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Attention Deficit Hyperactivity Disorder (ADHD) is a prevalent neuropsychiatric disorder, with 5% of school
age children affected. Up to 80% of the phenotypic variance can be explained by genetic factors. The
intermediate or endophenotype approach allows for mapping of the effect of individual risk genes on
neurobiological parameters, such as brain structure, chemistry and, ultimately, function. There are two
obvious advantages of applying such an approach to complex disorders: first, these measures are causally
closer to genes and gene expression than behavior, meaning that gene effects should be magnified. Second,
neuroimaging provides a means to uncover the neurobiological mechanisms by which gene variants impact
the brain. To date, only fourteen studies have applied an imaging genetics approach to ADHD. Eight of these
used MRI, four SPECT and two EEG. These imaging modalities have afforded us a window on the brain,
permitting a glimpse of how genetic changes can affect brain structure, chemistry and function. The studies
to date have often focused on two prime candidate genes in the dopamine system, the DRD4 and DAT1
genes. However, the effects of neither are yet fully understood. Imaging genetics in ADHD is in its infancy.
While attempts to integrate the findings to date are hinting at how genes may impact various aspects of
neural functioning, studies testing clear model-based hypotheses, using multimodal approaches may provide
a means to link various windows on the brain.
ll rights reserved.
© 2010 Elsevier Inc. All rights reserved.
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Introduction

This special issue of Neuroimage focuses on imaging genetics in the
brain, both in the healthy brain and in disorders. This is relevant as
although many psychiatric disorders have well-established heritable
bases, psychiatric genetic research has not been able to uncover the
genetic causes underlying them. Attention Deficit Hyperactivity Disor-
der (ADHD) is a prevalent neuropsychiatric disorder, with 5% of school
age children receiving thediagnosis, compared to prevalence rates of .5%
for schizophrenia and .5–1.0% for epilepsy. However, its prevalence is
not necessarily reflected in the amount of studies published on it: a
Pubmed search in July 2009 gave nearly 16000 hits for ADHD, but over
84000 for schizophrenia, and 116000 for epilepsy. ADHD is a heritable
disorder,making it a prime candidate for imaging genetics studies. Up to
80% of the phenotypic variance can be explained by additive genetic
factors (Faraone et al., 2005), similar to estimates for schizophrenia and
some (familial) forms of epilepsy (Cardno and Gottesman, 2000;
Kjeldsen et al., 2003). Of the approximately 16000 publications to
date that mention ADHD, only 14.5%mention imagingmodalities (MRI,
EEG, or PET/SPECT). That is similar to the total number of publications
on ADHD that mention neuropsychology (13.5%).

mailto:S.Durston@umcutrecht.nl
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The intermediate or endophenotype approach

The intermediate or endophenotype approach is the focus of
this special issue and is explained in some detail by Bigos &
Weinberger (2010). As such, it is not outlined in detail here.
Briefly, the intermediate or endophenotype approach allows for
mapping of the effect of individual risk genes on neurobiological
parameters, such as brain structure, brain activity or neurochem-
istry. Criteria for an endophenotype in psychiatry include being
continuously quantifiable, stable, closer to the causative agent (e.g.,
genes and gene expression) than the disorder, being associated
with the disorder, being found in unaffected relatives of affected
individuals and being grounded in neuroscience (Almasy and
Blangero, 2001; Durston et al., 2009; Castellanos and Tannock,
2002; Gottesman and Gould, 2003). There are two obvious
advantages of applying such an approach to complex disorders:
first, these measures are causally closer to genes and gene
expression than behavior. As such, gene effects should be
magnified in such phenotypes. For example, MR-based measures
of brain structure and functioning have been shown to be under
heritable influences both in typical development (Lenroot and
Giedd, 2008) and in ADHD (Durston et al., 2004, 2006; Mulder et
al., 2008) and, as such, form a strong candidate for investigating
gene effects in this disorder. This means that theoretically, smaller
samples will be necessary to detect the effects of individual genes,
in some cases as few as 40+ subjects (Meyer-Lindenberg and
Weinberger, 2006). A second advantage is that neuroimaging
phenotypes provide a means to uncover the neurobiological
mechanisms by which gene variants can affect behavior.

Of 16000 publications on ADHD, only 52 mention the term
‘endophenotype’. Of these, approximately half focus on neuropsy-
chological endophenotypes, whereas only 10 (19%) mention
neuroimaging modalities. Fig. 1 shows the number of publications
that mention the various modalities, as a percentage of the
number of publications on ADHD (nearly 16000) and as a
percentage of the number that mentions endophenotypes (52).
The order of the modalities on the X-axis reflects their relative
cost, as well as how easily available they are. As can be seen,
these factors have a large impact on the frequency with which
they are applied in the total number of publications, but less so
for publications on endophenotypes, suggesting that other factors
also play a role here.
Fig. 1. Publications on ADHDmentioning themodalities on the X-axis as a percentage of
the total number of publications (16000; in blue) and of those that mention the term
endophenotype (52; in red). The order of the modalities on the X-axis reflects their
relative cost and availability. As can be seen, these factors have a large impact on the
frequency with which they are mentioned in the total number of publications, but less
so for publications on endophenotypes.
Modalities used to date in endophenotype approaches to ADHD

