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Background. Impairment of response inhibition has been implicated in attention-deficit/hyperactivity disorder (ADHD).
Dopamine neurotransmission has been linked to the behavioural and neural correlates of response inhibition. The cur-
rent study aimed to investigate the relationship of polymorphisms in two dopamine-related genes, the catechol-O-
methyltransferase gene (COMT) and the dopamine transporter gene (SLC6A3 or DAT1), with the neural and behavioural
correlates of response inhibition.

Method. Behavioural and neural measures of response inhibition were obtained in 185 adolescents with ADHD, 111 of
their unaffected siblings and 124 healthy controls (mean age 16.9 years). We investigated the association of DAT1 and
COMT variants on task performance and whole-brain neural activation during response inhibition in a hypothesis-
free manner. Additionally, we attempted to explain variance in previously found ADHD effects on neural activation dur-
ing response inhibition using these DAT1 and COMT polymorphisms.

Results. The whole-brain analyses demonstrated large-scale neural activation changes in the medial and lateral prefrontal,
subcortical and parietal regions of the response inhibition network in relation to DAT1 and COMT polymorphisms.
Although these neural activation changes were associated with different task performance measures, no relationship
was found between DAT1 or COMT variants and ADHD, nor did variants in these genes explain variance in the effects
of ADHD on neural activation.

Conclusions. These results suggest that dopamine-related genes play a role in the neurobiology of response inhibition. The
limited associations between gene polymorphisms and task performance further indicate the added value of neural mea-
sures in linking genetic factors and behavioural measures.
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Introduction

Response inhibition, i.e. the suppression of actions that
are no longer required or are inappropriate, is one of
the key components of executive control (Ridderinkhof
et al. 2004). Deficits in response inhibition have been

reported in a range of psychiatric disorders, including
attention-deficit/hyperactivity disorder (ADHD) (Slaats-
Willemse et al. 2003). Both response inhibition and
ADHD are highly heritable and share genetic loading,
such that response inhibition is considered to be an
endophenotype for ADHD (Faraone & Khan, 2005;
Crosbie et al. 2013). An endophenotype is a quantitative
biological trait that lies on the pathway from gene
to clinical phenotype (Gottesman & Gould, 2003).
However, behavioural response inhibition measures
show a large overlap in performance between probands
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with ADHD and healthy controls (Lipszyc & Schachar,
2010). On the other hand, several studies (Pliszka et al.
2006; Cubillo et al. 2011; Mulligan et al. 2011), including
one by our group (Van Rooij et al. 2015), have indicated
that the neural activation during response inhibition
shows a stronger link with ADHD than behavioural
measures of response inhibition.

Response inhibition has a clear link with the neuro-
transmitter dopamine, as evidenced by positron emis-
sion tomography studies which have shown that
response inhibition is associated with dopamine re-
lease in the striatum, mediated by dopamine D2/D3 re-
ceptor availability in the striatum (Albrecht et al. 2014).
Additionally, the most common treatment in ADHD is
prescription of methylphenidate medication, a dopa-
mine reuptake inhibitor that interacts with the dopa-
mine transporter in the striatum (Schwartz & Correll,
2014), has been shown to improve response inhibition
performance (Costa et al. 2013) and to normalize neural
activation during response inhibition in children with
and without ADHD (Rubia et al. 2009).

Multiple studies have also implicated a relationship
between genetic variants related to the dopamine sys-
tem in response inhibition performance (Congdon et al.
2008). These studies have indicated that genetic variants
related to less extracellular dopamine availability are
associated with decreased response inhibition perform-
ance. However, to date only a handful of studies have
investigated the association between genetic variants
and neural activation during response inhibition. The
first study demonstrated that polymorphisms in two
dopaminergic genes, the catechol-O-methyltransferase
gene (COMT) and the dopamine transporter gene
(SLC6A3 or DAT1), were related to neural activation
during response inhibition (Congdon et al. 2009).
Specifically, COMT gene rs4680 single nucleotide poly-
morphism (SNP) Met-allele carriers and 9-repeat car-
riers of a variable number of tandem repeats (VNTR)
in the 3′-untranslated region (UTR) of the DAT1 gene
have previously shown greater activation in medial
and inferior frontal brain regions during response inhib-
ition. A more recent, larger, study has also investigated
the effect of this COMT polymorphism, but found the
opposite pattern, reporting increased activation in
Val-allele carriers, and this only in males (White et al.
2014). Another study has further investigated the asso-
ciation between DAT1 gene polymorphisms and re-
sponse inhibition performance and activation
(Cummins et al. 2012). Here, both the presence of the
rs460000C allele and the rs37020T allele predicted
longer stop-signal reaction time (SSRT) while rs37020T
allele carriers showed decreased neural activation in
medial frontal areas during response inhibition. That
study did not replicate the association between the
DAT1 VNTR and neural activation (Congdon et al.

2009). The DAT1 3′-UTR 10 repeat variant (Braet et al.
2011) and the COMT rs4680 Val-allele have also been
linked to increased risk for ADHD (Guan et al. 2009).
Last, a recent large-scale imaging study has found direct
evidence for a role between the monoamine oxidase A
(MAOA) genotype and neural activation during re-
sponse inhibition in ADHD (Nymberg et al. 2013),
showing that the decreased activation in ADHD may
be dependent on the MAOA genotype. A recent
meta-analysis (Gizer et al. 2009) has confirmed this sign-
ificant association of MAOA and DAT1 variants with
ADHD, but not for the COMT variant. Additionally,
several studies have demonstrated that a haplotype of
two DAT1 VNTRs in the 3′-UTR and intron-8 region
shows the strongest relationship with ADHD (Brookes
et al. 2006a; Asherson et al. 2007).

The present study was undertaken to further
investigate the association between genetic variants
influencing dopamine neurotransmission and neural
activation during response inhibition in individuals
with and without ADHD. The influence of five var-
iants based on the previous studies (Congdon et al.
2009; Cummins et al. 2012; White et al. 2014) was inves-
tigated. Both the rs37020 and rs460000 SNPs of the
DAT1 gene were included, as well as the rs4680 SNP
of the COMT gene and the 10–6 haplotype of the
3′-UTR and intron-8 DAT1 VNTRs. Our study aimed
to both validate previous results of whole-brain ana-
lyses of the influence of DAT1 and COMT on neural
measures of response inhibition (Congdon et al. 2009;
Cummins et al. 2012) and to extend them to partici-
pants with ADHD. COMT is one of the main enzymat-
ic regulators of dopamine availability in the prefrontal
cortex (Hong et al. 1998), while DAT1 is expressed
mainly in striatal regions (Durston et al. 2005).
Therefore, we expected the influence of COMT poly-
morphisms on neural activation mainly in the prefront-
al regions and that of the DAT1 polymorphisms on
neural activation mainly in striatal areas. We also
investigated whether DAT1 and COMT variants
would be associated with ADHD diagnosis, and
related to the altered neural correlates of response in-
hibition in probands with ADHD and their unaffected
siblings. The neural correlates in this latter analysis
were based on data from a previous study by our
group (Van Rooij et al. 2015), describing the altered
neural activation during response inhibition in pro-
bands with ADHD as compared with controls.

