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Several lines of evidence suggest that the dopamine transporter gene (DAT1) plays a crucial role in at-
tention deficit hyperactivity disorder (ADHD). Concretely, recent data indicate that the 10-repeat (10R)
DAT1 allele may mediate neuropsychological functioning, response to methylphenidate, and even brain
function and structure in children with ADHD. This study aimed to investigate the influence of 10R DAT1
on thickness of the prefrontal cortex in children and adolescents with ADHD. To this end, brain magnetic
resonance images were acquired from 33 patients with homozygosity for the 10R allele and 30 patients
with a single copy or no copy of the allele. The prefrontal cortex of each MRI scan was automatically
parceled into regions of interest (ROIs) based on Brodmann areas (BA). The two groups were matched for
age, gender, IQ, ADHD subtype, symptom severity, comorbidity and medication status. However, patients
with two copies of the 10R allele exhibited significantly decreased cortical thickness in right BA 46 re-
lative to patients with one or fewer copies of the allele. No other prefrontal ROI differed significantly
between the two groups. Present findings suggest that cortical thickness of right lateral prefrontal cortex
(BA 46) is influenced by the presence of the DAT110 repeat allele in children and adolescents with ADHD.

& 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Attention deficit/hyperactivity disorder (ADHD) is a highly
heterogeneous neurobehavioral disorder with multiple causes and
courses, a wide range of symptom severity and frequency across
individuals, and a number of comorbidities. ADHD is currently
diagnosed on the basis of a collection of inattention and im-
pulsivity/hyperactivity symptoms (American Psychiatric Associa-
tion, 2013). It is the most prevalent neurodevelopmental disorder
with a prevalence rate of 5.29% in children and adolescents
rved.
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worldwide (Polanczyk et al., 2007) and frequently persists into
adulthood (Kessler et al., 2006).

ADHD has a strong genetic background and high familiarity.
Indeed, the heritability of this disorder has been estimated to be
0.76 (Biederman, 2005), making it one of the most heritable dis-
orders in child and adolescent psychiatry. ADHD has been con-
sistently associated with catecholaminergic dysregulation in sev-
eral neural circuits, including pathways linking prefrontal regions
to striatum (Durston, 2003). Interestingly, several executive dys-
functions typically found in ADHD, including deficits in response
inhibition, working memory or attentional control, have been as-
sociated with imbalance of dopamine and noradrenaline in the
prefrontal cortex and related structures (Arnsten and Li, 2005;
Nieoullon and Coquerel, 2003). Although the genetic basis of
ADHD remains unknown and multiple genes appear to be
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involved, molecular genetic studies have identified several candi-
date genes related to the disorder (Brookes et al., 2006; Gizer et al.,
2009). In this vein, a meta-analysis found a small but significant
association between ADHD and dopamine transporter gene (DAT1)
(Gizer et al., 2009; Yang et al., 2007).

DAT1 (also known as SLC6A3) is located on chromosome 5p15
and is known to regulate synaptic concentration and the duration
of dopamine activity by mediating the active reuptake of this
neurotransmitter from the synaptic terminal. It contains a 40 base
pairs (bp) variable number of tandem repeats (VNTR) in its 3ʹ
untranslated region (UTR). Alleles from 3 to 13 repeats have been
reported, but the alleles with 9 and 10 repeats (9R and 10R, re-
spectively) are the most frequently found. Notably, the former has
been associated with ADHD in adulthood (Franke et al., 2009),
whereas the latter has been related to ADHD in childhood (Yang
et al., 2007). Thus, at least in children and adolescents with ADHD,
the DAT1 10R allele has been associated with greater levels of
dopamine transporter protein than the 9R form (Brookes et al.,
2007; Fuke et al., 2001; Mill et al., 2002), so homozygous carriers
of the DAT110R allele are expected to have lower levels of synaptic
dopamine in the synaptic cleft than those with a single or no copy
of this allele. Importantly, DAT1 is thought to be expressed
throughout the brain, although protein localization and human
gene expression studies suggest there may be an over-expression
in striatum (Durston et al., 2009). However, it should be noted that
activity and anatomy of several prefrontal regions have been
shown to be influenced by DAT1 polymorphisms, both in healthy
and ADHD samples. Thus, DAT1 genotype influences other brain
regions beyond striatum probably through a combination of direct
effects on dopamine function and indirect effects via the extensive
anatomical and functional connectivity of the striatum with cor-
tical regions and especially with prefrontal cortex.

Prefrontal cortex has long been recognized as a crucial brain
area involved in executive processes such as planning, working
memory, response inhibition, attentional control and emotional
regulation. It has extensive connections to many cortical and
subcortical areas, including (among them) back-projections to
striatum, visual cortex and motor cortex that can modulate activity
in such areas. Of note, the prefrontal cortex is one of the major
cortical receiver of dopamine inputs and this neurotransmitter is
believed to be involved in a wide variety of cognitive and emo-
tional processes conducted by prefrontal cortex pathways (Arn-
sten, 2011; van Schouwenburg et al., 2010). Although dopami-
nergic modulation of prefrontal cortex neurons is still not precisely
understood, it is evident that dopamine modulates the activity of
both pyramidal neurons and local interneurons. Both dopamine
and noradrenaline exhibit a known inverted U control on pre-
frontal cortex cognitive functions, where either too little or too
much impairs PFC function (Arnsten, 2011; Cools and D’Esposito,
2011). Additionally, prefrontal networks experience active neuro-
nal adaptation processes by means of the induction of synaptic
plasticity (Goto et al., 2010), and synaptic plasticity in the PFC is
thought to play an important role for its functions. It has been
shown that synaptic plasticity in the PFC is modulated by different
neurotransmitters; dopamine indeed contributes substantially to
this synaptic plasticity (Goto and Grace, 2006; Gurden et al., 1999;
Mastwal et al., 2014; Otani et al., 2003; Sheynikhovich et al., 2011).

Prefrontal cortex abnormalities have been reported in many
psychiatric and neurodevelopmental disorder, including ADHD.
Indeed, convergent data from neuropsychological, neurochemical
and structural and functional brain studies, have strongly im-
plicated prefrontal cortex and related brain regions in the patho-
physiology of ADHD. In this vein, although these investigations
have reported abnormalities in both left and right frontal cortices,
it has been proposed that it is predominantly related to alterations
in the right side (Rubia et al., 1999, 2010; see also Makris et al.
(2007)). Interestingly, studies with healthy samples suggest that
response inhibition and other executive functions (processes
known to be impaired in most patients with ADHD) could be
mainly associated with right prefrontal cortex (Aron et al., 2004;
Garavan et al., 1999). Structural studies have revealed than several
areas of the prefrontal cortex (primarily, lateral and dorsal re-
gions), striatum, cerebellum and corpus callosum are impaired in
ADHD. Although there are contradictory results, a meta-analysis of
structural studies suggest that children and adolescents with the
disorder show volumetric reductions in these brain regions (Valera
et al., 2007). More recently, studies have begun to separate volume
into its subcomponents of thickness and surface area on the cer-
ebral cortex. Generally, cortical thickness studies have also re-
ported a thinning of the prefrontal cortex in ADHD (e.g., Almeida
et al., 2010; Fernández-Jaén et al., 2014; Makris et al., 2007). Re-
sults from functional imaging and electrophysiological studies
have also revealed brain activation abnormalities in ADHD chil-
dren and adolescents, reporting both hypoactivation and hyper-
activation of prefrontal cortex (López-Martín et al., 2015; Hart
et al. 2012; Rubia et al., 1999, 2010).

