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Abstract Joint analysis of genetic and neuroimaging data,
known as Imaging Genetics (IG), offers an opportunity to
deepen our knowledge of the biological mechanisms of
neurodevelopmental domains. There has been exponential
growth in the literature on IG studies, which challenges the
standardization of analysis methods in this field. In this review
we give a complete up-to-date account of IG studies on atten-
tion deficit hyperactivity disorder (ADHD) and related
neurodevelopmental domains, which serves as a reference
catalog for researchers working on this neurological disorder.
We searchedMEDLINE/Pubmed and identified 37 articles on
IG of ADHD that met our eligibility criteria. We carefully
cataloged these articles according to imaging technique, genes
and brain region, and summarized the main results and char-
acteristics of each study. We found that IG studies on ADHD
generally focus on dopaminergic genes and the structure of
basal ganglia using structural Magnetic Resonance Imaging

(MRI). We found little research involving multiple genetic
factors and brain regions because of the scarce use of multi-
variate strategies in data analysis. IG of ADHD and related
neurodevelopmental domains is still in its early stages, and a
lack of replicated findings is one of the most pressing chal-
lenges in the field.
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Introduction

The joint analysis of genomic and neuroimaging data, known
as Imaging Genetics (IG), offers an opportunity to deepen our
knowledge of the biological mechanisms of behavioral and
neurodevelopmental domains. Neuroimaging assessment is
used to understand neurodevelopment, cognition and behavior
at the brain level. Considering genomic information simulta-
neously, we can make substantial gains in the biological inter-
pretation and understanding of these processes.

IG studies aim to discover the relationships between spe-
cific genetic variants and brain structure and function (Glahn
et al. 2007). IG studies initially attempted to evaluate the con-
tribution of specific single candidate genes (Risacher et al.
2010), and more recently have begun to evaluate the entire
genome to discovering genetic polymorphisms that influence
brain structure (Bis et al. 2012; Hibar et al. 2015), brain func-
tion (Papassotiropoulos et al. 2013; Potkin et al. 2009), and
related neurodevelopmental disorders (Franke et al. 2016;
Stein et al. 2010). IG studies have made notable progress in
explaining neurological conditions such as Alzheimer’s dis-
ease (Weiner et al. 2015) and schizophrenia (Meyer-
Lindenberg 2010), but there is still a dearth of evidence on
Attention-Deficit/Hyperactivity Disorder (ADHD).
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ADHD is behaviorally characterized by hyperactivity, im-
pulsivity and inattention (Olfson 1992), reaching a prevalence
of 2–7% (van der Meer et al. 2015). Although ADHD has an
important social burden, and has been widely studied in rela-
tion to environmental and social risk factors (Tarver et al.
2014), its underlying biological mechanisms remain un-
known. For instance, structural or functional abnormalities
of the brain may play an important role in the development
of the disease, as observed in neuroimaging studies. ADHD
appears to be linked to altered brain volume, changes in the
activity of specific brain areas, and abnormal brain connectiv-
ity. A meta-analysis of structural magnetic resonance imaging
in children (sMRI) (Valera et al. 2007) found that the brain
regions with the largest volumetric reduction in ADHD indi-
viduals were the posterior inferior cerebellar vermis, the
splenium of the corpus callosum, the right caudate, right pu-
tamen and the total and right cerebral volume. In addition, a
meta-analysis of functional magnetic resonance imaging
(fMRI) studies showed significant hyperactivation in the ven-
tral attention, somatomotor and default mode networks
(Cortese 2012). In their literature review of diffusion tensor
imaging studies, van Ewijk et al. (2012) noted that ADHD
patients exhibit widespread abnormalities in white matter
integrity.