As Fig. 1 illustrates, most studies to date that have applied an
endophenotype approach to ADHD have used neuropsychology as an
outcomemeasure. The advantages are obvious: themethods are cheap
and readily available. Furthermore, neuropsychologicalmeasures have
been shown to meet a number of criteria for endophenotypes,
including being (1) affected in ADHD; (2) under familial influences
in ADHD and (3) relatively stable over time (for review, see Bellgrove
et al., 2008; Nigg, 2005; Rommelse et al., 2008). However, while such
measures can provide a clue to what brain systems are involved in
genetic influences on ADHD, they do not provide a direct measure of
the brain. As such, investigators interested in the biology of these
effects have applied brain imaging techniques. Brain imagingmethods
that have been used include electroencephalography (EEG) and the
derived application Event-Related Potentials (ERP),Magnetic Resonance
Imaging (MRI), Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomograpy (SPECT). Advantages of EEG are that it is
relatively cheap and readily available at many sites, as well as a high
temporal resolution. Disadvantages include its limited spatial resolu-
tion and the fact that signal can only be detected from certain
populations of neurons. Advantages of MRI include its non-invasive
nature and versatility, as it can be applied to image numerous aspects
of brain structure and function. Disadvantages include the temporal
resolution, which is in the second-range for functional MRI. A second
disadvantage is the relatively high cost of this technique and high level
of expertise required, although facilities are available at many
universities and medical centers. Perhaps the most appealing aspect
of PET and SPECT is that they can be used to quantitatively assess brain
neurochemistry in vivo, for example allowing quantitative estimates of
striatal dopamine transporter (DAT) availability. Disadvantages of
these techniques are that they are relatively expensive and are not
available at all locations. Some radioactive ligands have such short
half-lives that they need to be produced on-site. As such, their use
requires the availability of a cyclotron and radionuclide lab, in addition
to the scanners. Furthermore, as these techniques make use of
radioactivity they are not necessarily suitable for studies involving
children. In some cases, medical–ethical review boards have approved
studies involving childrenwith neuropsychiatric disorders, but the use
of radioactivity does effectively prohibit the inclusion of a control
group. As such, most studies of ADHD using these modalities have
focused on the adult form of the disorder. Theoretically, the spatial
resolutionof SPECT is higher than that of PET, as in PET the positron can
travel several millimeters before it is annihilated by an electron,
sending out two photons. In SPECT, a single photon is emitted from the
location of the binding of the compound, allowing resolution of up to
2 µm in micro-SPECT. However, this requires a special multiple
pinhole camera to allow for very precise detection of individual
photons and is currently only available for small animal imaging
(Beekman and van der Have, 2007). In everyday practice, the
resolution of PET is superior to that of SPECT, as the two photons
emitted are detected simultaneously, allowing for a better spatial
reconstruction of the localization of the annihilation (Webb, 2003).
The practical resolution of PET is in the range of 6–10 mm, depending
on the tracer used and scan-time. In addition, PET can be used for
quantitative analysis. SPECT is cheaper and available at more locations
than PET, but current cameras have a spatial resolution of N10 mm.
SPECT is usually used in a semi-quantitative approach (Webb, 2003).
These techniques require different radiotracers, and as suchwhich one
is superior for a given research question depends on the availability of
suitable ligands, in addition to technical and financial considerations.

In sum, a limited number of imagingmodalities have yet been used
for imaging genetics in ADHD. Each has its advantages and
disadvantages. All have the capability to offer us a window on the
brain, permitting a glimpse of how genetic changes may affect brain
structure, chemistry and, ultimately, function.

http://www.ncbi.nlm.nih.gov/pubmed/18838036
http://www.ncbi.nlm.nih.gov/pubmed/18838036
http://www.ncbi.nlm.nih.gov/pubmed/15076267
http://www.ncbi.nlm.nih.gov/pubmed/16988657
http://www.ncbi.nlm.nih.gov/pubmed/16988657


Table 1
Studies on imaging genetics inADHD. Legend: BDBipolarDisorder; car carrier; C-car C-allele carrier; CNcaudate nucleus; CPT continuousperformance task; EEGElectroEncephalyGram; ERPevent-relatedpotential;G/GG-allele homozygote;GMgray
matter; hr hour;medmedial;med freemedication free;mednaïvemedicationnaïve;medsmedications;midmiddle;MPHmethylphenidate;MRImagnetic resonance imaging;NCnormal controls; OFCorbitofrontal cortex; PFCprefrontal cortex; PAL
pallidum; post posterior; PET positron emission tomography; rCBF regional Cerebral Blood Flow; R repeat; ROI region of interest; SPECT single photon emission computed tomography; sup superior; TB total brain; T Tesla; T-car T-allele carrier; T/TT-
allele homozygote; US United States; wk week; yrs years.

Authors Participants Modality and methods Results

Brain structure
Castellanos et al.
(1998)

41 ADHD (9.7+−2.6 yrs;
all psychoactive meds)
57 NC (17.6+−9.1 yrs)
Mixed ethnicity; US study

Structural MRI (1.5 T); semi-automated
volumes of TB, cerebellum, PFC;
manual volumes of CN, PAL
DRD4 VNTR exon 3; 7R-car vs not: 17
ADHD-7R; 22 NC-7R

No genotype effects
No group×genotype interactions

Bobb et al. (2005) 163 ADHD (86 M; 9.0+−2.2 yrs;
meds not reported)
129 NC (74 M; 16.0+−8.1 yrs)
Mixed ethnicity; US study

Structural MRI (1.5 T); fully automated
volumes of TB, lobes, BG, cerebellum
DRD1; rs4532 C-car vs not: 64 ADHD C-car
and 36 NC C-car; rs265981 T-car vs not: and
62 ADHD T-car; 36 NC T-car
NET1; rs998424 C-car vs not: 112 ADHD C-car
and 90 NC C-car; rs3785157 T-car vs not):
114 ADHD T-car and 92 NC T-car

No genotype effects.
No group×genotype interactions

Durston et al. (2005) 26 ADHD (30 M; 12.1+−2.5 yrs;
all MPH)
26 unaffected siblings (30 M; 11.6+−3.2 yrs)
20 NC (30 M; 10.7+−1.9 yrs)
Caucasian sample; Dutch study

Structural MRI (1.5 T); automated volume of PFC GM;
manual volume of CN
DRD4 VNTR exon 3; 4R/4R vs not: 34 4R/4R
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 40 10R/10R