Remarkably, there are a few recent studies that have employed
a combined genetic-imaging approach to examine the effects of
DAT1 polymorphisms on brain anatomy and function of children
and adolescents with ADHD (Durston et al., 2005; Shook et al.,
2011). Structurally, it has been found smaller caudate volumes in
subjects homozygous for the 10R DAT1 allele relative to non-
homozygous 10R subjects, irrespective of diagnostic status (i.e.,
ADHD or non-ADHD: Durston et al., 2005; Shook et al., 2011).
Functionally, it has been observed hyperactivation of striatum and
hyperactivation of inferior frontal gyrus in ADHD children and
adolescents with two copies of the risk allele (10R) relative to
those with one or no copy of this allele during a go/nogo task
(Bedard et al., 2011). By contrast, Durston et al. (2005) found in the
same task a reduced activation of striatum both in ADHD subjects
and their siblings, but not in control subjects. As the own authors
pointed out, these findings should be considered with caution
given small sample sizes (less than 10 subjects per DAT1 genotype
groups). Interestingly, it has been shown using a large sample of
healthy children that homozygous 10R DAT1 genotype was asso-
ciated with high levels of ADHD symptoms and with neu-
ropsychological impairments in response inhibition and attention
(Cornish et al., 2005). Taken together, these imaging genetics and
neuropsychological genetics studies suggest that individuals with
ADHD cannot be defined and treated as a homogenous group.
Genetic polymorphisms (e.g., DAT1) may mediate brain correlates
and neuropsychological functioning, and even the response to
medication. Moreover, the study of Cornish and colleagues (and
other experiments that have examined DAT1 influences on ima-
ging measures in healthy samples) indicate that effects of 10R
homozygosity on brain structure and function as well as on cog-
nitive performance could play a relevant role in translating risk for
ADHD.

This main aim of study was to examine the influence of DAT1
genotype on structural anatomy of the prefrontal cortex in ADHD.
To this end, cortical thickness measures from MRI were obtained
in a sample of children and adolescents with ADHD. This study
therefore complements previous investigations that examined
how DAT1 polymorphisms modulate brain volume measures. With
advances in structural neuroimaging, it is possible to separate
volume into its (different) subcomponents of thickness and surface
area. Cortical thickness thus may provide a more sensitive and
specific measure of brain structure abnormality. Moreover, pre-
vious structural imaging studies with DAT1 genotype have pri-
marily focused on striatum (Durston et al., 2005; Shook et al.,
2011). As mentioned above, prefrontal cortex has also shown to be
modulated by DAT1, and is strongly implicated in ADHD. On the
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basis of findings presented above, we hypothesized that children
and adolescents with ADHD homozygous for the 10R DAT1 allele
would display thicker prefrontal cortex compared to those who
were heterozygous carriers of the allele. Correlations between
ADHD symptom severity and thickness of prefrontal cortex could
also be obtained.
2. Methods

2.1. Subjects

Sixty-three children and adolescents aged between 6 and 18
years with ADHD were recruited from the Child Neurology Unit of
the Quiron University Hospital, Madrid. They were referred di-
rectly from Spanish Federation of ADHD Supporting Associations
or from school psychology services. Patients were diagnosed with
ADHD according to DSM-IV criteria (American Psychiatric Asso-
ciation, 2000) and confirmed by a semi-structured interview with
the Kiddie Schedule for Affective Disorders and Schizophrenia for
School-Aged Children, Present and Lifetime Version (K-SADS-PL;
Kaufman et al., 1997), Spanish version (Ulloa et al., 2005). Twenty-
six patients met DSM-IV criteria for the combined and 37 for in-
attentive subtype of ADHD. To receive a diagnosis of pre-
dominantly inattentive, patients must display a minimum of six of
the nine symptoms from the inattentive domain in a minimum of
two settings (home and school). If the patient had six or more
symptoms in both domains (inattentive or hyperactive/impulsive),
then patient received a diagnosis of combined-type ADHD
(American Psychiatric Association, 2000). The clinical diagnosis of
ADHD was made by an experienced neurologist and a child and
adolescent psychiatrist. ADHD patients with comorbid opposi-
tional defiant disorder (ODD; n¼17) and conduct disorder (CD;
n¼1) were included. These disorders have been shown to be fre-
quently comorbid with ADHD (Jensen et al., 2001). Symptom se-
verity of ADHD was assessed with a short version of the Conner's
rating scale adapted and validated for the Spanish population
(EDAH: Farré and Narbona, 2003; Sánchez et al., 2010). Intellectual
functioning was measured using the full version of the Wechsler
Intelligence Scale for Children, fourth edition (WISC-IV). Exclusion
criteria were the following: significant motor or perceptive al-
terations, mental retardation, pervasive developmental disorder,
schizophrenia or psychosis, and known neurological diseases,
epilepsy, or drug abuse or dependency. The patients were either
medication naïve (N¼29) or medication free (N¼34) for at least
48 h prior to scanning. As described later, patients were divided
into those with homozygosity for the 10R allele at DAT1 (N¼30)
and those with a single copy or no copy of the allele (N¼33).

The study was conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki and Good Clinical Practice
standards. Informed consent was obtained from parents, with the
child giving assent, for the MRI scan, clinical assessment and ge-
netic evaluation.

2.2. Genotyping

The genetic analyses were performed from 1 mL sample of
saliva pf each patient, obtained with the Oragene �DNAs OG-510
from DNA Genotek Inc, Ottawa, Canada (Viltrop et al., 2010). Saliva
samples are a good alternative to blood samples to obtain genomic
DNA of high quality (Abraham et al., 2012; Hansen et al., 2007;
Viltrop et al., 2010). Genomic DNA was extracted from saliva using
QIAmp DNA Mini kit according to the manufacturer’s instructions
(Qiagen Iberia, S.L., Spain). DNA concentration was determined
through spectrophotometry (NanoDrop ND-1000 spectro-
photometer; Thermo Fisher Scientific, Waltham, MA). DAT1 3ʹ UTR
VNTR genotyping was determined by polymerase chain reaction
(PCR) as described in Vandenbergh et al. (1992), and fragments
were visualized on an ABI 3100 sequencer and automatically called
using the GeneMapper software (Applied Biosystems, Foster City,
CA). The presence of the DAT1 10R allele was analyzed. Patients
were divided into those with 2 copies of the 10R allele (homo-
zygous group) and those with a single or no copy of the allele 10R
(non-homozygous group).