Method

Participants

All participants were part of the NeuroIMAGE study,
the Dutch follow-up of the International Multicenter
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ADHD Genetics (IMAGE) study into the biological na-
ture of ADHD. Details concerning ethics improvement,
recruitment, demographics, diagnostics and testing
procedures can be found in the NeuroIMAGE methods
publication (Von Rhein et al. 2015) and the online
Supplementary material. The current sample included
subjects with ADHD (n = 184), their unaffected siblings
(n = 111) and healthy controls (n = 124). Participant
demographics are listed in Table 1; all subjects were
of European descent, and all participants were
required to withhold stimulant medication use for at
least 48 h before testing. The proportion of females
and the average intelligence quotient (IQ) scores were
significantly lower in participants with ADHD than
in siblings and controls; likewise, medication use and
co-morbid disorders were higher in the ADHD
group. There was no difference in IQ, age or gender be-
tween the two scan sites.

Stop-signal task (SST)

Response inhibition was measured using a version of
the SST adapted for functional magnetic resonance im-
aging (fMRI) (Van Meel et al. 2007). Participants were
instructed to respond as quickly as possible to a
go-signal, unless this was followed shortly afterwards
by a stop-signal (25% of trials), in which case they
were supposed to withhold their response. By varying
the delay between go- and stop-signals, it was possible
to derive the main outcome measure of the task, the
SSRT, which reflects the time necessary for a subject
to successfully inhibit their response in 50% of the
stop-trials. Secondary outcome measures were the
number of omission and commission errors on
go-trials (errors), the intra-individual component of
variation (ICV) and mean reaction time (MRT) on
go-trials. The task consisted of a total of four blocks
of 60 trials.

All task outcome analyses were performed in SPSS
(version 19.0; USA). General estimated equations
(GEE) models were used to correct for familial relation-
ships between siblings. Separate regression models
were executed for SSRT, ICV, errors and MRT, with
age, gender and IQ added as covariates. A significance
threshold of 0.016 (0.05/3) was entrained for all
analyses.

Genotyping

An extensive description of DNA extraction and geno-
typing in IMAGE has been provided elsewhere (Von
Rhein et al. 2015). Briefly, for the IMAGE sample
DNA was extracted from blood samples at Rutgers
University Cell and DNA Repository, NJ, USA. DNA
for additional samples collected during NeuroIMAGE
was isolated from saliva using Oragene® containers

(DNA Genotek Inc., Canada). VNTR polymorphisms
from the 3′-UTR and intron-8 of the DAT1/SLC6A3
gene had been genotyped by the IMAGE consortium
(Brookes et al. 2006b), additional samples were geno-
typed at the Department of Human Genetics of the
Radboud University Medical Center. Standard poly-
merase chain reaction protocols were used, after
which results were analysed with GeneMapper®

Software, version 4.0 (Applied Biosystems, USA).
Genotyping of the rs37020 and rs4680 SNPs was per-
formed in Nijmegen; further details concerning geno-
typing can be found in the online Supplementary
material.

fMRI acquisition and analysis

fMRI data were collected at two sites using similar
Siemens Scanners and identical coils and protocols,
and were processed using FSL FEAT (version 6.0,
FMRIB’s Software Library; www.fmrib.ox.ac.uk/fsl).
The details regarding acquisition, preprocessing and
first-level analysis can be found in the online
Supplementary material.

Genetic effects on ADHD diagnosis and task
performance

Direct effect of the four genetic variants (rs37020,
rs460000 and rs4680 SNPs and the 10–6 VNTR haplo-
type) on the distribution of ADHD diagnoses or on be-
havioural response inhibition were investigated using
χ2 statistics and analysis of variance, respectively (see
Tables 2 and 3).

Role of genetic variants in whole-brain activation in
the combined ADHD–control sample

To investigate the effect of each genetic variant on
brain-wide task activation, four separate analyses
were conducted in FSL. ADHD diagnostic status
(ADHD, unaffected sibling, control) was entered as a
second factor in these models, in order to investigate
any mediation or interaction between genotype, task
activation and diagnosis. Age, IQ, gender and scan
site were added as covariates in all group-level ana-
lyses. Correction for multiple comparisons was per-
formed according to FSL standards, by thresholding
resulting Z-stat clusters with a minimum Z-score of
2.3 and using a family-wise-corrected significance
threshold of p < 0.05 (Woo et al. 2014).

Relationship between genetic variants, whole-brain
fMRI activation, stop-task performance and ADHD
severity

In order to further specify the size and direction of the
genetic effects, inferential statistics were calculated
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Table 1. Participant characteristics and task outcomes derived from the stop-signal task

Participants with ADHD Unaffected siblings Controls Wald χ2 p Between-group effects

Males, % 69.7 56.7 55.6 28.1 <0.001 ADHD > (siblings = controls)
Stimulant medication use, % 76.7 0 0 189.54 <0.001 ADHD > (siblings = controls)
Co-morbid ODDa, % 29.9 3.6 0 67.686 <0.001 ADHD > (siblings = controls)
Co-morbid CDa, % 6.5 0 0 15.626 <0.001 ADHD > (siblings = controls)
ADHDb symptoms 12.9 (3.1) 1.3 (3.4) 0.6 (1.5) 2427 <0.001 ADHD > (siblings = controls)
Age, years 17.3 (3.2) 17.3 (4.0) 16.5 (3.3) 1.6 0.44
Estimated IQc 95.3 (16.8) 102.4 (15.9) 107.1 (14.5) 38.2 <0.001 ADHD < siblings < controls)
Education, years 12.82 (2.14) 12.82 (2.22) 13.52 (1.91) 6.387 0.041 (ADHD = siblings) < controls
SSRT, ms 268.1 (59.4) 254.1 (49.0) 258.2 (52.6) 6.421 0.04 ADHD > (siblings = controls)
ICV, msd 112.0 (38.3) 93.2 (36.7) 82.2 (30.8) 37.801 <0.001 ADHD > siblings > controls
Errors, nd 6.3 (7.6) 4.2 (5.6) 3.1 (3.5) 16.884 <0.001 ADHD > siblings > controls
MRT, msd 518.1 (93.8) 492.9 (94.6) 473.1 (82.8) 19.831 <0.001 ADHD > (siblings = controls)