Main effects:
DAT1 on CN: 9R N 10R
DRD4 on PFC GM: 4Rbcar variant alleles

Shaw et al. (2007) 105 ADHD (50 M; 10.1+−2.8 yrs; 85 stimulant meds)
103 NC (58 M; 10.0+−2.9 yrs)
Mixed ethnicity; US study

Structural MRI (1.5 T); longitudinal;
Automated cortical thickness
DRD4 VNTR exon 3; 7R-car vs not:
43 ADHD 7R and 35 NC 7R

Main effect of diagnosis in OFC,
sup/med PFC and post parietal cortex: ADHDbNC
Main effect of DRD4-7R in similar
regions: ADHD 7RbADHD not-7Rb
NC 7RbNC not-7R

Monuteaux et al. (2008) 24 ADHD (12 M; 38.1+−10.8 yrs; meds not reported)
19 ADHD and BD (13 M; 35.8+−14.1 yrs)
20 NC (13 M; 33.2+−10.0 yrs)
Mixed ethnicity; US study

sMRI (1.5 T) volumes of sup frontal, mid frontal,
ACG, cerebellar cortices
DRD4 VNTR exon 3; 7R-car vs not: 6 ADHD;
7 ADHD and BD; 6 NC 7R

Main effect genotype in frontal and
cerebellar cortex for ADHD only:
7R-carbnot
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Authors Participants Modality and methods Results

Brain chemistry
Cheon et al. (2005) 11 ADHD (9 M; 9.8+−1.3 yrs; all med naïve)

Pharmacogenetics study: 8 wk MPH treatment
Ethnicity not reported; Korean study

I[123I]IPT SPECT (to assess DAT availability)
DAT1 3′ VNTR; 9R-car vs 10R/10R: 4 10R/10R

Striatal DAT availability: 10RN9R
10R associated with poorer MPH response

Krause et al. (2006) 29 ADHD (19 M; 37.6+−10 yrs; all med naïve)
Caucasian sample; German study

[(99 m)Tc]TRODAT-1 SPECT (to assess DAT availability)
DAT1 3′ VNTR; 9R-car vs not: 12 9R

No effect of genotype on striatal DAT availability

Brain function
Rohde et al. (2003) 8 ADHD (8 M; range 8–12 yrs; all MPH-naïve)

Pharmacogenetics study: 4-day MPH treatment
Ethnicity not reported; Brazilian study

99mTc-ECD SPECT during CPT (rCBF in 5 ROIs; 3 PFC; 2 BG)
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 4 10R/10R

PFC and BG:
10R/10RNcarrier 9R

Loo et al. (2003) 27 ADHD (18 M; 10.1+−1.5 yrs; 48 hr med washout)
Pharmacogenetics study: single dose MPH
Ethnicity not reported; US study

EEG CPT task during MPH challenge
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 17 10R/10R

10R/10R: increased parietal/central beta-power,
decreased frontal theta, decreased theta/beta ratios
Carriers 9R: reverse pattern

Szobot et al. (2005) 34 ADHD (34 M; 11.6+−2.5 yrs; all med naïve)
Ethnicity not reported; Brazilian study

99mTc-ECD SPECT during CPT (whole-brain rCBF)
DRD4 VNTR exon 3; 7R-car vs not: 13 7R
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 17 10R/10R

rCBF R medial temporal gyrus:
carriers both risk allelesNnot

Baehne et al. (2009) 122 ADHD (72 M; 34.7+−9.6 yrs;
all med free but not necessarily naïve)
84 NC (44 M; 34.8+−10.3 yrs)
Ethnicity not reported; German study

EEG Go/No-go task: No-go anteriorization
(marker prefrontal functioning)
Tryptophan hydroxylase gene (TPH2);
rs4570625 G/G: 76 ADHD;
57 NC G/G and rs11178997 T/T: 107 ADHD; 73 NC T/T

Both ADHD and controls:
Homozygotes risk alleles at both
TPH2 locibnon-homozygotes

Durston et al. (2008) 10 ADHD (10 M; 14.6+−2.6 yrs; 1
med naïve; 24 hr meds washout)
10 unaffected sibs (10 M; 14.8+−2.3 yrs)
9 NC (9 M; 15.3+−2.1 yrs)
Caucasian sample; Dutch study

fMRI (1.5 T) Go/No-go task; whole-brain analysis of genotype
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 6 ADHD; 5 sibs;
6 NC 10R/10R

Main effect genotype:
9R ⇑ activation in CN
9R ⇓ activation in vermis
Group×genotype interaction: Effect in CN related
to ADHD and unaffected siblings — not NC

Brown et al. (2009) 42 ADHD (20 M; 35.2+−13.5 yrs;
16 med naïve; 24 hr meds washout)
Caucasian sample; US study

fMRI (1.5 T) MSIT (interference) task; ACC ROI and whole-brain
analysis of genotype
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 19 10R/10R

9R ⇑ activation in ACC, vermis, PFC

Bédard et al. (in press) 33 ADHD (24 M; 11.1+−2.5 yrs; 21
med naïve; 2 wk meds washout)
Mixed ethnicity; US study

fMRI (3.0 T) Go/No-go task; whole-brain analysis of genotype
DAT1 3′ VNTR; 10R/10R vs carrier 9R: 21 10R/10R

9R ⇓ activation in striatum, premotor cortex,
temporoparietal junction
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Imaging genetics in ADHD