2.3. MRI acquisition

All subjects were scanned by the same team of staff, on the
same scanner, and with identical scanning parameters. Data were
acquired using a General Electric-Signa 1.5 T scanner equipped
with a standard head coil. T1-weighted images were obtained
using a 3D spoiled gradient echo pulse sequence of the entire head
in the axial plane. The acquisition parameters were the following:
time to echo (TE)¼1 ms in phase, automatic repetition time (RT),
flip angle (FA)¼10°, slice thickness¼1.4 mm, field of view (FOV)¼
280 mm, phase FOV¼0.8, matrix size¼228�228, voxel
size¼0.55�0.55�1.4 mm3, number of excitations¼2,
duration¼6.25 min. Images were carefully inspected by experi-
enced technicians who were blinded to the subjects' group as-
signments for artifacts and poor contrast between gray and white
matter boundaries. Images with artifacts were not included in the
study. It should be noted that cortical thickness estimation based
on T1-weighted MRI images has shown to be a useful procedure
for detecting subtle cortical changes in the brain.

2.4. Image preprocessing and cortical thickness analysis

A detailed description of the sequential, semi-automated ap-
proach used in the present study to measure cortical thickness can
be found elsewhere (Fernández-Jaén et al., 2011, 2014). Briefly, it
entails three successive steps: (1) automated removal of non-brain
tissue using FSL's brain extraction tool (BET; version 2.1). BET uses
a deformable model to separate brain from non-brain tissue. BET2
command with default setting and a default fractional intensity
threshold of 0.5 was used. (2) automatic segmentation of selected
brain tissue into tissue types including gray matter, white matter
or cerebrospinal fluid using the FSL's FAST tool (version 4.1). FAST
also corrects spatial intensity variations or non-homogeneities.
The underlying method is based on a hidden Markov model and
associated anticipation-maximization algorithm, and (3) mea-
surement of cortical thickness for each subject using the Laplace
method (Jones et al., 2000) as implemented in BrainVoyager
(Goebel et al., 2006; www.brainvoyager.com). Prior to this, ana-
tomical data of each subject was resampled and transformed into
ACPT space and Talairach standard space. Once individual cortical
thickness maps were calculated, reconstructed cortices were
aligned into a spherical representation to improve the spatial
correspondence across subjects' brains. The improved alignment
of corresponding cortical structures results in clearer average brain
structure. This high-quality alignment procedure is fundamental
for the later exact comparison of cortical thicknesses between
groups (Haller et al., 2009).

Group differences were then mapped using a region-of-interest
(ROI) approach (i.e., comparing averaged thickness values from
selected ROIs across subjects). This ROI analysis approach is ad-
vantageous in that increases statistical power and provides the
possibility to detect and exclude outliers prior to statistical ana-
lysis (outliers were defined here as data points larger or smaller
than 1.5� the interquartile range -IQR- from the upper or lower
limit of the IQR). As mentioned before, structural ROIs were de-
fined using the tools in BrainVoyager. According to the aim of the
study, the following prefrontal ROIs based on BAwere analyzed for

http://www.brainvoyager.com


Fig. 1. Lateral and medial views of the brain showing the selected regions of interest (ROIs) used in the current study.
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the right and left hemispheres: 8, 9, 10, 11, 24, 32, 44, 45, 46, and
47 (Fig. 1). Due to limitations inherent to the cortical thickness
analysis, the striatum (a subcortical structure strongly involved in
the pathophysiology of ADHD where DAT1 expression is high) was
not measured. Finally, individual cortical thickness values (means)
from selected ROIs were exported to SPSS v20 (SPSS Inc., Chicago,
IL) to perform parametric statistical analyses.

2.5. Statistical analysis

Group differences in cortical thickness in selected prefrontal
ROIs were assessed using a multivariate analysis of covariance
(MANCOVA) with DAT1 genotype as the between-subjects factor
(two levels: 10R homozygous group and 10R non-homozygous
group) and subjects' age and average thickness of each individual
over the entire cortex as covariates. Follow-up one-way analyses of
covariances (ANCOVAs) were used to specify regional (BAs) dif-
ferences in cortical thickness between the two genotype groups.
To control for multiple comparisons (n¼20), we used an adapta-
tive, 2-stage false discovery rate (FDR) procedure at level q¼0.05
on all the output p-values from ANCOVAs (Benjamini et al., 2006).
Regional cortical thickness data were also statistically corrected for
effects of age and overall mean cortical thickness. Although groups
did not differ in age (see below), it was included as a potentially
confounding covariate given the broad age range of the sample
and the empirical evidence suggesting important changes in cor-
tical thickness during childhood and adolescence (Shaw et al.,
2008). Given the complexity of developmental trajectories
throughout the cerebral cortex in childhood and adolescence (re-
gions can show linear but also non-linear growth trajectories
(Shaw et al., 2008)), the pattern of relationship of age and each ROI
was assessed using linear, quadratic, and cubic regression models.
Only the right 47 Brodmann area (BA) was best fit with a quadratic
instead of a lineal model. No ROI showed a cubic trend with age.
Similar to other previous cortical thickness studies (He et al., 2007;
Gong et al., 2012; Makris et al., 2007; Park et al., 2009), overall
mean cortical thickness was used as an additional covariate to
reduce the effect of global characteristics of each subject. As FSIQ,
gender and ODD/CD comorbidity had no significant effect as cov-
ariate in the model, these variables were not finally included in the
analyses. Effect sizes were calculated using partial eta-squared
( p

2η ). As a rough guideline, p
2η of 0.01 constitutes a small effect, 0.06

a medium effect and 0.14 a large effect (Cohen, 1988).
Between-group differences in continuous variables (age, FSIQ

and ADHD sympton severity) were checked with independent t
tests (po0.05, two-tailed). Categorical variables (gender, ADHD
subytype, ODD/CD comorbidity and medication treatment status)
were analyzed with chi-square tests (po0.05, two-tailed). Corre-
lations between cortical thickness values and ADHD symptoma-
tology were assessed using correlation coefficients (po0.05, two-
tailed). Specifically, for those ROIs showing differences between
groups, we computed two partial correlations between cortical
thickness values and ADHD symptoms acrross the whole sample:
one while controlling for innatention and one while controlling for
hyperactivity/impulsivity. Prior to correlation analyses, a linear
regression was performed at every ROI to remove the effects of age
and mean overall cortical thickness. Then, the residuals of this
regression were substituted for the raw cortical thickness values.
3. Results

The two genotype groups (10R DAT1 homozygous group and
10R DAT1 non-homozygous) were matched in terms of age, gen-
der, FSIQ, medication treatment status and ODD/CD comorbidity
(Table 1). As can be seen in this Table, there were also no sig-
nificant differences in the distribution of ADHD subtypes or in the
severity of the two core domains of ADHD symptomatology be-
tween them.