Data are given as mean (standard deviation) unless otherwise indicated.
ADHD, Attention deficit/hyperactivity disorder; ODD, oppositional defiant disorder; CD, conduct disorder; IQ, intelligence quotient; SSRT, stop-signal reaction time; ICV,

intra-individual coefficient of variance; Errors, number of errors on go-trials; MRT, mean reaction time; K-SADS, Kiddie Schedule for Schizophrenia and Affective Disorders; WISC,
Wechsler Intelligence Scale for Children; WAIS-III, Wechsler Adult Intelligence Scale.

a ODD and CD diagnosis was based on K-SADS structured psychiatric interviews.
b ADHD diagnosis was based on K-SADS structured psychiatric interviews and Conners’ questionnaires (0–18 symptoms).
c Estimated IQ was based on two subtests of the WISC or WAIS-III.
d Task effects for the stop-task derived from generalized estimating equations models, using a significance threshold of p < 0.05 and correcting for familiality, gender, age and IQ.
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within SPSS by using exported, individual β values
from those clusters that showed significant effects of
genetic variants. Therefore, all inferential statistics
were generated using GEE models. To demonstrate
that findings did not depend on the familial structure
of the data, post-hoc analyses using only one individual
from every family were conducted. An additional set
of GEE analyses was run to investigate the potential re-
lationship of these genetic effects on neural activation
with stop-task performance. The influence of age, IQ,
gender, scan site, medication use and co-morbid disor-
ders on the genetic differences was also assessed. A se-
cond set of similar analyses was run to test whether the
observed genetic effects on neural activation were
associated with the number of ADHD symptoms as a
continuous measure of ADHD severity. Significance
levels for p values of all models using extracted β

values (both above-mentioned and subsequent) were
adjusted for multiple comparisons using Bonferroni–
Holm corrections (Holm, 1979).

Influence of potential confounders on whole-brain
fMRI activation

Given the unbalanced distribution of our sample on
several demographical and clinical factors, sensitivity
analyses were performed to investigate whether
whole-brain activation was influenced by the covari-
ates age, gender, IQ, scan site, medication use, or the
presence of co-morbid oppositional defiant disorder
or conduct disorder. For each of the clusters from the
whole-brain analyses, β values were entered as de-
pendent variables in a GEE model, using each covari-
ate as predictor.

Table 2. Distribution of genotypes per diagnostic group

Gene Polymorphism Risk factor MAF

HWE ADHD Siblings Controls

χ2
Odds
ratioa pp Risk

No
risk Risk

No
risk Risk

No
risk

DAT1 rs37020 CC
genotype

0.14 0.565 24 131 37 65 13 87 1.917 1.464 0.105

DAT1 rs460000 GG
genotype

0.05 0.129 111 50 71 31 59 41 2.686 1.543 0.067

COMT rs4680 Val-Val
genotype

0.19 0.53 28 134 20 79 22 78 0.891 0.741 0.216

DAT1 3′-UTR/intron-8
VNTRs

10–6
haplotype

0.09 0.343 76 85 44 58 44 52 0.045 1.057 0.467

MAF, Minor allele frequency; HWE, Hardy–Weinberg equilibrium; ADHD, attention-deficit/hyperactivity disorder; DAT1;
dopamine transporter gene; COMT, catechol-O-methyltransferase gene; UTR, untranslated region; VNTR, variable number of
tandem repeats.

a Odds ratio illustrates the relative distribution of genotypes between participants with ADHD and healthy controls.

Table 3. Influence of DAT1 and COMT variants on stop-task performance

Gene Polymorphism Risk variant

SSRT ICV Errors MRT

χ2 pa χ2 pa χ2 pa χ2 pa

DAT1 rs37020 CC genotype 2.863 0.239 1.148 0.563 0.028 0.986 0.92 0.631
DAT1 rs460000 GG genotype 4.977 0.083 0.102 0.950 1.604 0.448 3.772 0.052
COMT rs4680 Val-Val genotype 1.162 0.281 1.001 0.317 0.019 0.890 2.249 0.297
DAT1 VNTR haplotype 10–6 haplotype 0.440 0.803 0.584 0.747 0.111 0.946 0.814 0.666

DAT1, Dopamine transporter gene; COMT, catechol-O-methyltransferase gene; SSRT, stop-signal reaction time; ICV,
intra-individual coefficient of variance; Errors, number of errors on go-trials; MRT, mean reaction time; VNTR, variable num-
ber of tandem repeats.

a Gene effects on the stop-task outcome measures were derived from generalized estimating equations models corrected for
familiality, age, gender and intelligence quotient.
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Genetic effects on between-group differences in fMRI
activation

A next analysis was run to further test if the primary
ADHD group effects on response inhibition activation
could be explained by our genetic variants. For this ana-
lysis, we used the data describing the main effect of
diagnostic status on neural activation, as described in a
previous publication (Van Rooij et al. 2015). Here, an F
contrast modelling the effects of diagnostic group on
fMRI activation across all subjects was calculated. The
activation β values from the nodes indicated in the diag-
nostic group contrasts of this previous study were
exported and used to test the effect of the four DAT1
and COMT risk variants on this activation. Specifically,
a set of models was run to investigate effects of the
risk genes on each node, using GEE models to correct
for familial relationships, modelling the β values from
each node as the dependent variable, risk genes as pre-
dictors, and gender, age, IQ and scan-site as covariates.

Results

Genetic effects on ADHD diagnosis and task
performance

The distribution of the risk variants did not differ sign-
ificantly between participants with ADHD, their un-
affected siblings and healthy controls (see Table 2).
No significant relationships between any of the risk
variants and task outcome measures were observed,
nor were there any main effects of (or interactions
with) age, gender or IQ (see Table 3).

Role of genetic variants in whole-brain activation in
the combined ADHD–control sample

The neural activation pattern during response inhib-
ition across all groups and genotypes can be found in

the online Supplementary material (see Table S1 and
Fig. S1). When investigating whole-brain activation
as a function of the different genetic variants, we
found differences in neural activation for the DAT1
rs37020 polymorphism and VNTR risk haplotype
homozygotes and COMT rs4680 polymorphism. No
effects were observed for the DAT1 rs460000
polymorphism.

