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E

valuation of neural systems and brain connections is an
important new area of research to understand both normal
brain connectivity and alterations in brain connectivity in
neuropsychiatric disorders. The study of brain connectivity is also
a major focus of current neuroscience. In humans, very little is
known about neural networks in the living brain, although the
Human Connectome Project (http://www.neuroscienceblueprint.
nih.gov/connectome/) has as one of its main goals to understand
better brain connections using the highest quality imaging data
available today. The focus on brain networks (or connectomes), as
opposed to single connections between brain regions, is a
signiﬁcant step forward because neural networks can be studied
using new sophisticated models that open up avenues of
research that make possible comprehensive analysis of structural
and functional brain connectivity in normal individuals and in
individuals with neuropsychiatric disorders, including attentiondeﬁcit/hyperactivity disorder (ADHD) (1,2). A connectomic
approach to studying brain networks is also important because
this approach includes a deeper appreciation of the fact that even
the smallest, seemingly simplest task performed by humans
engages multiple regions of the brain in organized networks.
Sporns (3) described several developmental and possible evolutionary factors that shape such network topology.
Hong et al. (2) combine a connectomics approach with
cognitive tasks to understand network impairments in ADHD.
This approach is particularly important in ADHD, which is a
multisystem developmental disorder that is heterogeneous in
presentation and likely also in alterations in brain circuitry and in
genetics. It is among the most common psychiatric disorders
diagnosed in children, affecting 5%–11% of school-aged children
(4), and many symptoms persist into adulthood. There is also
evidence to suggest that there are both persistent and remitting
types of ADHD (5), which adds to the heterogeneity of this
disorder. However, there is still very little known about the
neurobiology of ADHD. Some studies suggest the importance of
prefrontal and striatal regions in the brain and their interregional
connections (6), which has led to what is referred to as “the
frontostriatal model of ADHD,” although other brain regions are
known to be impaired. Also, there is more recent evidence,
presented here and by Makris et al. (7) and by Cao et al. (1), that
the cerebellum may also be part of a distributed neural network
that is affected in ADHD.
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Nonetheless, it is only quite recently—with powerful techniques such as diffusion tensor imaging and still more recently with
the new ability to investigate interregional brain connectivity
using both diffusion tractography, a means of extracting information about speciﬁc ﬁber bundles in the brain, and imaging
connectomics techniques, a way to map neural connections in
the brain at synaptic and macrostructural and functional levels—
that we are now able to characterize more precisely disrupted
interconnected networks in the brain. The current study is
important because its focus is to identify and to characterize
connectomic disturbances in ADHD using whole-brain tractography. The term connectomic refers to the study of connectomes,
or mapping of neural connections in the brain. This mapping can
be performed at the synaptic level, or it can be performed at the
macrostructural and functional level as reported in this article,
where white matter ﬁber topological connections are investigated
simultaneously to understand better the connectivity among
neural networks that are impaired or, at a minimum, differ
between children and adolescents with a diagnosis of ADHD
and age-matched healthy control subjects.
Hong et al. use diffusion tensor imaging and whole-brain
tractography, the latter an unbiased, data-driven approach, as
opposed to a hypothesis-driven, single-tract a priori approach,
along with an imaging connectomics approach to investigate
altered white matter connectivity in 71 children and adolescents
with a diagnosis of ADHD and 26 control subjects. A further aim
of the study is to investigate the functional correlates of disturbed
connectivity in ADHD by correlating the connectivity measures
with performance measures of attention derived from a continuous performance task.
Results show a single network comprising 25 links that involve
23 brain regions, which clearly differentiate the ADHD group from
healthy control subjects. This abnormal network involves prefrontal and striatal alterations, where ventral frontal areas include
orbitofrontal cortex, pars triangularis, and gyrus rectus. The basal
ganglia are also involved and include putamen and globus
pallidus, but not caudate nucleus. When the investigators controlled for age and gender, the only brain regions to drop out of
this network were links between left amygdala and left pallidum
and links between right postcentral gyrus and right pallidum. This
network was characterized by prefrontal and striatal connections,
but they were part of a larger network of connections, in contrast
to what the investigators describe as “direct pair-wise links
between the two, as previously implied.” This larger network
included cerebellar connections.