MANCOVA revealed a significant main effect of DAT1 genotype
(F(20,40)¼1.89, p¼0.04, p

2ƞ ¼0.48). Follow-up ANCOVAs only
showed significantly differences between the DAT1 genotype



Table 1
Demographic and clinical characteristics of patients with two copies of the 10-repeat (10R) DAT1 allele (homozygous group) and patients with a single or no copy of the allele
(non-homozygous group).

Number of subjects 10R DAT1 non-homozygous group 10R DAT1 homozygous group Statistics
33 30 –

Continuous variables (group means and standard deviations)
Age (years) 10.7 (2.24) 11.03 (2.66) t(61)¼�0.54; p¼0.59
FSIQa (WISC-IV) 106.21 (11.36) 105.00 (14.31) t(61)¼0.37; p¼0.71
Hyperactivity–Impulsivity (EDAHb) 5.82 (3.48) 5.97 (3.76) t(61)¼�0.16; p¼0.87
Inattention (EDAHb) 11.12 (2.06) 10.83 (2.36) t(61)¼0.52; p¼0.61
Categorical variables (number of subjects)
Gender (male/female) 26/7 23/7 χ2¼0.04, p¼0.84
ADHD subtype (combined/ inattentive) 14/19 12/18 χ2¼0.04, p¼0.85
Comorbid diagnosis of ODD 6 11 χ2¼2.72, p¼0.10
Comorbid diagnosis of CD 0 1 χ2¼1.12, p¼0.29
Medication status (näive/no näive) 17/16 12/18 χ2¼0.84, p¼0.36

Abbreviations: ADHD, attention deficit hyperactivity disorder; CD, conduct disorder;
ODD, oppositional oppositional defiant disorder.

a FSIQ, full scale intelligence quotient measured using WISC-IV.
b EDAH (scale for assessment of attention deficit hyperactivity disorder), a short version of the Conner's rating scale adapted and validated for the Spanish population

(Farré and Narbona, 2003; Sánchez et al., 2010).

Fig. 2. Lateral view of the cortical surface showing the right 46 Brodmann area
with significant differences in cortical thickness between patients with two copies
of the 10-repeat (10R) DAT1 allele and patients with one or fewer copies of the
allele (FDR-corrected p [q]o0.05). Created with the help of BrainVoyager Brain
Tutor (http://www.brainvoyager.com/BrainTutor.html) with Rainer Goebel’s
permission.

Table 2
Means and standard deviations (raw cortical thickness values) and statistics for all regi

10R DAT1 non-homozygous group
Mean (SD), mm

10R DAT1 homozygous group
Mean (SD), mm

ANCO
(df¼1

Right hemisphere
BA8 3.71 (0.51) 3.65 (0.64) 0.21
BA9 3.47 (0.56) 3.41 (0.74) 0.26
BA10 3.68 (0.45) 3.64 (0.51) 0.22
BA11 4.25 (0.58) 4.37 (0.49) 0.75
BA24 3.84 (0.51) 4.06 (0.42) 3.52
BA32 4.37 (0.55) 4.54 (0.38) 2.56
BA44 2.77 (0.74) 2.64 (0.76) 2.93
BA45 3.16 (0.98) 2.95 (1.15) 3.38
BA46 2.91 (0.78) 2.48 (0.75) 13.29
BA47 3.88 (0.70) 3.85 (0.85) 0.09

Left hemisphere
BA8 3.07 (0.58) 3.32 (0.64) 2.83
BA9 3.25 (0.68) 3.37 (0.74) 0.39
BA10 3.43 (0.41) 3.52 (0.50) 0.75
BA11 4.05 (0.45) 4.24 (0.48) 2.27
BA24 3.76 (0.29) 3.92 (0.32) 4.51
BA32 3.67 (0.33) 3.82 (0.34) 3.09
BA44 3.15 (1.04) 3.04 (1.06) 1.84
BA45 3.65 (0.99) 3.70 (1.06) 0.004
BA46 3.31 (0.84) 3.25 (0.95) 0.43
BA47 4.30 (0.78) 4.50 (0.64) 1.17

Abbreviations: df, degrees of freedom.
a Multivariate analysis of covariance (MANCOVA) was used to compare the two ge

subjects factor and age (linear or quadratic) and mean overall cortical thickness as cova
b An adaptative, 2-stage false discovery rate (FDR) procedure at level q¼0.05 was u

values from the group comparisons (ANCOVAs) mentioned in the paper (n¼20). FDR w
c Effect sizes were computed using partial eta-squared ( p

2η ): 0.01 (small effect), 0.06
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groups in the right BA 46 (F(1,60)¼13.29, FDR-corrected p [i.e.,q]¼
0.01, p

2ƞ ¼0.18). Specifically, children and adolescents with two

copies of the 10R DAT1 allele showed reduced thickness of the
right BA 46 compared to those with one or no copy of the 10R
allele (Fig. 2). No other ROIs differed between the two groups.
Table 2 shows statistics and the unadjusted (raw) group mean and
standard deviations cortical thickness values for every ROI. Scatter
plots for the unadjusted (raw) and adjusted (after removing the
effects of age and overall mean cortical thickness) individual cor-
tical thickness values extracted from the right BA 46 can be seen in
Fig. 3.

Additional post hoc analyses were performed to further
ons of interest (ROIs).

VAa F value
,60)

Uncorrected p values Corrected p
valuesb

Partial eta-

squarec ( p
2ƞ )

0.65 0.72 0.003
0.61 0.72 0.004
0.64 0.72 0.004
0.39 0.60 0.013
0.07 0.28 0.056
0.11 0.29 0.042
0.09 0.28 0.047
0.07 0.28 0.054
0.001 0.01 0.184
0.77 0.81 0.001

0.10 0.28 0.046
0.53 0.71 0.007
0.39 0.60 0.012
0.14 0.30 0.037
0.04 0.28 0.071
0.08 0.28 0.050
0.18 0.36 0.030
0.95 0.95 0.000
0.51 0.71 0.007
0.28 0.52 0.019

notype groups on all ROIs. Follow-up ANCOVAs with DAT1 genotype as between-
riates were performed on each these ROIs (results presented in the Table).
sed (Benjamini et al., 2006). This FDR procedure was applied on all the output p-
as applied to control for multiple testing and prevent type I error.
(medium effect) and 0.14 (large effect) (Cohen, 1988).



Fig. 3. Scatter plot of individual cortical thickness values extracted from right BA 46 within each DAT1 genotype group. Left: unadjusted (raw cortical thickness) values
extracted from right BA 46. Right: adjusted values (residuals after the effects of age and overall mean cortical thickness were regressed out) extracted from right BA 46. solid
horizontal bar represents the mean within each group.
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examine whether the cortical thickness differences observed in
the right BA 46 between the twoDAT1 genotype groups were
primarily related to a subsample of patients with ADHD. To that
aim, two-way ANOVAs with DAT1 genotype and ADHD subtype/
Medication status as between-subject factors, and with age and
overall mean cortical thickness as covariates, were conducted.
Neither the interaction of DAT1� Subtype (F(1,57)¼2.17, p¼ 0.15)
nor the interaction of DAT1�Medication status (F(1,57)¼1.11,
p¼0.3) was significant, suggesting that cortical thinning in right
BA 46 observed in ADHD patients with two copies of the 10R allele
was present in both näive and no näive patients, and in both
combined and inattentive subtypes. These analyses should be
considered exploratory because they were not planned before the
study was initiated, and as a consequence, subsample sizes were
small. Future studies are needed to substantiate these results.