In terms of genetics, Genome-wide association studies
(GWAS) have revealed genes that are involved in the dopa-
minergic, adrenergic, serotonergic and cholinergic pathways
(Faraone andMick 2010). So far, the main candidate genes for
ADHD are the dopamine receptors (DRD2, DRD3, DRD4,
DRD5), and transporters (SLC6A also known as DAT1), and
dopamine beta-hydroxylase (DBH). However, while ADHD
is estimated to have ~70% heritability (Cortese 2012; Franke
et al. 2012) candidate genes account for only 1% of its phe-
notypic variance. The remaining unexplained heritability is a
recurrent problem in complex traits, where the added contri-
bution of single nucleotide variations cannot account for the
total heritability observed in family studies (Maher 2008;
Manolio et al. 2009). This gap may be accounted for by rare
variants, other types of common mutations (deletion, translo-
cations, inversions), or by epistasis. In addition, higher power
to detect significant associations may be obtained by analyz-
ing intermediate phenotypes. In the case of IG studies, the
intermediate phenotypes are derived from neuroimaging data,
based on the premise that there is greater correlations between
brain structure/function and genetic variability (heritability)
because brain physiology is etiologically closer to molecular
biology than behavior (Zayed and Robinson 2012). In the case
of ADHD, these may be even greater potential to advance,
since the heritability gap is much wider than for other neuro-
logical disorders.

Since the work of Durston (2010), there has not been a
thorough systematic review of the use of IG in ADHD.
Given the increasing interest of ADHD, we aimed to update

the main findings of IG studies on ADHD and to pinpoint the
priorities in current IG research on ADHD. We review the
evidence on the key genetic, the relevant brain phenotypes,
and the neuroimaging technologies that have been used to
explore this relationship, specifically Structural MRI,
Functional MRI, Single-photon emission CT, Diffusion
Tensor Imaging, and EEG.

Materials and methods

Literature search

We searched articles indexed in PubMed (National Library of
Medicine) under the terms: BImaging Genetics^,
BNeuroimaging and Genetics^, BNeuroimage and Genetics^
combined with the following terms BAttention deficit hyperac-
tivity disorder^, BADHD^.

Selection criteria

Selected studies fulfilled the following criteria: a) included
both genetic and neuroimaging data, b) directly focused on
neurodevelopmental domains as the principal outcome of the
study, or on brain intermediate phenotypes linked to
neurodevelopmental domains, c) were written in English, d)
were original research articles with accessible information.
We excluded abstracts only, case reports and letters to the
editor. Articles that appear duplicated at PUBMED were
counted once.

To reduce the subjectivity of the classification criteria, stud-
ies were selected by two independent reviewers.

Manuscript classification

Selected articles were cataloged in tables corresponding to
four imaging modalities: BBrain structure^ (Supplementary
Table 1), BBrain function^ (Supplementary Table 2), BBrain
chemistry^ (Supplementary Table 3) and BBrain connectivity^
(Supplementary Table 4). Each table contains information on:
participants, neuroimaging modality and methods, main brain
region, main genomic biomarkers, main results, and the sig-
nificance of the main results.

Results

Literature search results

The selection process is summarized in Fig. 1. A total of 353
articles were identified in PUBMED, of which 306 were ex-
cluded by an initial title and abstract screen, and the remaining
47 were all assessed for eligibility. One study was duplicated,
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and 9 further studies were excluded because they did not pro-
vide information about both neuroimaging and genomic stud-
ies. As a result, 37 articles were chosen for evaluation of the
full-text.

Genetic variants

We found that the most commonly analyzed genetic variants
in IG studies of ADHD are located in candidate genes within
the dopaminergic, serotoninergic and cholinergic systems,
which may be altered in ADHD (Cortese 2012) [Fig. 2].
Dopaminergic genes include: the dopamine receptor D4
(DRD4), and the dopamine transporter gene (SLC6A3),
which was also an early candidate gene of ADHD (Faraone
et al. 2014; LaHoste et al. 1996). In the serotonergic pathway
the most widely investigated gene is TPH2, which participates
in the biosynthesis of serotonin. Other candidate genes have
also been studied, such as monoamine oxidase A (MAOA),
Kell blood group complex subunit-related family member 4
(XKR4), and α-2A-adrenergic receptor neurotrasmissor
(ADRA2A) (Gizer et al. 2009; Sánchez-Mora et al. 2015;
Tortajada-Genaro et al. 2016; Zhang et al. 2012).