The disturbed pattern of connectivity involved frontal, striatal,
and cerebellar brain regions, suggesting that abnormalities in
brain circuitry in ADHD go beyond the frontostriatal model and
include cerebellar brain regions, which the investigators suggest
may be important both to top-down regulation by inferior
prefrontal cortex to other cortical and subcortical structures and
to regulation of “bottom-up multimodal sensory convergence and
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attention allocation mediated by the parietal cortex.” Additionally,
this network was functionally correlated with indices of attention
derived from the continuous performance task. Findings from this
study provide novel and important insights into the next
generation of imaging techniques by applying the power of the
techniques available today to inform speciﬁc disease states such
as ADHD. Using tractography methods and combining them with
connectomics methods led to ﬁndings that go beyond regional or
local alterations and instead provide insight into interconnections
among brain regions that suggest a brain network involving
frontostriatal and cerebellum alterations in the brain in children
and adolescents with ADHD compared with control subjects,
which likely play a key role in the neurobiology of ADHD.
Hong et al. note some limitations of the study, including the
fact that patients and control subjects were not matched for
gender or IQ; there were many more boys in the ADHD sample,
and IQ was higher in control subjects. Issues with differences in
medication and crossing ﬁbers were also reviewed. Additionally,
future studies would beneﬁt from attending to the heterogeneity
of ADHD using the kind of rigorous methods that were employed
here, particularly given that there were some differences between
the different subtypes (impulsivity and hyperactivity compared
with the combined subtype). These latter ﬁndings underscore the
heterogeneity of this disorder and highlight further the importance of using information such as subtypes and persistent versus
remitting forms of ADHD as separate entities in future studies to
reduce the variance when applying connectivity analyses because
these subtypes may demonstrate different patterns of disruption
in brain networks. The investigators also note that functional
magnetic resonance imaging might add to our understanding of
the neurobiology of ADHD, in conjunction with the methods
employed in this study.
The study by Hong et al. shows the potential of applying
connectomics for the identiﬁcation of brain circuitries that may be
associated with particular genotypes and clinical-phenotypic
manifestations. Addressing the question of clinical heterogeneity
and its association with brain circuitries is very important, and a
comprehensive approach using connectomics seems most appropriate. The emergence of the cerebellum as a structure involved
in large-scale cognitive and emotional aspects of behavior as well
as known motor behaviors is well represented in this study, and
its relevance to ADHD should be emphasized given the hyperactive and inattentive phenotypic manifestations in this disorder.
Additionally, given the comprehensive and multimodal nature of
connectomics, we are able to perform analyses of different
networks involving cognitive functioning such as attention,
executive functioning, language, and working memory or affective behaviors such as emotional regulation and reward that are
associated with anatomic and neurochemical systems affected in
ADHD. Other important questions for future studies are related to
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the timing of maturation in the different neural circuitries in
ADHD (8). For example, what are these neural circuitries, do they
vary among subtypes of ADHD, and which remain altered
throughout adolescence and into adulthood? Another important
question is how might connectomes differ in response to
different medications and between individuals who are
treatment-naïve versus individuals treated with medication
for ADHD.
In conclusion, the connectomics approach, combined with
multimodal imaging that includes diffusion measures as well as
functional magnetic resonance imaging, will likely be of great
importance in addressing these issues in terms of maturation,
course of altered neural circuitries, and different patterns of
altered neural circuitries in different subtypes of ADHD. These
initial applications reﬂect an important new inroad to identifying brain circuitries and linking structural and functional
variation in given brain circuitries to genetics, which will likely
be delineated further by attending to more homogeneous
groupings of ADHD.
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