Finally, we computed partial correlations between adjusted
(residuals) cortical thickness values of right BA 46 and ADHD
symptoms acrross the whole sample. Neither inattention (r¼0.16,
p¼0.22) nor hyperactivity/impulsivity (r¼�0.01, p¼0.94) was
associated with cortical thickness of the right BA 46.
4. Discussion

The present study complements and extends previous imaging
genetic studies by showing that DAT1 genotype influences thick-
ness of the prefrontal cortex in ADHD. We focused on DAT1 10R
allele, as meta-analyses suggest its association with ADHD, and on
prefrontal cortex, given its key role in executive processes involved
in the disorder and in dopamine function in the brain. Specifically,
we found that children and adolescents with the disorder who
were homozygous for the DAT1 10R allele displayed a significant
reduction of the right lateral prefrontal cortex (BA 46) compared to
those who were non-homozygous for this allele. Although brain
abnormalities have been found in both left and right prefrontal
cortices, it has been long proposed that ADHD is predominantly
associated with structural and functional alterations in the right
prefrontal cortex (Hart et al., 2012; Makris et al., 2007; Rubia et al.,
1999, 2010). Indeed, a reduced volume and thinning of the pre-
frontal cortex (especially in the right hemisphere and lateral areas)
is one of the most consistent findings from neuroimaging in ADHD
(Hart et al., 2012). Current results suggest that this reduction is
particularly evident in those ADHD patients with two copies of the
DAT1 10R risk allele. Interestingly, it has been proposed that re-
sponse inhibition and other executive functions are mainly im-
plemented by prefrontal cortex and more specifically by lateral
prefrontal areas (e.g., Aron et al., 2004; Rubia et al., 2003). These
cognitive processes, including working memory, inhibition, at-
tentional control and planning, are known to be impaired in many
patients with ADHD (Willcutt et al., 2005). Thus, 10R/10R DAT1
genotype seems to confer increased reduction of lateral prefrontal
cortex that may be related (in conjunction with other structural
and functional brain abnormalities observed in patients with this
genotype) to the presence of impaired executive function, higher
symptomatology and differential response to medication (Bell-
grove et al., 2005; Brown et al., 2010; Bédard et al., 2010; Cornish
et al., 2005; Durston et al., 2005; Gilbert et al., 2006)

Although the etiology of ADHD is multifactorial and different
genes are assumed either to interact or to play a role in the dis-
order, molecular genetic studies have identified several single
candidate risk genes for the disorder (Brookes et al., 2006; Gizer
et al., 2009). Specifically, several studies have reported that the
10R allele of the DAT1 VNTR polymorphism is related to ADHD, at
least during childhood and adolescence. This allele has been as-
sociated with increased expression of the gene, which presumably
leads to decreased extrasynaptic subcortical (primarily in the
striatum) and cortical (prefrontal areas) dopamine levels (Cheon
et al., 2005; Heinz et al., 2000). Remarkably, recent evidence
suggests that DAT1 polymorphism may influence susceptibility to
ADHD through anatomical and functional characteristics related to
DAT that are shared with patients with ADHD (Shook et al., 2011).
Thus, individual and meta-analysis studies indicate that ADHD
children and adolescents show structural and functional brain
abnormalities in lateral prefrontal cortex and striatum, as men-
tioned before (Hart et al., 2012; Rubia et al., 2010; Valera et al.,
2007). Similarly, healthy children homozygous for this risk allele
have been shown to have decreased/increased activity and re-
duced volume in regions of fronto-striatal network relative to
healthy non-homozygous for the 10R allele (see non-clinical
groups in Durston et al. (2005) and Shook et al. (2011); see also
Congdon et al. (2009)). Moreover, impaired performance in ex-
ecutive tasks and high levels of ADHD symptoms has been asso-
ciated with DAT1 10R/10R genotype in a general population sam-
ple (Cornish et al., 2005). These findings therefore suggest that 10R
homozigosity could play a relevant role in translating risk for
ADHD.

As we mentioned above, there are a few studies that have
combined genetic and neuroimaging information to explore the
modulatory effects of DAT1 genotype on brain structure and
function in children and adolescents with ADHD (Durston et al.,
2005; Shook et al., 2011). Interestingly, two studies have reported
smaller striatum (caudate) volumes in children homozygous for
the 10R DAT1 allele when they were compared cross-sectionally
with non-homozygous 10R subjects (Durston et al., 2005; Shook
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et al., 2011). By contrast, Shaw et al. (2007) did not observe sig-
nificant effects of the DAT1 polymorphisms on brain anatomy. The
reason for this discrepancy is unclear. Several methodological
reasons can be considered, including differences in sample ages
and procedures used to analyze cortical thickness data. Function-
ally, there is some evidence of abnormal striatal activation in
children homozygous for the 10R allele during executive para-
digms (Bédard et al., 2010; Braet et al., 2011). As is well known,
striatum (including caudate nucleus) is strongly connected via
dopaminergic striato-frontal projections. The cortical thinning of
the right lateral prefrontal cortex (BA 46) observed here could be
therefore related to these structural and functional anomalies
observed in previous studies in striatum, although further research
is needed to confirm this assumption. Of note, it has been also
found different activation for prefrontal regions (including anterior
cingulate cortex and lateral areas) in those with two copies of the
10R allele (Bédard et al., 2010; Braet et al., 2011). Taken together,
these imaging genetics and neuropsychological genetics studies
suggest that individuals with ADHD cannot be defined and treated
as a homogenous group.