Brain phenotypes

Most of the studies that correlate genetic and imaging data in
ADHD focus on identifying genetic variants associated with
neuroimaging endophenotypes in ADHD patients (Mulder
et al. 2008). These studies assume that fronto-subcortical-
cerebellar circuits are etiologically closer to genetic variations
than ADHD symptoms. Some of these studies also focused on
whole brain analyses. However, we did not find well
established brain regions that, in combination with genomics,
are linked to ADHD. We found that sMRI studies mainly

focused on basal ganglia (BG), prefrontal cortex (PC) and
cerebellum structures, while fMRI studies mainly focused on
the striatum, and also on the PC and BS regions. Single photon
emission computed tomography (SPECT) studies also fo-
cused on Dopamine transporter binding potential in the BG
and striatum regions. Diffusion tensor imaging (DTI) studies
focused on white matter structure and connectivity, and elec-
troencephalography (EEG) studies focused on prefrontal brain
regions [Fig. 2].

Neuroimaging technologies

Twenty five of the selected studies used MRI technologies,
eleven sMRI, eleven fMRI and three DTI. Six studies used
SPECT and two used EEG. Since the review by Durston
(2010), there has been an increase in the number of publica-
tions based on MRI, with six new studies using sMRI, eight
using fMRI and three using DTI. Two new studies on brain
chemistry used SPECT [Supplemental Fig. 1].

Structural magnetic resonance imaging (sMRI)

Dopaminergic and serotonergic genes: SLC6A3, DRD4
and 5-HTTLPRThree of the selected sMRI studies analyzed
SLC6A3 polymorphisms (Durston et al. 2005; Onnink et al.
2016; Shook et al. 2011). Durston et al. (2005) observed
smaller caudate nucleus volume in SLC6A3-10R carriers than
in SLC6A3-10R carriers (p = 0.035). Shook et al. (2011) also
found smaller caudate nucleus volumes in SLC6A3-10R ho-
mozygotes than in SLC6A3-9R carriers, restricting the sample
to preadolescents in order to control for brain variations during
the developmental stage (p = 0.01). Onnink et al. (2016) re-
ported larger striatum volumes in carriers of the of the

Fig. 1 Selection process of the
articles
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Fig. 2 Imaging genetics of ADHD – summary of results
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SLC6A3-9R/6R haplotype compared to non-carriers
(p = 0.0055).

Five IG studies have reported a correlation between brain
volume measurements and DRD4 variants (Bobb et al. 2005;
Castellanos et al. 1998; Monuteaux et al. 2008; Mous et al.
2015; Shaw et al. 2007). Specifically, Shaw et al. (2007) re-
ported thinner right orbitofrontal/inferior prefrontal and pos-
terior parietal cortex in DRD4-7R carriers (p < e-20).
Monuteaux et al. (2008) observed significantly smaller mean
volumes in the superior frontal cortex (p = 0.021) and cere-
bellum cortex (p < 0.001). In contrast, Castellanos et al. 1998
and Bobb et al. 2005 did not find significant genotype effects
(p > 0.05). Mous et al. 2015 performed gene-set analysis to
investigate the role of dopamine and serotonin pathway genes
in ADHD symptom severity and basal ganglia volume, but
found no significant associations (p > 0.1).

Non dopaminergic and serotonergic genes: XKR4 While
most sMRI studies have analyzed dopaminergic genes, other
candidate genes involved in other disorders have also been
studied. For instance, XKR4, previously associated with
schizophrenia and ADHD (Lantieri et al. 2010; Neale et al.
2008). Although no main genetic effects were found, De
Zeeuw et al., 2013 reported a significant interaction between
birth weight and a genetic variant in XKR4, as a predictor of
the grey matter structure of cerebellum (p = 0.017).

Genome-whole analysis Two IG studies used genome-wide
data to assess associations with ADHD symptoms and brain
volume measurements using novel analytical strategies
(Khadka et al. 2016; N Vilor-Tejedor et al. 2016). Vilor-
Tejedor et al. 2016 proposed modelling ADHD symptoms
using a zero-inflated negative binomial distribution, and found
that a genetic variant in MAOA was associated with ADHD
symptoms and bilateral (left and right) perivascular brain vol-
umes (p = 3.52e-4; p = 0.037). Khadka et al. 2016 used a
multivariate parallel independent component analysis (pICA)
to identify several imaging genetic components between re-
gional gray matter volume and genetic data, which in turn are
related to biological pathways linked to structural abnormali-
ties that are common in ADHD (p < e-5).