A systematic review of the published literature on imaging
genetics in ADHD shows that to date, only fourteen imaging genetics
studies have been published in ADHD (see Table 1). These papers
were retrieved through a pubmed search using the search terms
“ADHD” and “MRI” “fMRI” “SPECT” “PET” “EEG” or “ERP” and “gene”
“DAT1” “DAT” or “DRD4”. The reference lists of retrieved papers (and
reviews) were further checked for other publications in this area. Of
the fourteen publications to date, eight used MRI, four SPECT and two
EEG. Three papers reported on pharmacogenetics studies and focused
on treatment response, although here the focus is on their baseline
results. Five studies on brain anatomy included medicated subjects or
did not report medication status, whereas the two papers on brain
chemistry included only medication naïve subjects and the seven
studies on brain function either included only medication naïve
subjects or required a washout period. All took a theory-driven
approach, where they selected candidate genes (for review Durston et
al., 2009). Most focused on the dopamine system. The two most
frequently studied and most frequently replicated risk genes for
ADHD are the DRD4 and DAT1 genes (Heiser et al., 2004; Thapar et al.,
2005; Waldman and Gizer, 2006), with 31 association studies
published for DRD4 (21 positive) and 26 for DAT1 (17 positive;
Durston et al., 2009). Meta-analytic studies have consistently
supported the involvement of the DRD4 gene in ADHD (Faraone et
al., 2005; Li et al., 2006), but have been more equivocal in terms of the
DAT1 gene, with three negative results from meta-analyses (Li et al.,
2006; Maher et al., 2002; Purper-Ouakil et al., 2005) and two
providing only weak support for its involvement (Faraone et al.,
2005; Yang et al., 2007). Of the fourteen imaging genetics studies
published in ADHD to date, nine focused on the DAT1 gene and five on
the DRD4 gene.

The DRD4 gene

The first studies of genotype effects on brain structure used
numerous volumetric outcome measures on MRI and did not find any
differences by genotype, likely due to the number of comparisons to
be controlled for (Bobb et al., 2005; Castellanos et al., 1998; for review
Durston et al., 2009). More recent studies have shown effects of DRD4
on the volume of the brain area where this gene is preferentially
expressed: the cerebral cortex (Durston et al., 2005; Monuteaux et al.,
2008; Shaw et al., 2007). Interestingly, the direction of findings has
differed across studies for DRD4, where the original report showed
greater volumes for individuals carrying a variant allele, whereas
recent reports have shown smaller volumes or cortical thickness for
individuals carrying the best-established risk-allele for ADHD, the
DRD4-7R (Monuteaux et al., 2008; Shaw et al., 2007). An important
distinction between these studiesmay be that the original study broke
down the sample into two groups based on carriers of any variant
allele of the DRD4 (i.e., not the 4R), based on reports that variants
have similar biochemical properties to the 7R risk-allele: the 7R-allele
is a ‘new’ variant of the gene and is reported to result in a receptor
which has a blunted response to dopamine stimulation compared to
the ancestral 4R-allele. The 2R-allele, which is derived from a
recombination of the 4R and 7R-alleles, has a dopamine response
intermediate between the two parent alleles (Wang et al., 2004). As
such, biochemically it is plausible that more dopamine release is
necessary to create a similar response in carriers of variant alleles
compared to homozygotes for the ancestral allele (4R). This ties in to
reports that children with ADHD carrying the 7R-allele may require
higher doses of methylphenidate to achieve more robust clinical
improvement (Hamarman et al., 2004). The later imaging genetics
studies of DRD4 effects compared carriers of the 7R-allele to
individuals without this allele, rather than comparing carriers of a
variant to individuals homozygous for the ancestral allele (Monu-
teaux et al., 2008; Shaw et al., 2007) and reported opposite results to
the initial study. This may relate to reports of differences in
neuropsychology and outcome between individuals with ADHD that
carry the 7R-allele and those that do not: here, some suggest that
ADHD 7R-carriers may represent a subgroup of affected individuals
with better cognitive functioning and outcome (Johnson et al., 2008;
Manor et al., 2002; Swanson et al., 2000; for review, Kebir et al., 2009).
Interestingly, the DRD4-7R was indeed associated with better clinical
outcome and cortical thinning in certain regions in the study by Shaw
et al. (2007).
The DAT1 gene

Studies of gene effects on brain biochemistry have focused on the
DAT1 VNTR in the UTR 3′ region. This gene is preferentially expressed
in striatum and striatal dopamine transporters are implicated in
ADHD, both in the disorder itself and in treatment using methylphe-
nidate (for review, Krause, 2008; Plomp et al., in press). An original
report with a small number of subjects suggested that the DAT1
genotype that has been most consistently associated with ADHD
(homozygosity for the 10R-allele) was associated with more
availability of the dopamine transporter in striatum (Cheon et al.,
2005). However, this was not confirmed in a larger study (Krause et
al., 2006).

Overall, SPECT and PET studies of DAT availability in ADHD have
suggested changes in striatal levels, regardless of DAT1 genotype.
However, the direction of this effect is not clear and both increases
and decreases have been reported (Spencer et al., 2005, 2007;
Volkow et al., 2007). Studies of DAT1-gene effects on brain
functioning and structure have shown similarly contradictory
results: we have reported reduced striatal activity for boys with
ADHD and their unaffected sibling who were homozygous for DAT1
10R-allele (Durston et al., 2008). Furthermore, we found that the
caudate nucleus, where the DAT1 gene is preferentially expressed
was smaller in subjects homozygous for the 10R-allele (Durston et
al., 2005). Two recent studies using functionalMRI to investigate the
effects of the DAT1 polymorphism in ADHD also found effects on
brain regions previously implicated in ADHD, including striatum
(Bédard et al., in press) and prefrontal cortex (Brown et al., 2009).
However, the complexity of the system is underlined by the fact that
although these papers replicate the regions where we also found
effects of this polymorphism (vermis in Brown et al., 2009; striatum
in Bédard et al., in press), in both cases the findings are in the
opposite direction with decreased activity reported in the vermis
and increased activation reported in the striatum for individuals
homozygous for the 10R-allele polymorphism (Brown et al., 2009;
Bédard et al., in press). There are differences between studies that
may in part account for these opposite results, including differences
in developmental stage, gender distribution, medication status of
samples, as well as the functional imaging paradigm used (although
the latter was identical for Durston et al., 2008; Bédard et al., in
press). For example, the sample included by Brown and colleagues
consisted of adult ADHD subjects and recent genetic data have
suggested that in adults, it may be 9R-allele rather than the 10R that
is associated with ADHD (Franke et al., 2008), possibly tying in to
opposite gene effects in the brain. Furthermore, such seemingly
contradictory results suggest that the effects of the dopamine
transporter in ADHD may be opposite depending on the existing
equilibrium in the system: both hypo- and hyper-catecholamine
levels in striatum could conceivably disrupt efficient prefrontal
neuromodulation and may therefore relate to ADHD-like symp-
toms. Increased DAT1 expression could then lead to the exacerba-
tion of symptoms in an already hypo-dopaminergic system
(Waldman et al., 1998), while it is beneficial to ADHD symptoms
in the other scenario.
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Other genes