The effects of the DAT1 rs37020 polymorphism were
located in the right and left inferior frontal gyri, as well
as the right pre-supplementary motor area and post-
central qyrus (see Fig. 1, Table 4). The activation differ-
ences in the post-central gyrus were restricted to the
successful stop-trials; all other differences were seen
during failed stop-trials. In all instances post-hoc tests
indicated that the carriers of the AA genotype showed
lower levels of activation as compared with CC homo-
zygotes or CA heterozygotes.

The effect of the DAT1 10–6 haplotype was observed
during failed stop-trials in the bilateral pre-
supplementary motor areas, and in the superior frontal
and temporal pole areas (see Fig. 1). The former area
showed higher activation in risk haplotype homozy-
gotes; the latter two showed decreased activation in
risk haplotype homozygotes.

Finally, the COMT Val158Met variant resulted in dif-
ferential activation patterns during successful stop-
trials in the thalamus, frontal pole, left supramarginal
and inferior temporal gyrus; activation in hippocam-
pus also differed between genotypes during the failed
stop-trials, as did activation in the right supramarginal
gyrus in both conditions (see Fig. 1). In all nodes the
Val-Val genotype showed decreased activation as com-
pared with Met alleles carriers, except in the hippo-
campal region, where the Met-Met homozygotes
showed hypoactivation compared with both other
genotypes.

Fig. 1. Group differences of the dopamine transporter (DAT1) rs37020 single nucleotide polymorphism (SNP) (a), the DAT1
variable number of tandem repeats (b) and the catechol-O-methyltransferase (COMT) rs4680 SNP (c) on neural activation
during failed stop-trials. The right side of the image depicts the right side of the brain.
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Table 4. Risk gene effects on the response inhibition network

Areaa Contrast Side Wald χ2 Cramer’s phi Powerb pc x y z BA No. voxels Allele effectd

rs37020 Post-central gyrus St suc R 13.398 0.126 0.427 <0.001 32 12 15 2, 3, 6 590 CC = CA >AA
rs37020 Inferior frontal gyrus St fail L 17.463 0.144 0.63 <0.001 −58 12 28 9 642 CC = CA >AA
rs37020 Inferior frontal gyrus St fail R 26.115 0.176 0.902 <0.001 54 10 45 8, 9 753 CC = CA >AA
rs37020 Pre-supplementary motor area St fail R 14.881 0.133 0.504 <0.001 30 16 44 6 1042 CC = CA >AA
DAT1 haplotype temporal pole St fail R 17.939 0.146 0.655 <0.001 50 −20 −30 20 193 0 > 2 > 1
DAT1 haplotype superior frontal gyrus St fail L 18.069 0.147 0.655 <0.001 2 −12 42 32 182 0 > 2 > 1
DAT1 haplotype pre-supplementary motor area St fail L/R 30.137 0.189 0.957 <0.001 −16 44 48 8 170 2 = 1 > 0
COMT thalamus St suc L 9.886 0.108 0.238 0.002 −14 26 −4 N.A. 167 VM>MM>VV
COMT supramarginal gyrus St suc L 13.388 0.126 0.415 <0.001 −64 −28 42 40 159 MM=VM>VV
COMT frontal pole St suc R 18.858 0.150 0.686 <0.001 46 24 44 9 160 MM=VM>VV
COMT inferior temporal gyrus St suc R 14.849 0.133 0.505 <0.001 34 −16 −38 20 200 VM=MM>VV
COMT supramarginal gyrus St suc R 14.189 0.130 0.461 <0.001 60 −44 36 14 283 MM=VM>VV
COMT hippocampus St fail R 20.088 0.155 0.736 <0.001 30 −10 −22 N.A. 160 VV =VM >MM
COMT supramarginal gyrus St fail R 13.08 0.125 0.393 <0.001 56 −40 46 40 217 MM>VM>VV

BA, Brodmann area; St suc, successful stop-trials; R, right; St fail, failed stop-trials; L, left; DAT1, dopamine transporter gene; COMT, catechol-O-methyltransferase gene; N.A., not
applicable.

a Activation clusters derived from the F contrasts testing differences in task activation as a function of DAT1 and COMT variants over all subjects, including gender, intelligence
quotient, age and scan site as covariates.

b Power estimates computed using Quanto software (http://biostats.usc.edu/Quanto.html).
c Correction for multiple comparisons was one using a cluster threshold of Z > 2.3 and a significance threshold of p < 0.05 corrected.
d Group effects are derived from post-hoc analyses, corrected for familiality.
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To correct for potential effects of familial depend-
ency in our sample, all analyses of the genetic variants
on whole-brain neural activation were repeated in a
reduced sample using only one child per family.
These results have been added to the online
Supplementary material, and show that the above-
mentioned results are not influenced by the familial
structure of our sample.

Relationship between genetic variants, whole-brain
fMRI activation and stop-task performance

Neural activation in the right inferior frontal gyrus and
pre-supplementary motor area, that were differentially
activated depending on DAT1 rs37020 genotype,
showed a significant relationship with SSRT duration
(B =−0.085, p < 0.012 and B =−0.039, p < 0.004, respect-
ively). In both nodes, higher neural activation, as seen in
participants without the risk genotype, was associated
with shorter SSRT length (see online Supplementary
Table S3).

Activation in both nodes of the right supramarginal
gyrus, that were differentially active depending on the
COMT rs4680 genotype, was significantly associated
with ICV (B =−144.12, p < 0.0001 and B =−172.09,
p < 0.0001, respectively). In both nodes, higher activa-
tion, seen in participants without the risk allele, was
associated with lower intra-individual variation in re-
sponse inhibition performance.

Relationship between genetic variants, whole-brain
fMRI activation, and ADHD status or severity

No interactions between genetic effects and ADHD
diagnostic status (ADHD probands v. unaffected sib-
lings v. healthy controls) were observed in any of the
whole-brain fMRI results. Post-hoc analysis of the β
values from all differentially activated nodes indicated
no main effect of ADHD status on fMRI activation, ei-
ther with or without incorporation of the main gene
effects. A final set of post-hoc models was used to asso-
ciate β values with the number of ADHD symptoms,
and also separately investigate the influence of these
polymorphisms on the hyperactive/impulsive and in-
attentive subscales of the Conners’ questionnaire.
However, no significant effects were observed between
the total symptom count, either subscale or any of the
genetic variants tested.

Influence of potential confounders on whole-brain
fMRI activation

No main or interaction effects of IQ, gender or scan-site
were detected, indicating that these variables did not
influence the reported genetic effects on fMRI activa-
tion. The activation in the superior frontal region

node which showed differential effects of the DAT1
haplotype additionally showed a main effect of age
(B =−1.031, p < 0.001), indicating decreased activation
with increased age. However, there was no interaction
between age and the VNTR effect, indicating that the
age effect was additional to the VNTR effect. No
other effects of age were observed.