Functional magnetic resonance imaging (fMRI)

Dopaminergic genes: SLC6A3 and DRD4 Most IG studies
of ADHD based on fMRI have studied SLC6A3 (Aarts et al.
2015; Bédard et al. 2010; Braet et al. 2011; Brown et al. 2010;
Durston et al. 2008; Hoogman et al. 2013; Paloyelis et al.
2012; Szobot et al. 2005; van Rooij et al. 2015). Durston
et al. (2008) reported reduced striatal activity in a sample of
male adolescents with ADHD who were carriers of the
SLC6A3-10R allele (p < 0.001). In a sample of adults with
ADHD, Bédard et al. (2010) also found an association

between the striatum volume and ADHD symptoms as a func-
tion of SLC6A3 polymorphisms (p < 5e-3). van Rooij et al.
(2015) reported significant genotype group interaction for
striatal activation, in which SLC6A3 genotypes were associat-
ed with MR signal changes in individuals at familial risk of
ADHD (p < 0.005).

These last three studies used a Go/No-Go task (GNG),
which uses a binary classification to evaluate sustained atten-
tion and response control; the participant passes the test only
when the Go condition is met and the No-go condition fails.
Aarts et al. (2015) also showed an association between
SLC6A3 and the striatal signal under a switching task evalu-
ating executive functioning and cognitive flexibility.
Specifically, they observed greater striatal signal in SLC6A3-
9R-carriers with ADHD than in healthy carriers (p = 0.023).

Brown et al. (2010) showed evidence of significant
hypoactivation of the left anterior cingulate cortex
(p = 0.036) and the right prefrontal cortex (p = 0.049) in
homozygous SLC6A3-10R carriers from a sample of children
with ADHD under a Multi-Source Interference task (MSIT).
The MSIT is used to identify the cognitive/attention network
in normal volunteers, and to test its integrity in people with
neuropsychiatric disorders. Also, three of these studies ana-
lyzed the effects of SLC6A3 genotypes on brain activity.
(Braet et al. (2011) found that SLC6A3-10R carriers had in-
creased activation of frontal (p < 0.001) and parietal regions
(p < 0.05) during a sustained attention to response-GNG task.
Hoogman et al. (2013) suggested that SLC6A3-10R/6R dos-
age differentially modulated neural activation in the cau-
date nucleus during a Motivated Incentive Learning
Task (MILT), although their results were not statistically
significant (p = 0.24). The MILT task is used to evalu-
ate reaction times in a reward and no-rewards condition;
participants are asked to respond as quickly as possible
to a target by pressing a button, conditioned to the fact
that some targets provide a reward and others do not. In
a third study, (Paloyelis et al. 2012) did not find any
significant results (p = 0.17).

Two IG studies have reported a correlation between brain
volume measurements and DRD4 variants (Gehricke et al.,
2015; Mulligan et al., 2014). While Mulligan et al. (2014)
did not find significant IG effects (p > 0.05), Gehricke et al.
(2015) showed a significant increase in BOLD activity in the
frontal lobe in DRD4-4R/7R and DRD4-4R/4R carriers under
an emotional stimulus task (p = 0.0001).

Non dopaminergic genes: MAOA In terms of non-
dopaminergic genes, one study focused on how a genetic
polymorphism at MAOA modulates the link between ADHD
symptoms and striatal and inferior frontal activation patterns
(Nymberg et al. 2013) under a Stop Signal Task (SST) and a
Motivated Incentive Delay Task (MIDT). The SST is used to
measure reaction times to primary stimulus by measuring the
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latency between the presentation of two distinct stimuli and
the response. In the MIDT, a target stimulus is presented after
an incentive cue to win or to avoid losing the indicated reward.
The MIDT allows the operator to examine different stages of
reward processing and different reward conditions. These
studies found that ADHD symptoms were associated with
increased BOLD response in the inferior frontal gyrus during
SST (p = 0.014) and in the bilateral (left and right) ventral
striatum during MIDT (p = 0.002; p = 0.015) in homozygote
for the risk allele.

Single-photon emission computed tomography

Dopaminergic genes: SLC6A3 and DRD4 SPECTwas also
used to study ADHD in individuals stratified according to
genotypes in dopaminergic genes. One study found signifi-
cantly higher regional cerebral blood flow in medial frontal
and left basal ganglia areas in children who were homozygous
for the SLC6A3-10R allele (p < 0.05) (Rohde et al. 2003). A
second study analyzed the SLC6A3-10R andDRD4-7R alleles
(Szobot et al. 2005), and found significantly higher perfusion
in the right middle temporal gyrus among individuals who
carried both risk alleles (p < 0.05).