Two studies focused on genes in other monoamine or catechol-
amine systems (Baehne et al., 2009; Bobb et al., 2005). Bobb and
colleagues investigated association with ADHD of twelve candidate
genes. They found significant association of the Dopamine-1
Receptor (DRD1) and norepinephrine transporter (NET1) with
ADHD. They followed up these genes by investigating their effects
on brain anatomy, but found no association between either and
regional measures of brain volume. More recently, Baehne and
colleagues investigated two polymorphisms of the tryptophan
hydroxylase gene (TPH2). This gene is involved in the synthesis of
serotonin, another catecholamine that has been implicated in ADHD.
They hypothesized that as serotonin is known tomodulate prefrontal
cortex, TPH2 genotype would impact upon an EEG measure of
prefrontal function known to be associated with ADHD, the so-called
No-Go Anteriorization (NGA). Indeed, they showed this to be the
case.

In sum, imaging genetics studies in ADHD have often focused on
two prime candidate genes in the dopamine system. By combining
findings from studies using various methods, we are beginning to
learn how polymorphisms in these genes may impact the brain at the
levels of structure, chemistry and function. However, the effect of
neither gene is yet fully understood.

Concluding remarks

Imaging genetics in ADHD is in its infancy. To date, only fourteen
studies have used neuroimaging methods to assess the effect of
ADHD risk genes on the brain. However, this is of pivotal importance
if we want to address how genetic risk can impact a biological
system and ultimately result in ADHD. Genetic variations that affect
gene expression in the brain can affect brain function. Imaging
approaches permit us to visualize these changes in vivo. This is
essentially the simple approach that we have been applying in
imaging genetics studies in ADHD to date. However, this approach is
clearly too simple to explain the full complexity of the system:
Changes in one area of the system are likely to have downstream
effects that are hard to predict based on simple models of gene
expression. This is further complicated by the fact that ADHD is a
developmental disorder and, although genetic variations are present
throughout development, their impact may change over time,
depending on developmental stage and earlier effects. As such,
different (or even opposite) effects may be found (and are being
reported) from samples of different ages. The contradictory findings
described in this paper may further be related to the fact that ADHD
is associated with several genes of small effect (Faraone et al., 2005).
Here, certain combinations of genes affecting the system simulta-
neously may be necessary to result in ADHD symptoms. However, to
date studies have focused on one or two genes at a time and have not
yet considered possible interactive effects. Limited power has also
meant that such confounds as co-morbid disorders, medication
history and sample composition have received little consideration.
Clearly, these issues can be addressed in future studies. However,
given the complexity and the risk of false positive findings it seems
crucial to work with clear model-based hypotheses. Developing
animal models that parallel the human polymorphisms as was
recently done for the BDNF gene (Soliman et al., 2010) is one way to
develop clear predictions of the effects of gene variants on the brain.
Added value may also be expected frommultimodal approaches that
can provide a means to link the various windows on the brain
provided by imaging techniques. In addition, developments in
genetics are likely to widen the imaging genetics field: the recent
interest in copy number variations (CNVs) in autism and schizo-
phrenia is likely to also spark interest in these genetic mutations in
other disorders and raises an additional class of genetic variants that
can be investigated using imaging genetics approaches. Here also it
will be important to develop testable hypotheses based on the
predicted effect of CNVs on gene expression in the brain.

The focus of this paper (and indeed, this issue) is on applying the
endophenotype approach to studying gene effects on the brain.
However, it can equally be applied to studying non-genetic causative
agents (for review, Plomp et al., in press). For example, four studies
have now addressed gene–environment interactions in the effect of
maternal, prenatal smoking on ADHD: two reported that children
homozygous for the DAT1 10R-allele and exposed to prenatal
smoking were at increased risk for hyperactivity–impulsivity
(Kahn et al., 2003; Becker et al., 2008), whereas two others did not
replicate these findings (Brookes et al., 2006; Neuman et al., 2007).
Rather, one found an interaction between prenatal smoking and the
DAT1 9R-allele and/or the DRD4 7R-allele (Neuman et al., 2007). This
suggests that theremay be different biological (genetic)mechanisms
at play in mediating the effect of maternal behavior on the ADHD-
phenotype. Intermediate phenotype approaches using imaging
measure can be applied to investigate the biological mechanisms
by which prenatal risk factors interact with genotype. As such,
intermediate phenotypes have potential applications beyond imag-
ing genetics.

Acknowledgments

The author gratefully acknowledges two anonymous reviewers for
their helpful suggestions. The work by the author's group described
here was supported by an NWO VIDI grant to SD.
References

Almasy, L., Blangero, J., 2001. Endophenotypes as quantitative risk factors for
psychiatric disease: rationale and study design. Am. J. Med. Genet. 105, 42–44.

Baehne, C.G., Ehlis, A.C., Plichta, M.M., Conzelmann, A., Pauli, P., Jacob, C., Gutknecht, L.,
Lesch, K.P., Fallgatter, A.J., 2009. Tph2 gene variants modulate response control
processes in adult ADHD patients and healthy individuals. Mol. Psychiatry 14 (11),
1032–1039.