The relation between prefrontal cortex functions with DAT1
polymorphisms is intriguing. Although DAT1 concentrations are
evident in this brain area in contrast to other cortical regions
(Durston et al., 2009; Lewis et al., 2001), DAT1 is expressed spar-
sely in prefrontal cortex compared with striatum and midbrain
(Ciliax et al., 1999). However, adequate dopamine signaling is ne-
cessary for the function of striato–thalamo–cortical loops that
enable the striatum to dynamically gate and/or update informa-
tion represented in the prefrontal cortex, which is known to
support executive functions including response inhibition, work-
ing memory, planning and attentional control (Gordon et al., 2015;
Hazy et al., 2007; Miller and Cohen, 2001). DAT1 is a likely can-
didate to modulate this connectivity. In vitro studies have revealed
a lower DAT1 expression in the 9-repeat (9R) than the 10R allele
(Brookes et al., 2007; Mill et al., 2002), causing increased dopa-
mine signaling for the former due to weaker synaptic clearance
(Madras et al., 2005). Indeed, the hyperdopaminergic tone caused
by DAT1 dysfunction was recently correlated with an inadequate
synaptic plasticity in rodent prefrontal cortex (Bai et al., 2010). In
contrast, increased DAT1 expression observed in children and
adolescents homozygous for the 10R allele seems to result in de-
creased synaptic DA tone in cortico-striatal pathways. Thus, this
DAT1genotype has been associated with worsened executive
function, including decreased working memory (Stollstorff et al.,
2010), reduced benefits of working memory training (Brehmer
et al., 2009), and increased impulsivity (Gizer and Waldman, 2012)
in healthy samples. Furthermore, different studies have demon-
strated that, compared to 9R carriers, 10R/10R homozygotes show
both reduced PFC activation (Bertolino et al., 2006, 2009; Caldú
et al., 2007) and elevated PFC-based cortico-cortical connectivity
during working memory (Gordon et al., 2012, 2015). Although the
measure of cortical thickness does not evaluate the functioning of
the “quantified” region and comparative studies of cortical thick-
ness and cortical functioning are scant (Hegarty et al., 2012; Rasser
et al., 2005), the presence of a significant cortical thinning in lat-
eral prefrontal cortex observed here in those patients homozygous
for the 10R allele concurs with the demonstrated hypo-activation
of the prefrontal cortex during executive tasks.

There were no significant differences between DAT1 genotype
groups on any of the demographic or clinical variables including
age, gender, intellectual functioning, ADHD subtype, comorbidity,
medication status and ADHD symptomatology. Likewise, we did
not find a significant association between DAT1 10/10 genotype
and ADHD symptomatology. Previous imaging genetics studies
have also failed to observe significant relationships between
structural or functional measures and symptomatology and
neither found ADHD symptom differences between genotype
DAT1 groups (Bédard et al., 2010; Braet et al., 2011; Brown et al.,
2010; Shook et al., 2011). Reasons for the absence of significant
results observe here (and in previous imaging studies) include the
use of a small sample size and the limited variability in symptom
expression across patients. Thus, a significant association between
the DAT1 10R/10R genotype and measures of response inhibition
and attentional control was found in a general population sample
using a large number of children (more than 100) with very dif-
ferent levels of ADHD symptomatology (Cornish et al., 2005).
These authors also found significant differences in ADHD symp-
toms between DAT1 genotype groups. Current and other previous
imaging genetic findings suggest that cortical thickness represents
a sensitive intermediate trait or phenotype, since differences in
cortical thickness between the two genotype groups have been
found even in the absence of significant effects on the behavioral/
symptomatic level. Further research employing large samples of
children with and without ADHD will be important to examine the
relationships between ADHD symptomatology and thickness of
the right lateral prefrontal cortex.

A single candidate gene approach like we used in the present
study has its advantages and disadvantages. There is no doubt that
this approach is biased by definition because genes are selected
out of thousands of genes on the basis of previous studies (e.g.,
linkage, association, neuroimaging or neurochemical investiga-
tions). It focuses on a priori risk genes and therefore hinders novel
and additive gene effects. For instance, it has been found that other
genetic polymorphisms interact with DAT1 to modulate prefrontal
cortex anatomy and function. Concretely, Bertolino and colleagues
(2006, 2009) reported additive effects of two polymorphisms in
dopamine-related genes (DAT1 and catechol-O-mehyltransferase
-COMT-) on working memory-related activity. Therefore, many
other sources of genetic variation are present in current and pre-
vious single candidate gene studies examining complex and mul-
tifactorial disorders. However, despite of these limitations, this
approach has been shown to be valid and useful. Thus, present and
other findings reviewed here indicate that a single DAT1 poly-
morphism produces important changes in brain anatomy and
function and help us to reveal the etiology of ADHD more
precisely.

A number of limitations should be borne in mind when con-
sidering the results of present study. First, our sample size is
modest, so current findings are needed to be replicated with a
large number of ADHD patients. It should be noted, however, that
sample size is small relative to genetic association studies, but it is
larger than other previous imaging genetic studies. Second, similar
to some previous published imaging genetic studies (Bédard et al.,
2010; Brown et al., 2010), this experiment was restricted to pa-
tients with ADHD. Although relevant conclusions can be drawn
from current study, there is no doubt that further research on the
effect of DAT1 on the thickness of the lateral prefrontal cortex in
both patients and controls will be important to know whether
such effect is limited to ADHD or that its magnitude differs from
that observed in healthy comparison subjects. In this regard, pre-
vious structural imaging genetic studies carried out with both
patients and control subjects have failed to find a significant in-
teraction between DAT1 polymorphism and diagnostic group
(Shook et al.,2011; Durston et al., 2005). In other words, carriers of
two copies of the risk 10R allele showed structural reductions in
striatum, irrespective whether they were diagnosed with or
without ADHD. However, other functional imaging genetics have
found an interaction between diagnosis and DAT1 genotype in
some regions (Braet et al., 2011). Specifically, they observed a
larger effect of DAT1 genotype (greater activation in carriers of
10R/10R allele than in non-homozygous individuals; interpreted
by the authors as more effortful or less efficient inhibition) for
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adolescents with ADHD than for controls. Third, patients with
ADHD had a wide range of age (6–18 years), potentially con-
founding our data with distinct gene expression and brain devel-
opment stages. To partially account for this, age was included as a
potentially confounding variable in the analyses. It should be no-
ted, however, that differential influence of DAT1 on ADHD has
been primarily reported between children and adults with the
disorder but not across childhood and adolescence. Forth, al-
though there were not differences in medication status between
groups, it would be appropriate to replicate present finding with
only näive patients. Finally, it should be noted that although re-
sults from present experiment revealed a significant relationship
between 10R allele of DAT1 gene and thickness of the right lateral
prefrontal cortex, the molecular pathways that lead to anatomical
variations in this region are still unclear.

Despite these considerations, present findings confirm previous
imaging genetic studies by showing that individual differences in
DAT1 genotype influence brain anatomy in children and adoles-
cents with ADHD. Moreover, current findings extend results from
these previous studies by indicating that DAT1 genotype not only
mediates volume anatomy of subcortical structures (striatum), but
also influences thickness of lateral prefrontal cortex. Therefore,
results from this and other studies reviewed here suggest that a
certain subgroup of children and adolescents with ADHD (those
homozygous for the 10R DAT1 allele) may be more at risk to show
brain anatomy reductions associated with dopaminergic func-
tioning. Further research employing larger samples will be im-
portant to examine possible relationships between right lateral
prefrontal thinning observed in patients with two copies of this
10R risk allele and ADHD symptomatology and neuropsychological
performance in executive tasks.
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2009. Can Cortical thickness asymmetry analysis contribute to detection of at-
risk mental state and first-episode psychosis?: A pilot study 1. Radiology 250,
212-–2221.