In previous publications, we showed there are no
main effects of medication use or co-morbidity on the
neural activation within this sample (Van Rooij et al.
2015). Also, medication or co-morbidity did not show
any interaction effects with the reported genetic effects
on the neural activation.

Genetic effects on between-group differences in fMRI
activation

The direct diagnostic group contrast (ADHD v. siblings
v. controls) of neural activation during the stop-task
indicated differential activation in a number of nodes,
including inferior frontal, superior frontal, supramargi-
nal and temporal/parietal nodes in both successful and
failed stop conditions. Participants with ADHD
demonstrated hypoactivation in all these nodes com-
pared with controls; the unaffected siblings displayed
intermediate levels of activation. The activation maps
and tables detailing the size and direction of these
effects can be found in Van Rooij et al. (2015), and
have also been described in the online Supplementary
material of this paper. However, none of the genetic var-
iants showed effects in any of these nodes, and there
were no significant interactions observed of genetic var-
iants with the ADHD effect (see online Supplementary
material for details).

Discussion

The current study showed novel evidence for the role
of two dopaminergic gene variants on the neural corre-
lates of response inhibition in a large sample of adoles-
cents with ADHD, their unaffected siblings and
healthy controls. We investigated the effects of vari-
ance in the DAT1 and COMT genes on whole-brain
neural activation during response inhibition in the
combined ADHD–control sample. These analyses indi-
cated widespread alterations in neural activation in re-
lation to DAT1 rs37020 genotype and VNTR
haplotype, as well as COMT rs4680 genotype. The gen-
etic polymorphisms also showed associations with be-
havioural response inhibition outcomes but not with
ADHD diagnostic status or symptom count. First, we
assessed the influence of the DAT1 and COMT variants
on whole-brain neural activation in a hypothesis-free
manner. This analysis indicated significant effects of
all variants but one in DAT1 on brain-wide neural

3166 D. van Rooij et al.

https://doi.org/10.1017/S0033291715001130 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291715001130


activation during response inhibition. The DAT1
rs37020 AA genotype, the DAT1 10–6 risk haplotype
homozygotes and the COMT rs4680 Val-Val genotype
all showed hypoactivation in superior, inferior and
medial frontal nodes; the rs4680 Val-Val genotype fur-
ther showed increased activation in the thalamus.
These regions are key parts of the frontal–striatal net-
work that plays a central role in the regulation, initi-
ation and execution of the response inhibition process
(Aron, 2011). We also showed that the activation in
the right inferior frontal and pre-supplementary
motor areas were predictive of SSRT duration, provid-
ing additional support for the role of these areas in re-
sponse inhibition performance. The findings regarding
the influence of the DAT1 rs37020 variant on neural ac-
tivation are largely in line with those of Cummins et al.
(2012). Furthermore, while Cummins reported no
effects of the DAT1 VNTRs and Congdon et al. (2008)
showed hypoactivation in the pre-supplementary
motor area in carriers of the 10 repeat allele of the
DAT1 3′-UTR VNTR, we demonstrated effects of
the VNTR haplotype, including the 3′-UTR VNTR, in
the same area, although we showed hyperactivation
for the risk haplotype. As we additionally found
hypoactivation in the superior frontal and temporal
gyri for carriers of the 10–6 haplotype, our findings
suggest a shift in activation from frontal to medial
areas of the response inhibition network for the risk
haplotype. Both the inconsistencies in the literature
regarding the role of DAT1 and the observed variation
of influences between the rs37020 polymorphisms and
VNTR haplotype indicate that DAT1 has a complex
role in response inhibition that deserves more intensive
study.

Furthermore, the observed influence of the COMT
rs4680 SNP also concurs with results reported by
Congdon et al. (2009). We found effects of the COMT
polymorphism in the supramarginal, temporal and
hippocampal areas, though care should be taken
when interpreting these findings, since the observed
power of these effects is not sufficient to exclude the pos-
sibility of false positives. The supramarginal area is asso-
ciated with the frontal–parietal network, and is thought
to implement attentional direction and task-set mainten-
ance during response inhibition (Fassbender et al. 2006;
Chambers et al. 2009). We showed that activation in
the supramarginal areas is associated with lower
intra-individual variation in stop-task performance, sup-
porting the role of this area in attentional processing. The
presence of the Val-Val genotype was related to less ac-
tivation in these areas, which may suggest that
decreased attentional resources were available during
cognitive performance in Val homozygotes. The results
by White et al. (2014) showed a genotype × gender inter-
action for the COMT variant, indicating higher

activation in the inferior frontal and supramarginal
nodes of the response inhibition network in Val-Val ado-
lescent males. Our findings diverge in both the location
and direction of the genotype effect, but we found no
evidence for an effect of gender in these analyses. The re-
lationship between COMT and hippocampal functioning
during memory tasks has been documented (Bertolino
et al. 2006; Krach et al. 2010), but its relationship with re-
sponse inhibition is currently unknown. Unexpectedly,
individuals with the Met-Met genotype showed
decreased activation in the hippocampus, as opposed
to the Val-Val group, which are considered the risk
group due to decreased dopamine availability
(Matsumoto et al. 2003). Possibly, the hippocampal in-
volvement may indicate a working memory component
in stop-task performance, for example by tracking task
demands of the number of trials since the last stop-signal
was presented. The Val-Val genotype may rely more
heavily on these cues to compensate for their decreased
recruitment of the regular response inhibition nodes.
However, the causal relationships between attention,
memory and response inhibition processes cannot be ac-
curately discerned from the paradigm used in the cur-
rent study, indicating the need for further research into
the role of COMT in these different neural processes.

The results in this study further showed that the
effects of DAT1 and COMT variants are similar in par-
ticipants with ADHD, unaffected siblings and controls,
a result which may be surprising given the previously
found positive links between DAT1 and COMT var-
iants and ADHD (Cornish et al. 2005; Brookes et al.
2006a; Guan et al. 2009; Braet et al. 2011; Matthews
et al. 2012). Alternatively, we may have had insufficient
statistical power to detect small genetic effects on
ADHD diagnosis or severity. Additionally, divergent
findings on the influence of the DAT1 9–6 and 10–6
haplotypes on response inhibition in adults and chil-
dren (Brookes et al. 2006b; Franke et al. 2010) may
have obscured a direct link, or there may have been
interfering effects of the long-term use of medication
in our ADHD sample. The use of neural differences be-
tween participants with ADHD and controls during re-
sponse inhibition as an intermediate phenotype did
not prove to be more successful than the clinical
phenotype in detecting significant genetic effects of
our candidate genetic variants. ADHD is an aetiologic-
ally complex disorder, thought to be caused in most
cases by cumulative small effects of many genetic var-
iants as well as environmental effects. Possibly the
influence of, and interaction with, other genetic var-
iants, or interactions with the environment, may have
obscured the association between our risk genes and
altered neural response inhibition correlates in ADHD.