Becker, K., El-Faddagh, M., Schmidt, M.H., Esser, G., Laucht, M., 2008. Interaction of
dopamine transporter genotype with prenatal smoke exposure on ADHD
symptoms. J. Pediatr. 152, 263–269.

Bédard AC, Schulz KP, Cook EH Jr, Fan J, Clerkin SM, Ivanov I, Halperin JM, Newcorn JH.
Dopamine transporter gene variation modulates activation of striatum in youth
with ADHD. Neuroimage, in press [Electronic publication ahead of print]

Beekman, F., van der Have, F., 2007. The pinhole: gateway to ultra-high-resolution
three-dimensional radionuclide imaging. Eur. J. Nucl. Med. Mol. Imaging 34 (2),
151–161.

Bellgrove, M.A., O'Connell, R.G., Vance, A., 2008. Genetics of cognitive deficits in ADHD:
clues for novel treatment methods. Exp. Rev. Neurother. 8 (4), 553–561.

Bigos, K.L., Weinberger, D.R., 2010. Imaging genetics—days of future past. Neuroimage
53 (3), 804–809.

Bobb, A.J., Addington, A.M., Sidransky, E., Gornick, M.C., Lerch, J.P., Greenstein, D.K., et
al., 2005. Support for association between ADHD and two candidate genes: NET1
and DRD1. Am. J. Med. Genet. B Neuropsychiatr. Genet. 134 (1), 67–72.

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

Brown, A.B., Biederman, J., Valera, E.M., Doyle, A.E., Bush, G., Spencer, T., Monuteaux, M.C.,
Mick, E., Whitfield-Gabrieli, S., Makris, N., Laviolette, P.S., Oscar-Berman, M., Faraone,
S.V., Seidman, L.J., 2009. Effect of dopamine transporter gene (SLC6A3) variation on
dorsal anterior cingulate function in attention-deficit/hyperactivity disorder. Am.
J. Med. Genet. B Neuropsychiatr. Genet. 153B (2), 365–375.

Cardno, A.G., Gottesman, I.I., 2000. Twin studies of schizophrenia: from bow-and-arrow
concordances to star wars Mx and functional genomics. Am. J. Med. Genet. 97 (1),
12–17.

Castellanos, F.X., Tannock, R., 2002. Neuroscience of attention-deficit/hyperactivity
disorder: the search for endophenotypes. Nat. Rev. Neurosci. 3, 617–628.

Castellanos, F.X., Lau, E., Tayebi, N., Lee, P., Long, R.E., Giedd, J.N., et al., 1998. Lack of an
association between a dopamine-4 receptor polymorphism and attention-deficit/
hyperactivity disorder: genetic and brain morphometric analyses. Mol. Psychiatry 3
(5), 431–434.

Cheon, K.A., Ryu, Y.H., Kim, J.W., Cho, D.Y., 2005. The homozygosity for 10-repeat allele
at dopamine transporter gene and dopamine transporter density in Korean
children with attention deficit hyperactivity disorder: relating to treatment
response to methylphenidate. Eur. Neuropsychopharmacol. 15 (1), 95–101.



838 S. Durston / NeuroImage 53 (2010) 832–838
Durston, S., Hulshoff Pol, H.E., Schnack, H.G., Buitelaar, J.K., Steenhuis, M.P., Minderaa,
R.B., Kahn, R.S., van Engeland, H., 2004. Magnetic resonance imaging of boys with
attention-deficit/hyperactivity disorder and their unaffected siblings. J. Am. Acad.
Child Adolesc. Psychiatry 43 (3), 332–340. http://www.ncbi.nlm.nih.gov/
pubmed/15076267.

Durston, S., Fossella, J.A., Casey, B.J., Hulshoff Pol, H.E., Galvan, A., Schnack, H.G., et al.,
2005. Differential effects of DRD4 and DAT1 genotype on fronto-striatal graymatter
volumes in a sample of subjects with attention deficit hyperactivity disorder, their
unaffected siblings, and controls. Mol. Psychiatry 10 (7), 678–685.

Durston, S., Mulder, M., Casey, B.J., Ziermans, T., van Engeland, H., 2006. Activation in
ventral prefrontal cortex is sensitive to genetic vulnerability for attention-deficit
hyperactivity disorder. Biol. Psychiatry 60 (10), 1062–1070. http://www.ncbi.nlm.
nih.gov/pubmed/16712804.

Durston, S., Fossella, J.A., Mulder, M.J., Casey, B.J., Ziermans, T.B., Vessaz, M.N., et al.,
2008. Dopamine transporter genotype conveys familial risk of attention-deficit/
hyperactivity disorder through striatal activation. J. Am. Acad. Child Adolesc.
Psychiatry 47 (1), 61–67.

Durston, S., De Zeeuw, P., Staal, W.G., 2009. Imaging genetics in ADHD: a focus on
cognitive control. Neurosci. Biobehav. Rev. 33 (5), 674–689.

Faraone, S.V., Perlis, R.H., Doyle, A.E., Smoller, J.W., Goralnick, J.J., Holmgren, M.A., Sklar,
P., 2005. Molecular genetics of attention-deficit/hyperactivity disorder. Biol.
Psychiatry 57, 1313–1323.

Franke, B., Hoogman, M., Arias Vasquez, A., Heister, J.G., Savelkoul, P.J., Naber, M.,
Scheffer, H., Kiemeney, L.A., Kan, C.C., Kooij, J.J., Buitelaar, J.K., 2008. Association of
the dopamine transporter (SLC6A3/DAT1) gene 9–6 haplotype with adult ADHD.
Am. J. Med. Genet. B Neuropsychiatr. Genet. 147B (8), 1576–1579.

Gottesman, I.I., Gould, T.D., 2003. The endophenotype concept in psychiatry: etymology
and strategic intentions. Am. J. Psychiatry 160 (4), 636–645.