When applied tomeasure brain chemistry, SPECT has been
used to evaluate ADHD response to medication as a function
of polymorphisms in the dopaminergic genes (Cheon et al.
2005; Krause e t a l . 2009; Szobot e t a l . 2011) .
Methylphenidate (MPH) is a commonly prescribed
psychostimulant for treating ADHD (Fone and Nutt 2005),
and a variety of SPECT studies have analyzed its effects on
the brain. Cheon et al. (2005) evaluated eleven healthy chil-
dren with ADHD who were undergoing 8 weeks of MHP
treatment, and found a poor response to MPH among
SLC6A3-10R homozygotes (p = 0.008). Krause et al. (2009)
analyzed the homozygosity of the SLC6A3-10R allele in
adults with ADHD who had been administered 740 MBq
[99 m Tc] of TRODAT-1, but found no significant associa-
tions (p > 0.1).

Finally, in a more recent study, Szobot et al. (2011) evalu-
ated the combination of the DRD4-7R allele and homozygos-
ity for the SLC6A3-10R allele (10/10) in a sample of 17
adolescents treated with MPH, and found a significant
reduction in dopamine transporter blocker occupancy in
the right and left caudate and putamen (p < 0.02).

Non dopaminergic genes: ADRA2A A recent study evalu-
ated how brain perfusion was related to ADHD symp-
toms as a function of genotypes at the Mspl locus of
the ADRA2A gene (Kim et al. 2010), and found that
subjects with ADHD and who carried C-allele had low-
er perfusion in the bilateral orbitofrontal regions than
non-carriers (p < 0.0005).

Diffusion tensor imaging

Dopaminergic genesWe did not find any studies on dopami-
nergic genes that used this neuroimaging modality.

Non dopaminergic genes: ADRA2A and COMTOne study
examined the association between the MspI (N = 25: GG,
N = 28: CG + CC) and DraI polymorphisms of the
ADRA2A gene and white-matter connectivity during a
Continuous Performance Test (CPT, which measures
sustained and selective attention) following MPH treatment
in ADHD children (Park et al. 2013). The results suggest that
ADRA2A genotypes have a role in abnormal white-matter in-
tegrity and in improving MPH-induced attentional perfor-
mance. Specifically, carriers of theDraI T-allele showed fewer
changes in mean commission error scores following 8 weeks
of medication, and reduced diffusion in the right middle fron-
tal cortex than subjects without the T-allele (p = 0.009). Also,
carriers of the MspI C-allele showed decreased connectivity
(Fractional Anisotropy) in the right postcentral gyrus
(p < 0.0005).

A second study investigated the association between white-
matter connectivity and the COMTVal158Met polymorphism
in ADHD children (Hong et al. 2015). Attention performance
was also assessed using CPT before and after an 8-week open-
label trial of MPH. This study provided evidence of altered
white-matter connectivity in COMT Val-homozygotes
(p = 0.049). Another recent study (Kabukcu Basay et al.
2016) also evaluated the association between COMT
Val158Met and white matter structure, and found significant
gene-environment interactions in the cingulated gyrus, in
which ADHD individuals had significantly lower connectivity
(p < 0.005). Also, WM tracts had significantly different DTI
measurements between COMT genotypes (p < 0.01).

Electroencephalography

The conduct of studies using EEG technology appears to have
stagnated, in that we did not identify any new EEG studies
since the last review by Durston (2010).

Dopaminergic genes In an earlier study, Loo et al. (2003)
showed that the SLC6A3 polymorphism was associated with
medication-induced changes in cortical activity. SLC6A3-10R
carriers presented EEG changes, namely increased central and
parietalβ power (p = 0.015; p = 0.045), decreased right frontal
θ power (p = 0.034), and lower θ/β ratios (p = 0.021).

Non dopaminergic genes: TPH2 One study reported associ-
ations with two candidate polymorphisms in TPH2 (Baehne
et al. 2009). This study found that the previously reported risk
alleles for ADHD in both polymorphisms were associated
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with reduced GNG measurements of prefrontal brain function
(p = 0.002).