Hansen, T.V.O., Simonsen, M.K., Nielsen, F.C., Hundrup, Y.A., 2007. Collection of
blood, saliva, and buccal cell samples in a pilot study on the Danish nurse co-
hort: comparison of the response rate and quality of genomic DNA. Cancer
Epidemiol. Biomark. Prev. 16, 2072–2076.

Hart, H., Radua, J., Mataix-Cols, D., Rubia, K., 2012. Meta-analysis of fMRI studies of
timing in attention-deficit hyperactivity disorder (ADHD). Neurosci. Biobehav.
Rev. 36, 2248–2256.

Hazy, T.E., Frank, M.J., O’Reilly, R.C., 2007. Towards an executive without a ho-
munculus: computational models of the prefrontal cortex/basal ganglia system.
Philos. Trans. R. Soc. B: Biol. Sci. 362, 1601–1613.

He, Y., Chen, Z.J., Evans, A.C., 2007. Small-world anatomical networks in the human
brain revealed by cortical thickness from MRI. Cereb. cortex 17, 2407–2419.

Hegarty, C.E., Foland-Ross, L.C., Narr, K.L., Townsend, J.D., Bookheimer, S.Y.,
Thompson, P.M., Altshuler, L.L., 2012. Anterior cingulate activation relates to
local cortical thickness. Neuroreport 23, 420–424.

Heinz, A., Goldman, D., Jones, D.W., Palmour, R., Hommer, D., Gorey, J.G., Lee, K.S.,
Linnoila, M., Weinberger, D.R., 2000. Genotype influences in vivo dopamine
transporter availability in human striatum. Neuropsychopharmacology 22,
133–139.

Jensen, P.S., Hinshaw, S.P., Kraemer, H.C., Lenora, N., Newcorn, J.H., Abikoff, H.B.,
March, J.,S., Arnold, L.E., Cantwell, D.P., Conners, C.K., Elliott, G.R., Greenhill, L.L.,
Hechtman, L., Hoza, B., Pelham, W.E., Severe, J.B., Swanson, J.M., Wells, K.C.,
Wigal, T., Vitiello, B., 2001. ADHD comorbidity findings from the MTA study:
comparing comorbid subgroups. J. Am. Acad. Child Adolesc. Psychiatry 40; , pp.
147–158.

Jones, S.E., Buchbinder, B.R., Aharon, I., 2000. Three‐dimensional mapping of cor-
tical thickness using Laplace's Equation. Hum. Brain Mapp. 11, 12–32.

Kaufman, J., Birmaher, B., Brent, D., Rao, U.M.A., Flynn, C., Moreci, P., Williamson, D.,
Ryan, N., 1997. Schedule for affective disorders and schizophrenia for school-
age children-present and lifetime version (K-SADS-PL): initial reliability and
validity data. J. Am. Acad. Child Adolesc. Psychiatry 36, 980–988.

Kessler, R.C., Adler, L., Barkley, R., Biederman, J., Conners, C.K., Demler, O., Faraone,
S.V., Greenhill, L.L., Howes, M.J., Secnik, K., Spencer, T., Ustun, T.B., Walters, E.E.,
Zaslavsky, A.M., 2006. The prevalence and correlates of adult ADHD in the
United States: results from the National Comorbidity Survey Replication. Am. J.
Psychiatry 163, 716–723.

Lewis, D.A., Melchitzky, D.S., Sesack, S.R., Whitehead, R.E., Auh, S., Sampson, A.,
2001. Dopamine transporter immunoreactivity in monkey cerebral cortex: re-
gional, laminar, and ultrastructural localization. J. Comp. Neurol. 432, 119–136.

López-Martín, S., Albert, J., Fernández-Jaén, A., Carretié, L., 2015. Emotional re-
sponse inhibition in children with attention-deficit/hyperactivity disorder:
neural and behavioural data. Psychol. Med. 45, 2057–2071.
Madras, B.K., Miller, G.M., Fischman, A.J., 2005. The dopamine transporter and at-

tention-deficit/hyperactivity disorder. Biol. Psychiatry 57, 1397–1409.
Makris, N., Biederman, J., Valera, E.M., Bush, G., Kaiser, J., Kennedy, D.N., Caviness, V.

S., Faraone, S.V., Seidman, L.J., 2007. Cortical thinning of the attention and ex-
ecutive function networks in adults with attention-deficit/hyperactivity dis-
order. Cereb. Cortex 17, 1364–1375.

Mastwal, S., Ye, Y., Ren, M., Jimenez, D.V., Martinowich, K., Gerfen, C.R., Wang, K.H.,
2014. Phasic dopamine neuron activity elicits unique mesofrontal plasticity in
adolescence. J. Neurosci. 34, 9484–9496.

Mill, J., Asherson, P., Browes, C., D’Souza, U., Craig, I., 2002. Expression of the do-
pamine transporter gene is regulated by the 3′ UTR VNTR: evidence from brain
and lymphocytes using quantitative RT‐PCR. Am. J. Med. Genet. 114, 975–979.

Miller, E.K., Cohen, J.D., 2001. An integrative theory of prefrontal cortex function.
Annu. Rev. Neurosci. 24, 167–202.

Nieoullon, A., Coquerel, A., 2003. Dopamine: a key regulator to adapt action,
emotion, motivation and cognition. Curr. Opin. Neurol. 16, S3–S9.

Otani, S., Daniel, H., Roisin, M.P., Crepel, F., 2003. Dopaminergic modulation of long-
term synaptic plasticity in rat prefrontal neurons. Cereb. cortex 13, 1251–1256.

Park, H.J., Lee, J.D., Kim, E.Y., Park, B., Oh, M.K., Lee, S., Kim, J.J., 2009. Morphological
alterations in the congenital blind based on the analysis of cortical thickness
and surface area. Neuroimage 47, 98–106.

Polanczyk, G., de Lima, M.S., Horta, B.L., Biederman, J., Rohde, L.A., 2007. The
worldwide prevalence of ADHD: a systematic review and metaregression
analysis. Am. J. Psychiatry 164, 942–948.

Rasser, P.E., Johnston, P., Lagopoulos, J., Ward, P.B., Schall, U., Thienel, R., Bender, S.,
Toga, A.W., Thompson, P.M., 2005. Functional MRI BOLD response to Tower of
London performance of first-episode schizophrenia patients using cortical
pattern matching. Neuroimage 26, 941–951.

Rubia, K., Cubillo, A., Smith, A.B., Woolley, J., Heyman, I., Brammer, M.J., 2010.
Disorder‐specific dysfunction in right inferior prefrontal cortex during two
inhibition tasks in boys with attention‐deficit hyperactivity disorder compared
to boys with obsessive–compulsive disorder. Hum. Brain Mapp. 31, 287–299.

Rubia, K., Overmeyer, S., Taylor, E., Brammer, M., Williams, S.C., Simmons, A.,
Bullmore, E.T., 1999. Hypofrontality in attention deficit hyperactivity disorder
during higher-order motor control: a study with functional MRI. Am. J. Psy-
chiatry 156, 891–896.