Hamarman, Fossella J., Ulger, C., Brimacombe, M., Dermody, J., 2004. Dopamine receptor
4 (DRD4) 7-repeat allele predicts methylphenidate dose response in children with
attention deficit hyperactivity disorder: a pharmacogenetic study. J. Child Adolesc.
Psychopharmacol. 14 (4), 564–574.

Heiser, P., Friedel, S., Dempfle, A., Konrad, K., Smidt, J., Grabarkiewicz, J., Herpetz-
Dahlnabb, B., Remschmidt, H., Hebebrand, J., 2004. Molecular genetic aspects of
attention-deficit/hyperactivity disorder. Neurosci. Biobehav. Rev. 28, 625–641.

Johnson, K.A., Kelly, S.P., Robertson, I.H., Barry, E., Mulligan, A., Daly, M., Lambert, D.,
McDonnell, C., Connor, T.J., Hawi, Z., Gill, M., Bellgrove, M.A., 2008. Absence of the 7-
repeat variant of the DRD4 VNTR is associated with drifting sustained attention in
children with ADHD but not in controls. Am. J. Med. Genet. B Neuropsychiatr.
Genet. 147B (6), 927–937.

Kahn, R.S., Khoury, J., Nichols, W.C., Lanphear, B.P., 2003. Role of dopamine transporter
genotype and maternal prenatal smoking in childhood hyperactive–impulsive,
inattentive, and oppositional behaviors. J. Pediatrics 143 (1), 104–110.

Kebir, O., Tabbane, K., Sengupta, S., Joober, R., 2009. Candidate genes and neuropsy-
chological phenotypes in children with ADHD: review of association studies.
J. Psychiatry Neurosci. 34 (2), 88–101.

Kjeldsen, M.J., Corey, L.A., Christensen, K., Friis, M.L., 2003. Epileptic seizures and
syndromes in twins: the importance of genetic factors. Epilepsy Res. 55 (1–2),
137–146.

Krause, J., 2008. SPECT and PET of the dopamine transporter in attention-deficit/
hyperactivity disorder. Expert Rev. Neurother. 8 (4), 611–625.

Krause, J., Dresel, S.H., Krause, K.H., La Fougère, C., Zill, P., Ackenheil, M., 2006. Striatal
dopamine transporter availability and DAT-1 gene in adults with ADHD: no higher
DAT availability in patients with homozygosity for the 10-repeat allele. World
J. Biol. Psychiatry 7 (3), 152–157.

Lenroot, R.K., Giedd, J.N., 2008. The changing impact of genes and environment on brain
development during childhood and adolescence: initial findings from a neuroima-
ging study of pediatric twins. Dev Psychopathol. 20 (4), 1161–1175. http://www.
ncbi.nlm.nih.gov/pubmed/18838036.

Li, D., Sham, P.C., Owen, M.J., He, L., 2006. Meta-analysis shows significant association
between dopamine system genes and attention deficit hyperactivity disorder
(ADHD). Hum. Mol. Genet. 15, 2276–2284.

Loo, S.K., Specter, E., Smolen, A., Hopfer, C., Teale, P.D., Reite, M.L., 2003. Functional
effects of the DAT1 polymorphism on EEG measures in ADHD. J. Am. Acad. Child.
Adolesc. Psychiatry 42 (8), 986–993.

Maher, B.S., Marazita, M.L., Ferrell, R.E., Vanyukov, M.M., 2002. Dopamine system genes
and attention deficit hyperactivity disorder: a meta-analysis. Psychiat. Genet. 12,
207–215.

Manor, I., Tyano, S., Eisenberg, J., Bachner-Melman, R., Kotler, M., Ebstein, R.P., 2002. The
short DRD4 repeats confer risk to attention deficit hyperactivity disorder in a
family-based design and impair performance on a continuous performance test
(TOVA). Mol. Psychiatry 7 (7), 790–794.

Meyer-Lindenberg, A., Weinberger, D.R., 2006. Intermediate phenotypes and genetic
mechanisms of psychiatric disorders. Nat. Rev. Neurosci. 7 (10), 818–827. http://
www.ncbi.nlm.nih.gov/pubmed/16988657.
Monuteaux, M.C., Seidman, L.J., Faraone, S.V., Makris, N., Spencer, T., Valera, E., Brown,
A., Bush, G., Doyle, A.E., Hughes, S., Helliesen, M., Mick, E., Biederman, J., 2008. A
preliminary study of dopamine D4 receptor genotype and structural brain
alterations in adults with ADHD. Am. J. Med. Genet. B Neuropsychiatr. Genet.
147B (8), 1436–1441.

Mulder, M.J., Baeyens, D., Davidson, M.C., Casey, B.J., van den Ban, E., van Engeland, H.,
Durston, S., 2008. Familial vulnerability to ADHD affects activity in the cerebellum
in addition to the prefrontal systems. J. Am. Acad. Child. Adolesc. Psychiatry 47 (1),
68–75.

Neuman, R.J., Lobos, E., Reich, W., Henderson, C.A., Sun, L.-W., Todd, R.D., 2007. Prenatal
exposure and dopaminergic genotypes interact to cause a severe ADHD subtype.
Biol. Psychiatry 61, 1320–1328.

Nigg, J.T., 2005. Neuropsychologic theory and findings in attention-deficit/hyperactiv-
ity disorder: the state of the field and salient challenges for the coming decade. Biol.
Psychiatry 57 (11), 1424–1435.

Plomp, E., van Engeland, H., Durston, S., 2009. Understanding genes, environment
and their interaction in ADHD: is there a role for neuroimaging? Neurosci.
164 (1), 230–240.

Purper-Ouakil, D., Wohl, M., Mouren, M.C., Verpillat, P., Ades, J., Gorwood, P., 2005. Meta-
analysis of family-based association studies between the dopamine transporter gene
and attention deficit hyperactivity disorder. Psychiatr. Genet. 15, 53–59.

