley B, Pulver AE, Wildenauer

DB, Laurent C, Mowry BJ, Gejman PV, Owen MJ, Kendler KS,

Nestadt G, Schwab SG, Mallet J, Nertney D, Sanders AR, Williams

NM, Wormley B, Lasseter VK, Albus M, Godard-Bauché S, Alexander

M, Duan J, O’Donovan MC, Walsh D, O’Neill A, Papadimitriou GN,

Dikeos D, Maier W, Lerer B, Campion D, Cohen D, Jay M, Fanous A,

Eichhammer P, Silverman JM, Norton N, Zhang N, Hakonarson H,

Gao C, Citri A, Hansen M, Ripke S, Dudbridge F, Holmans PA;

Schizophrenia Psychiatric GWAS Consortium: Genome-wide asso-

ciation study of multiplex schizophrenia pedigrees. Am J Psychiatry

2012; 169:963–973

916 ajp.psychiatryonline.org Am J Psychiatry 170:8, August 2013

HIGH LOADING OF POLYGENIC RISK FOR ADHD IN CHILDREN WITH COMORBID AGGRESSION