Rubia, K., Smith, A.B., Brammer, M.J., Taylor, E., 2003. Right inferior prefrontal
cortex mediates response inhibition while mesial prefrontal cortex is re-
sponsible for error detection. Neuroimage 20, 351–358.

Sánchez, C., Ramos, C., Díaz, F., Simón, M., 2010. Validación de la escala de eva-
luación del trastorno por déficit de atención/hiperactividad (EDAH) en pobla-
ción adolescente. Rev. Neurol. 50, 283–290.

Shaw, P., Gornick, M., Lerch, J., Addington, A., Seal, J., Greenstein, D., Sharp, W.,
Evans, A., Giedd, J.N., Castellanos, F.X., Rapoport, J.L., 2007. Polymorphisms of
the dopamine D4 receptor, clinical outcome, and cortical structure in attention-
deficit/hyperactivity disorder. Arch. Gen. Psychiatry 64, 921–931.

Shaw, P., Kabani, N.J., Lerch, J.P., Eckstrand, K., Lenroot, R., Gogtay, N., Greenstein, D.,
Clasen, L., Evans, A., Rapoport, J.L., Giedd, J.N., Wise, S.P., 2008. Neurodevelop-
mental trajectories of the human cerebral cortex. J. Neurosci. 28, 3586–3594.

Sheynikhovich, D., Otani, S., Arleo, A., 2011. The role of tonic and phasic dopamine
for long-term synaptic plasticity in the prefrontal cortex: a computational
model. J. Physiol. Paris 105, 45–52.

Shook, D., Brady, C., Lee, P.S., Kenealy, L., Murphy, E.R., Gaillard, W.D., VanMeter, J.
W., Cook, E.H., Stein, M., Vaidya, C.J., 2011. Effect of dopamine transporter
genotype on caudate volume in childhood ADHD and controls. Am. J. Med.
Genet. Part B: Neuropsychiatr. Genet. 156, 28–35.

Stollstorff, M., Foss-Feig, J., Cook, E.H., Stein, M.A., Gaillard, W.D., Vaidya, C.J., 2010.
Neural response to working memory load varies by dopamine transporter
genotype in children. Neuroimage 53, 970–977.

Ulloa, R.E., Ortiz, S., Higuera, F., Nogales, I., Fresan, A., Apiquian, R., Cortés, J., Are-
chavaleta, B., Foulliux, C., Martínez, P., Hernández, L., Domínguez, E., De La Peña,
F., 2005. Interrater reliability of the spanish version of schedule for affective
disorders and schizophrenia for school-age children – present and lifetime
version (K-SADS-PL). Actas Esp. Psiquiatria 34, 36–40.

Valera, E.M., Faraone, S.V., Murray, K.E., Seidman, L.J., 2007. Meta-analysis of
structural imaging findings in attention-deficit/hyperactivity disorder. Biol.
Psychiatry 61, 1361–1369.

van Schouwenburg, M., Aarts, E., Cools, R., 2010. Dopaminergic modulation of
cognitive control: distinct roles for the prefrontal cortex and the basal ganglia.
Curr. Pharm. Design 16, 2026–2032.

Vandenbergh, D.J., Persico, A.M., Hawkins, A.L., Griffin, C.A., Li, X., Jabs, E.W., Uhl, G.
R., 1992. Human dopamine transporter gene (DAT1) maps to chromosome
5p15. 3 and displays a VNTR. Genomics 14, 1104–1106.

Viltrop, T., Krjutškov, K., Palta, P., Metspalu, A., 2010. Comparison of DNA Extraction.
Willcutt, E.G., Doyle, A.E., Nigg, J.T., Faraone, S.V., Pennington, B.F., 2005. Validity of

the executive function theory of attention-deficit/hyperactivity disorder: a
meta-analytic review. Biol. Psychiatry 57, 1336–1346.

Yang, B., Chan, R.C., Jing, J., Li, T., Sham, P., Chen, R.Y., 2007. A meta‐analysis of
association studies between the 10‐repeat allele of a VNTR polymorphism in
the 3′‐UTR of dopamine transporter gene and attention deficit hyperactivity
disorder. Am. J. Med. Genet. Part B: Neuropsychiatr. Genet. 144, 541–550.

http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref34
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref34
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref35
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref35
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref35
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref35
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref36
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref36
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref36
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref36
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref37
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref37
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref37
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref37
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref37
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref38
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref38
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref38
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref39
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref39
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref39
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref39
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref40
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref40
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref40
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref40
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref40
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref41
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref41
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref41
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref41
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref42
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref42
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref42
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref42
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref43
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref43
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref43
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref43
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref44
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref44
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref44
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref44
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref45
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref45
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref45
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref46
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref46
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref46
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref46
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref47
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref47
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref47
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref47
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref47
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref48
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref48
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref48
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref48
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref48
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref49
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref49
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref49
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref49
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref50
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref50
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref50
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref50
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref51
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref51
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref51
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref52
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref52
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref52
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref52
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref53
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref53
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref53
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref53
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref53
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref54
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref55
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref55
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref55
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref56
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref56
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref56
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref56
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref56
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref57
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref58
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref58
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref58
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref58
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref59
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref59
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref59
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref59
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref60
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref60
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref60
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref61
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref61
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref61
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref61
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref61
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref62
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref62
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref62
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref62
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref63
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref63
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref63
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref63
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref64
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref64
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref64
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref65
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref65
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref65
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref66
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref66
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref66
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref67
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref67
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref67
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref67
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref68
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref68
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref68
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref68
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref69
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref69
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref69
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref69
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref69
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref70
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref70
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref70
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref70
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref70
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref71
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref71
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref71
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref71
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref71
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref72
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref72
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref72
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref72
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref73
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref73
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref73
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref73
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref74
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref74
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref74
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref74
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref74
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref75
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref75
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref75
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref75
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref76
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref76
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref76
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref76
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref77
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref77
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref77
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref77
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref77
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref78
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref78
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref78
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref78
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref79
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref80
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref80
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref80
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref80
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref81
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref81
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref81
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref81
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref82
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref82
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref82
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref82
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref83
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref83
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref83
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref83
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref84
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref84
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref84
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref84
http://refhub.elsevier.com/S0925-4927(15)30029-9/sbref84

	Cortical thickness differences in the prefrontal cortex in children and adolescents with ADHD in relation to dopamine...
	Introduction
	Methods
	Subjects
	Genotyping
	MRI acquisition
	Image preprocessing and cortical thickness analysis
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References