Rohde, L.A., Roman, T., Szobot, C., Cunha, R.D., Hutz, M.H., Biederman, J., 2003.
Dopamine transporter gene, response to methylphenidate and cerebral blood flow
in attention-deficit/hyperactivity disorder: a pilot study. Synapse 48 (2), 87–89.

Rommelse, N.N., Altink, M.E., Arias-Vásquez, A., Buschgens, C.J., Fliers, E., Faraone, S.V.,
Buitelaar, J.K., Sergeant, J.A., Franke, B., Oosterlaan, J., 2008. A review and analysis of
the relationship between neuropsychological measures and DAT1 in ADHD. Am.
J. Med. Genet. B Neuropsychiatr. Genet. 147B (8), 1536–1546.

Shaw, P., Gornick, M., Lerch, J., Addington, A., Seal, J., Greenstein, D., et al., 2007.
Polymorphisms of the dopamine D4 receptor, clinical outcome, and cortical
structure in attention-deficit/hyperactivity disorder. Arch. Gen. Psychiatry 64 (8),
921–931.

Soliman, F., Glatt, C.E., Bath, K.G., Levita, L., Jones, R.M., Pattwell, S.S., Jing, D.,
Tottenham, N., Amso, D., Somerville, L.H., Voss, H.U., Glover, G., Ballon, D.J.,
Liston, C., Teslovich, T., Van Kempen, T., Lee, F.S., Casey, B.J., 2010. A genetic
variant BDNF polymorphism alters extinction learning in both mouse and
human. Science 327 (5967), 863–866.

Spencer, T.J., Biederman, J., Madras, B.K., Faraone, S.V., Dougherty, D.D., Bonab, A.A.,
Fischman, A.J., 2005. In vivo neuroreceptor imaging in attention-deficit/hyperac-
tivity disorder: a focus on the dopamine transporter. Biol. Psychiatry 1293–1300.

Spencer, T.J., Biederman, J., Madras, B.K., Dougherty, D.D., Bonab, A.A., Livni, E., Meltzer,
P.C., Martin, J., Rauch, S., Fischman, A.J., 2007. Further evidence of dopamine
transporter dysregulation in ADHD: a controlled PET imaging study using
altropane. Biol. Psychiatry 62, 1059–1061.

Swanson, J., Oosterlaan, J., Murias, M., Schuck, S., Flodman, P., Spence, M.A., Wasdell, M.,
Ding, Y., Chi, H.C., Smith, M., Mann, M., Carlson, C., Kennedy, J.L., Sergeant, J.A.,
Leung, P., Zhang, Y.P., Sadeh, A., Chen, C., Whalen, C.K., Babb, K.A., Moyzis, R.,
Posner, M.I., 2000. Attention deficit/hyperactivity disorder children with a 7-repeat
allele of the dopamine receptor D4 gene have extreme behavior but normal
performance on critical neuropsychological tests of attention. Proc. Natl. Acad. Sci.
U. S. A. 97 (9), 4754–4759.

Szobot, C., Roman, T., Cunha, R., Acton, P., Hutz, M., Rohde, L.A., 2005. Brain perfusion
and dopaminergic genes in boys with attention deficit/hyperactivity disorder. Am.
J. Med. Genet. B Neuropsychiatr. Genet. 132B (1), 53–58.

Thapar, A., O'Donovan, M., Owen, M.J., 2005. The genetics of attention deficit
hyperactivity disorder. Hum. Mol. Genet. 14, R275–R282.

Volkow, N.D., Wang, G.J., Newcorn, J., Fowler, J.S., Telang, F., Solanto, M.V., Logan, J.,
Wong, C., Ma, Y., Swanson, J.M., Schulz, K., Pradhan, K., 2007. Brain dopamine
transporter levels in treatment and drug naïve adults with ADHD. Neuroimage 34
(3), 1182–1190.

Waldman, I.D., Gizer, I.R., 2006. The genetics of attention deficit hyperactivity disorder.
Clin. Psychol. Rev. 26, 396–432.

Waldman, I.D., Rowe, D.C., Abramowitz, A., Kozel, S.T., Mohr, J.H., Sherman, S.L.,
Cleveland, H.H., Sanders, M.L., Gard, J.M.C., Stever, C., 1998. Association and linkage
of the dopamine transporter gene and attention-deficit hyperactivity disorder in
children: heterogeneity owing to diagnostic subtype and severity. Am. J. Hum.
Genet. 63, 1767–1776.

Wang, E., Ding, Y.C., Flodman, P., Kidd, J.R., Kidd, K.K., Grady, D.L., 2004. The genetic
architecture of selection at the human dopamine receptor D4 (DRD4) gene locus.
Am. J. Hum. Genet. 74, 931–944.

Webb, A.G., 2003. Introduction to Biomedical Imaging. Wiley-IEEE Press, Hoboken.
Yang, B., Chan, R.C.K., Jing, J., Li, T., Sham, P., Chen, R.Y.L., 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. Gen. B Neuropsychiatr. Genet. 144B, 541–550.

http://www.ncbi.nlm.nih.gov/pubmed/15076267
http://www.ncbi.nlm.nih.gov/pubmed/15076267
http://www.ncbi.nlm.nih.gov/pubmed/16712804
http://www.ncbi.nlm.nih.gov/pubmed/16712804
http://www.ncbi.nlm.nih.gov/pubmed/18838036
http://www.ncbi.nlm.nih.gov/pubmed/18838036
http://www.ncbi.nlm.nih.gov/pubmed/16988657
http://www.ncbi.nlm.nih.gov/pubmed/16988657

	Imaging genetics in ADHD
	Introduction
	The intermediate or endophenotype approach
	Modalities used to date in endophenotype approaches to ADHD
	Imaging genetics in ADHD
	The DRD4 gene
	The DAT1 gene
	Other genes

	Concluding remarks
	Acknowledgments
	References