Next to ADHD, response inhibition deficits have been
observed in a range of major psychiatric disorders, like
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schizophrenia (Enticott et al. 2008) and bipolar disorder
(Passarotti et al. 2010). Recent evidence has shown shared
genetic contributions for all thesemajor psychiatric disor-
ders (Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013a), and a genome-wide effect of the
DRD2 dopamine receptor gene on schizophrenia
(Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). The results of the current
study also imply a stronger link between dopaminergic
genes and the neural correlate of response inhibition, as
compared with the behavioural or phenotype levels, or
specifically ADHD. Taken together, these findings
imply that diagnostic boundaries between psychiatric
disorders may not reliably represent underlying genetic
mechanisms (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013b), and suggest that the use
of neurobiological constructsmayprovidemore valuable
targets forgenetic studies thansinglediseasephenotypes.

In sum, we showed the influence of DAT1 and
COMT variants on the neural activation during re-
sponse inhibition, indicating that variance within the
catecholamine system may explain a significant part
of the neural activation of response inhibition. We
demonstrated widely spread genetic effects across
both frontal–striatal and frontal–parietal networks dur-
ing successful and failed inhibitions. These findings are
consistent with the earlier studies (Congdon et al. 2009;
Cummins et al. 2012) showing activation changes in
medial and lateral prefrontal as well as supramarginal
areas as a function of these genetic variants. Extending
these findings, we also found association of variants
within these dopamine genes in temporal and parietal
activation. Our results further indicate that different
genetic variants may influence distinct parts of the
neural network underlying response inhibition. Given
that the current study only investigated a limited num-
ber of genetic risk variants, a more comprehensive
study of genetic variance in response inhibition may
be warranted. Future implementation of polygenetic
risk scores (Dudbridge, 2013) or pathway-based
approaches (Bralten et al. 2013) may be used to further
elucidate the relationship between neurotransmitter
functioning and (the neural correlates of) response in-
hibition performance. Our power calculations show
that though many of our main effects are very robust
(observed power > 0.9), we cannot fully discount po-
tential false-positive findings, specifically with regard
to the activation associated with the COMT poly-
morphism. This variation in statistical power indicates
that researchers should take care to not only report p
values, but effect sizes and power calculations as
well. It also emphasizes the importance of large sample
sizes in genetic fMRI research. Although our results
indicate a putative pathway between catecholamine
gene variants and the ADHD phenotype, we have

demonstrated no direct influences of these genetic
effects and ADHD diagnosis. The generalizability of
these genetic effects across this large age range as
well as over the diagnostic groups may further indicate
that these genetic effects are equally important in a
wide range of adolescents with and without ADHD.

Supplementary material

For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0033291715001130

Acknowledgements

We acknowledge the Department of Pediatrics of the
VU University Medical Center for having the oppor-
tunity to use the mock scanner for preparation of our
participants. The authors thank Roshan Cools for her
invaluable input and comments in the preparation of
this paper.

Declaration of Interest

This work was supported by National Institutes of
Health grant R01MH62873 (to Stephen V. Faraone),
Netherlands Organization for Scientific Research
(NWO) Large Investment Grant 1750102007010 and
NWO Brain & Cognition an Integrative Approach
grant 433-09-242 (to J.K.B.) and grants from Radboud
University Nijmegen Medical Center, University
Medical Center Groningen and Accare, and VU
University Amsterdam. B.F. is supported by a Vici
grant (016.130.669) from NWO. J.K.B. has been in the
past 3 years a consultant to/member of advisory
board of/and/or speaker for Janssen Cilag BV, Eli
Lilly, Bristol-Myer Squibb, Shering Plough, UCB,
Shire, Novartis and Servier. He is not an employee of
any of these companies, and not a stock shareholder
of any of these companies. He has no other financial
or material support, including expert testimony,
patents and royalties. J.O. has received in the past 3
years an investigator-initiated grant from Shire
Pharmaceuticals. None of the other authors has any
conflicts of interest to report.

References

Albrecht DS, Kareken DA, Christian BT, Dzemidzic M,
Yoder KK (2014). Cortical dopamine release during a
behavioral response inhibition task. Synapse 68, 266–274.

Aron AR (2011). From reactive to proactive and selective
control: developing a richer model for stopping
inappropriate responses. Biological Psychiatry 69, 55–68.

Asherson P, Brookes K, Franke B, Chen W, Gill M, Ebstein
RP, Buitelaar J, Banaschewski T, Sonuga-Barke E,

3168 D. van Rooij et al.

https://doi.org/10.1017/S0033291715001130 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291715001130


Eisenberg J, Manor I, Miranda A, Oades RD, Roeyers H,
Rothenberger A, Sergeant J, Steinhausen H-C, Faraone SV
(2007). Confirmation that a specific haplotype of the
dopamine transporter gene is associated with combined-type
ADHD. American Journal of Psychiatry 164, 674–677.

Bertolino A, Rubino V, Sambataro F, Blasi G, Latorre V,
Fazio L, Caforio G, Petruzzella V, Kolachana B, Hariri A,
Meyer-Lindenberg A, Nardini M, Weinberger DR,
Scarabino T (2006). Prefrontal–hippocampal coupling
during memory processing is modulated by COMT
Val158Met genotype. Biological Psychiatry 60, 1250–1258.

Braet W, Johnson KA, Tobin CT, Acheson R, McDonnell C,
Hawi Z, Barry E, Mulligan A, Gill M, Bellgrove MA,
Robertson IH, Garavan H (2011). fMRI activation during
response inhibition and error processing: the role of the
DAT1 gene in typically developing adolescents and those
diagnosed with ADHD. Neuropsychologia 49, 1641–1650.

Bralten J, Franke B, Waldman I (2013). Candidate genetic
pathways for attention-deficit/hyperactivity disorder
(ADHD) show association to hyperactive/impulsive
symptoms in children with ADHD. Journal of the American
Academy of Child and Adolescent Psychiatry 52, 1204–1212.