Discussion

Following the initial study by Hariri &Weinberger, IG studies
have become increasingly popular. However, the number of
IG studies on ADHD is still limited, and the common biolog-
ical patterns remain unclear and incompletely reported. In this
work, we provide an updated systematic review of published
IG research on ADHD and related neurodevelopmental
domains.

Since the last review, there has been an increase in the
number of sMRI, fMRI, DTI and SPECT studies, and stagna-
tion in the number of EEG studies. The small sample size still
represents the greatest limitation in IG studies of ADHD, al-
though this issue can be addressed by pooling information in
meta-analyses from large consortiums, such as ENIGMA
(Enhancing NeuroImaging Genetics through Meta-Analysis)
(Thompson et al. 2014), which can then provide sufficient
statistical power and accurate conclusions (Ioannidis 2005).

Larger studies also require statistical techniques based on
multivariate assessment, for the following reasons: (i) the mul-
tidimensionality of genomic and neuroimaging data, which
challenges statistical significance because of the need to cor-
rect for multiple comparisons; (ii) the computational burden of
most procedures; and (iii) the fact that it is not possible to
account for complex multivariate relationships because uni-
variate strategies usually ignore the joint effects that may exist
between genes and potential covariations between brain
regions.

We found that all studies performed univariate analyses of
one gene variant and one brain region at a time. Using multi-
variate analytical strategies could improve the identification of
genetic patterns affecting brain development in ADHD, for
example (Liu and Calhoun 2014). The polygenic nature of
ADHD symptoms highlights the importance of accounting
for the joint effect of genetic variants or entire biological
pathways, and not only the effect of a single genetic variant.
For instance, Bralten et al. (2013) showed that pathway-based
analyses (PBA) increases power to identify genetic factors
involved in ADHD symptoms. Also, we recently illustrated
the importance of using gene-set analysis (GSA) methods to
explore new susceptibility genes related to the development of
ADHD (Vilor-Tejedor et al. 2015). An application of PBA and
GSA methods in an IG study of ADHD symptoms was pro-
posed by Mous et al. (2015). These authors demonstrated that
such multivariate strategies have an emerging role in discov-
ering the relationships between genes and brain regions within
ADHD symptoms, and that these are preferable to
conventional univariate strategies. To our knowledge, this is
the first application of PBA and GSA methods to evaluate the

joint effects of candidate pathways, brain regions and ADHD
symptoms. However, these applications do not focus on
linking novel genes to ADHD symptoms, but on evaluating
previously defined candidate pathways. Khadka et al. (2016)
propose the use of parallel Independent Component Analysis
(pICA) (Liu et al. 2009) to elucidate the relationships between
clusters of single nucleotide polymorphisms and measure-
ments of grey matter (GM) regions related to abnormality in
ADHD individuals. This methodology allows us to link gene
clusters to deficient GM volume in novel biological pathways.

While we found few examples of the use of multivariate
strategies to assess complex relationships in IG studies of
ADHD, research is increasingly focused on evaluating the
biological mechanisms underlying the symptoms of ADHD.

In summary, IG research on ADHD is in its early stages,
and the field is currently characterized by a small number of
non-replicated studies. These studies have evaluated the com-
bination of genetic variants and intermediate brain phenotypes
linked to ADHD, assessed using neuroimaging methods.
While combining this kind of information can provide insights
on how genetic polymorphisms affect brain structure, function
and chemistry, there is a clear need for large studies and the
development of novel multimodal analytical strategies. The
need of larger studies to improve statistical power and repro-
ducibility can be met by designing multi-centre consortia. In
addition, small targeted studies could help to replicate previ-
ous findings. Research could also benefit from adopting
existing and more powerful analysis strategies that take ad-
vantage of current data and contribute to the identification of
environmental, social and epidemiological synergistic effects.
A number of methods have been successfully used in IG stud-
ies on other outcomes, such as schizophrenia (Cao et al. 2014;
Cao et al. 2013; Chen et al. 2012; Jamadar et al. 2011; Meda
et al. 2010; Mounce et al. 2014) and Alzheimer’s disease
(Meda et al. 2012; Vounou et al. 2012; Zhang et al. 2014),
which provides an encouraging precedent for their success
application to ADHD in the future.
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