Brookes K, Xu X, Chen W, Zhou K, Neale B, Lowe N, Anney
R, Aneey R, Franke B, Gill M, Ebstein R, Buitelaar J,
Sham P, Campbell D, Knight J, Andreou P, Altink M,
Arnold R, Boer F, Buschgens C, Butler L, Christiansen H,
Feldman L, Fleischman K, Fliers E, Howe-Forbes R,
Goldfarb A, Heise A, Gabriëls I, Korn-Lubetzki I,
Johansson L, Marco R, Medad S, Minderaa R, Mulas F,
Müller U, Mulligan A, Rabin K, Rommelse N, Sethna V,
Sorohan J, Uebel H, Psychogiou L, Weeks A, Barrett R,
Craig I, Banaschewski T, Sonuga-Barke E, Eisenberg J,
Kuntsi J, Manor I, McGuffin P, Miranda A, Oades RD,
Plomin R, Roeyers H, Rothenberger A, Sergeant J,
Steinhausen H-C, Taylor E, Thompson M, Faraone SV,
Asherson P (2006a). The analysis of 51 genes in DSM-IV
combined type attention deficit hyperactivity disorder:
association signals in DRD4, DAT1 and 16 other genes.
Molecular Psychiatry 11, 934–953.

Brookes K-J, Mill J, Guindalini C, Curran S, Xu X, Knight J,
Chen C-K, Huang Y-S, Sethna V, Taylor E, ChenW, Breen
G, Asherson P (2006b). A common haplotype of the
dopamine transporter gene associated with
attention-deficit/hyperactivity disorder and interacting with
maternal use of alcohol during pregnancy. Archives of
General Psychiatry 63, 74–81.

Chambers CD, Garavan H, Bellgrove MA (2009). Insights
into the neural basis of response inhibition from cognitive
and clinical neuroscience. Neuroscience and Biobehavioral
Reviews 33, 631–646.

Congdon E, Constable RT, Lesch KP, Canli T (2009). Influence
of SLC6A3 and COMT variation on neural activation during
response inhibition. Biological Psychology 81, 144–152.

Congdon E, Lesch KP, Canli T (2008). Analysis of DRD4 and
DAT polymorphisms and behavioral inhibition in healthy
adults: implications for impulsivity. American Journal of
Medical Genetics 147B, 27–32.

Cornish KM, Manly T, Savage R, Swanson J, Morisano D,
Butler N, Grant C, Cross G, Bentley L, Hollis CP (2005).

Association of the dopamine transporter (DAT1) 10/
10-repeat genotype with ADHD symptoms and response
inhibition in a general population sample. Molecular
Psychiatry 10, 686–698.

Costa A, Riedel M, Pogarell O, Menzel-Zelnitschek F,
Schwarz M, Reiser M, Möller H, Rubia K, Meindl T,
Ettinger U (2013). Methylphenidate effects on neural
activity during response inhibition in healthy humans.
Cerebral Cortex 23, 1179–1189.

Crosbie J, Arnold P, Paterson A, Swanson J, Dupuis A, Li X,
Shan J, Goodale T, Tam C, Strug LJ, Schachar RJ (2013).
Response inhibition and ADHD traits: correlates and
heritability in a community sample. Journal of Abnormal
Child Psychology 41, 497–507.

Cross-Disorder Group of the Psychiatric Genomics
Consortium (2013a). Genetic relationship between five
psychiatric disorders estimated from genome-wide SNPs.
Nature Genetics 45, 984–994.

Cross-Disorder Group of the Psychiatric Genomics
Consortium (2013b). Identification of risk loci with shared
effects on five major psychiatric disorders: a
genome-wide analysis. Lancet 381, 1371–1379.

Cubillo A, Halari R, Giampietro V, Taylor E, Rubia K (2011).
Fronto-striatal underactivation during interference
inhibition and attention allocation in grown up children
with attention deficit/hyperactivity disorder and persistent
symptoms. Psychiatry Research 193, 17–27.

Cummins TDR, Hawi Z, Hocking J, Strudwick M, Hester R,
Garavan H, Wagner J (2012). Dopamine transporter
genotype predicts behavioural and neural measures of
response inhibition. Molecular Psychiatry 11, 1086–1192.

Dudbridge F (2013). Power and predictive accuracy of
polygenic risk scores. PLoS Genetics 9, e1003348.

Durston S, Fossella JA, Casey BJ, Hulshoff Pol HE, Galvan
A, Schnack HG, Steenhuis MP, Minderaa RB, Buitelaar
JK, Kahn RS, Van Engeland H (2005). Differential effects of
DRD4 and DAT1 genotype on fronto-striatal gray matter
volumes in a sample of subjects with attention deficit
hyperactivity disorder, their unaffected siblings, and
controls. Molecular Psychiatry 10, 678–685.

Enticott PG, Ogloff JRP, Bradshaw JL (2008). Response
inhibition and impulsivity in schizophrenia. Psychiatry
Research 157, 251–254.

Faraone S, Khan S (2005). Candidate gene studies of
attention-deficit/hyperactivity disorder. Journal of Clinical
Psychiatry 67 (Suppl. 8), 13–20.

Fassbender C, Murphy K, Hester R, Meaney J, Robertson
IH, Garavan H (2006). The role of a right fronto-parietal
network in cognitive control: common activations for
“cues-to-attend” and response inhibition. Journal of
Psychophysiology 20, 286–296.

Franke B, Vasquez AA, Johansson S, HoogmanM, Romanos
J, Boreatti-Hümmer A, Heine M, Jacob CP, Lesch KP,
Casas M, Ribasés M, Bosch R, Sánchez-Mora C,
Gómez-Barros N, Fernàndez-Castillo N, Bayés M,
Halmøy A, Halleland H, Landaas ET, Fasmer OB,
Knappskog PM, Heister AJ, Kiemeney LA, Kooij JJ,
Boonstra AM, Kan CC, Asherson P, Faraone SV, Buitelaar
JK, Haavik J, Cormand B, Ramos-Quiroga JA, Reif A

DAT1 and COMT variants and response inhibition in adolescents 3169

https://doi.org/10.1017/S0033291715001130 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291715001130


(2010). Multicenter analysis of the SLC6A3/DAT1 VNTR
haplotype in persistent ADHD suggests differential
involvement of the gene in childhood and persistent
ADHD. Neuropsychopharmacology 35, 656–664.

Gizer IR, Ficks C, Waldman ID (2009). Candidate gene
studies of ADHD: a meta-analytic review. Human Genetics
126, 51–90.

Gottesman II, Gould TD (2003). The endophenotype concept
in psychiatry: etymology and strategic intentions. American
Journal of Psychiatry 160, 636–645.

Guan L, Wang B, Chen Y, Yang L, Li J, Qian Q, Wang Z,
Faraone SV, Wang Y (2009). A high-density
single-nucleotide polymorphism screen of 23 candidate
genes in attention deficit hyperactivity disorder: suggesting
multiple susceptibility genes among Chinese Han
population. Molecular Psychiatry 14, 546–554.

Holm S (1979). A simple sequentially rejective multiple test
procedure. Scandinavian Journal of Statistics 6, 65–70.

Hong J, Shu-Leong H, Tao X, Lap-Ping Y (1998). Distribution
of catechol-O-methyltransferase expression in human
central nervous system. Neuroreport 9, 2861–2864.

Krach S, Jansen A, Krug A, Markov V, Thimm M, Sheldrick
AJ, Eggermann T, Zerres K, Stöcker T, Shah NJ, Kircher T
(2010). COMT genotype and its role on hippocampal–
prefrontal regions in declarative memory. NeuroImage 53,
978–984.

Lipszyc J, Schachar R (2010). Inhibitory control and
psychopathology: a meta-analysis of studies using the stop
signal task. Journal of the International Neuropsychological
Society 16, 1064–1076.

Matsumoto M, Weickert CS, Akil M, Lipska BK, Hyde TM,
Herman MM, Kleinman JE, Weinberger DR (2003).
Catechol O-methyltransferase mRNA expression in human
and rat brain: evidence for a role in cortical neuronal
function. Neuroscience 116, 127–137.

Matthews N, Vance A, Cummins TDR, Wagner J, Connolly
A, Yamada J, Lockhart PJ, Panwar A, Wallace RH,
Bellgrove MA (2012). The COMT Val158 allele is associated
with impaired delayed-match-to-sample performance in
ADHD. Behavioral and Brain Functions 8, 25.

Mulligan CR, Knopik VS, Sweet LH, Fisher MS, Seidenberg
M, Rao SM (2011). Neural correlates of inhibitory control
in adult ADHD: evidence from the Milwaukee longitudinal
sample. Psychiatry Research 194, 119–129.

Nymberg C, Jia T, Lubbe S, Ruggeri B, Desrivieres S, Barker
G, Büchel C, Fauth-Buehler M, Cattrell A, Conrod P, Flor
H, Gallinat J, Garavan H, Heinz A, Ittermann B, Lawrence
C, Mann K, Nees F, Salatino-Oliveira A, Paillère Martinot
M-L, Paus T, Rietschel M, Robbins T, Smolka M,
Banaschewski T, Rubia K, Loth E, Schumann G (2013).
Neural mechanisms of attention-deficit/hyperactivity
disorder symptoms are stratified by MAOA genotype.
Biological Psychiatry 74, 607–614.

Passarotti AM, Sweeney JA, Pavuluri MN (2010). Neural
correlates of response inhibition in pediatric bipolar
disorder and attention deficit hyperactivity disorder.
Psychiatry Research 181, 36–43.

PliszkaSR,GlahnDC,Semrud-ClikemanM,FranklinC,Perez
R III, Xiong J, Liotti M (2006). Neuroimaging of inhibitory

control areas in children with attention deficit/hyperactivity
disorder whowere treatment naive or in long-term treatment.
American Journal of Psychiatry 163, 1052–1060.

Ridderinkhof KR, Van den Wildenberg WPM, Segalowitz
SJ, Carter CS (2004). Neurocognitive mechanisms of
cognitive control: the role of prefrontal cortex in action
selection, response inhibition, performance monitoring, and
reward-based learning. Brain and Cognition 56, 129–140.

Rubia K, Halari R, Cubillo A, Mohammad A-M, Brammer
M, Taylor E (2009). Methylphenidate normalises activation
and functional connectivity deficits in attention and
motivation networks in medication-naïve children with
ADHD during a rewarded continuous performance task.
Neuropharmacology 57, 640–652.

Schizophrenia Working Group of the Psychiatric Genomics
Consortium (2014). Biological insights from 108
schizophrenia-associated genetic loci. Nature 511, 421–427.

Schwartz S, Correll CU (2014). Efficacy and safety of
atomoxetine in children and adolescents with
attention-deficit/hyperactivity disorder: results from a
comprehensive meta-analysis and metaregression. Journal of
the American Academy of Child and Adolescent Psychiatry 53,
174–187.

Slaats-Willemse D, Swaab-Barneveld H, Sonneville L, Van
der Meulen E, Buitelaar JK (2003). Deficient response
inhibition as a cognitive endophenotype of ADHD. Journal
of the American Academy of Child and Adolescent Psychiatry 42,
1242–1248.

Van Meel CS, Heslenfeld DJ, Oosterlaan J, Sergeant JA
(2007). Adaptive control deficits in attention-deficit/
hyperactivity disorder (ADHD): the role of error
processing. Psychiatry Research 151, 211–220.

Van Rooij D, Hartman CA, Mennes M, Oosterlaan J, Franke
B, Rommelse N, Heslenfeld D, Faraone SV, Buitelaar JK,
Hoekstra PJ (2015). Distinguishing adolescents with
ADHD from their unaffected siblings and healthy
comparison subjects by neural activation patterns during
response inhibition. American Journal of Psychiatry.
Published online 25 January 2015. doi:10.1176/appi.
ajp.2014.13121635.

Von Rhein D, Mennes M, Van Ewijk H, Groenman AP,
Zwiers M, Oosterlaan J, Heslenfeld D, Franke B, Hoekstra
PJ, Faraone SV, Hartman C, Buitelaar J (2015). The
NeuroIMAGE study: a prospective phenotypic, cognitive,
genetic and MRI study in children with attention-deficit/
hyperactivity disorder. Design and descriptives. European
Child and Adolescent Psychiatry 24, 265–281.

White TP, Loth E, Rubia K, Krabbendam L, Whelan R,
Banaschewski T, Barker GJ, Bokde ALW, Büchel C,
Conrod P, Fauth-Bühler M, Flor H, Frouin V, Gallinat J,
Garavan H, Gowland P, Heinz A, Ittermann B, Lawrence
C, Mann K, Paillère M-L, Nees F, Paus T, Pausova Z,
Rietschel M, Robbins T, Smolka MN, Shergill SS,
Schumann G (2014). Sex differences in COMT
polymorphism effects on prefrontal inhibitory control in
adolescence. Neuropsychopharmacology 39, 2560–2569.

Woo C-W, Krishnan A, Wager TD (2014). Cluster-extent
based thresholding in fMRI analyses: pitfalls and
recommendations. NeuroImage 91, 412–419.

3170 D. van Rooij et al.

https://doi.org/10.1017/S0033291715001130 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291715001130

