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Abstract: In recent years, a change in perspective in etiological models of attention deficit hyperactivity dis-
order (ADHD) has occurred in concordance with emerging concepts in other neuropsychiatric disorders
such as schizophrenia and autism. These models shift the focus of the assumed pathology from regional
brain abnormalities to dysfunction in distributed network organization. In the current contribution, we
report findings from functional connectivity studies during resting and task states, as well as from studies on
structural connectivity using diffusion tensor imaging, in subjects with ADHD. Although major methodolog-
ical limitations in analyzing connectivity measures derived from noninvasive in vivo neuroimaging still exist,
there is convergent evidence for white matter pathology and disrupted anatomical connectivity in ADHD. In
addition, dysfunctional connectivity during rest and during cognitive tasks has been demonstrated. How-
ever, the causality between disturbed white matter architecture and cortical dysfunction remains to be eval-
uated. Both genetic and environmental factors might contribute to disruptions in interactions between
different brain regions. Stimulant medication not only modulates regionally specific activation strength but
also normalizes dysfunctional connectivity, pointing to a predominant network dysfunction in ADHD. By
combining a longitudinal approach with a systems perspective in ADHD in the future, it might be possible
to identify at which stage during development disruptions in neural networks emerge and to delineate possi-
ble new endophenotypes of ADHD. Hum Brain Mapp 31:904–916, 2010. VC 2010Wiley-Liss, Inc.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is one
of the most common childhood neuropsychiatric disorders,
and it often persists into adulthood. The psychopathology

of this disorder is marked by developmentally inappropri-
ate and pervasive expressions of inattention, overactivity,
and impulsiveness. ADHD is also associated with func-
tional impairments across multiple academic and social
domains and is commonly accompanied by a range of
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externalizing and internalizing disorders [Biederman and

Faraone, 2006]. Given the associated burden to society,

family and the individual child, understanding the causes

of ADHD and developing new and more effective treat-

ments targeting these underlying causes is an important

goal for neuroscience research.
Although neuroimaging studies clearly point to a neuro-

biological basis for the disorder, the pathophysiological
mechanisms of ADHD and the specific nature of the atypi-
cal brain development underlying it remain poorly under-
stood. Recently, in concordance with emerging concepts in
other neuropsychiatric disorders such as schizophrenia
and autism, a change in perspective in etiological models
of ADHD has occurred. These models shift the focus of
the assumed pathology from regional brain abnormalities
to dysfunctions in distributed network organization [Ser-
geant et al., 2006]. While the assessment of functional seg-
regation in the human brain, i.e., the localization of
regionally specific functions, has been the predominant
concept in imaging neuroscience for many years, the
pathophysiology of neuropsychiatric disorders is now
being increasingly treated from a systems perspective in
which function emerges from an interaction of regionally
specialized elements. As a result, the analysis of brain con-
nectivity has become more and more critical. However,
the analysis of each of the three fundamental aspects of
brain connectivity, namely, anatomical, functional and
effective connectivity, is associated with its own technical
and conceptual challenges.

In the current review, we aim to integrate findings from
functional connectivity studies during resting and task
states with those from studies on structural connectivity.
After a description of different connectivity methods and a
critical discussion of methodological challenges and limita-
tions associated with each of these measures, we will
briefly summarize the typical development of cortical con-
nectivity patterns across the human lifespan and then dis-
cuss the findings of atypical brain connectivity in subjects
with ADHD. Finally, we will discuss how a systems per-
spective might impact our understanding of the develop-
ment of ADHD pathology and how such a systems
perspective can be addressed in future connectivity studies
of this disorder.

Connectivity Measures

Functional connectivity during resting state and

during tasks using functional magnetic
resonance imaging

Functional connectivity is defined as the temporal corre-
lation or coherence of spatially remote neurophysiological
events. In resting-state fMRI, which is defined by the ab-
sence of external perturbations, stimulus-locked averaging
of responses is not applicable. This leads to the develop-

ment of new analytical approaches for the assessment of
functional connectivity.

Using resting state fMRI, the so-called default-mode net-
work (DMN), a large and robustly replicable network of
brain regions that is associated with task-irrelevant mental
processes and mind wandering, has been identified. The
DMN comprises the precuneus/posterior cingulate cortex
(PCC), the medial prefrontal cortex (MPFC) and the
medial, lateral, and inferior parietal cortex [Laird et al., in
press; Schilbach et al., 2008]. The DMN shows higher
activity and stronger functional connectivity during rest
than during externally driven tasks [Raichle et al., 2001].
Activity in the DMN is attenuated, although not extin-
guished, during the transition from rest-to-task states
(Eichele et al., 2008; Greicius and Menon, 2004], and
stronger deactivation is associated with increased task
difficulty [Singh and Fawcett, 2008]. Persistence of DMN
activity during tasks has been shown to predict errors in
the flanker [Eichele et al., 2008] and the stop signal task
[Li et al., 2007]. Moreover, unsuccessful attenuation of
the DMN has also been reported to be associated with
momentary lapses in attention denoted by longer reaction
times (RTs) and less accurate performance in an atten-
tional control task [Weissman et al., 2006]. Hence, a failure
to sufficiently suppress DMN activity may result in
excessive DMN activity that interferes with performance
on tasks [Li et al., 2007].

Regions of the DMN show strong functional (temporal
coherence of BOLD signal in fMRI; Fox and Raichle, 2007]
and structural connectivity (fiber tracking based on DTI;
Grecius et al., 2008]. Consequently, there is considerable
evidence, though no unequivocal proof, for structured
exchange of information between the different DMN
regions [Buzsáki and Draguhn, 2004; Laird et al., in press].
On the basis of these findings and on the apparent antago-
nism between its activation and task performance, the
DMN can be conceptualized as a strongly interconnected
task-negative network.

In addition to the DMN, a second prominent network
has been characterized by spontaneous low frequency ac-
tivity. Unlike the DMN, this network, which includes the
dorsolateral prefrontal cortex (DLPFC), the intraparietal
sulcus (IPS), and the supplementary motor area (SMA),
has been described as task-positive, i.e., showing more ac-
tivity during tasks that require active allocation of atten-
tional resources than during rest. These regions therefore
appear to be associated with increased alertness, response
preparation and selective attention in a manner that is
largely independent of the specific task at hand [Fox et al.,
2005; Sonuga-Barke and Castellanos, 2007]. Interestingly,
the task-positive fronto-parietal network and the DMN are
temporally anti-correlated, such that task-specific activa-
tion of the task-positive network is associated with attenu-
ation of the DMN and vice versa.

Despite recent advances in resting-state fMRI data anal-
ysis, it should be noted that an important limitation of the
widely applied correlation approach is the inherently
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subjective choice of the seed region of interest (ROI) by
the investigator. Furthermore, in the correlation approach
the global signal is usually regressed out. The use of such
a preprocessing step can induce false negative correlations
between brain regions [Murphy et al., 2009]. To avoid
these issues, data-driven approaches such as independent
component analysis (ICA) have become increasingly prev-
alent in the analysis of resting-state data. ICA decomposes
the four-dimensional (i.e., brain volume over time) blood
oxygen level dependent (BOLD) signal into a set of spa-
tially distinct maps and their associated time courses.
Among these independent components are several reliably
identified functional brain networks, but also artifacts
related to movement and physiological noise [Beckmann
et al., 2005]. A general limitation of resting-state fMRI is
that it is very difficult to separate physiological noise from
the BOLD signal of interest. Independent component anal-
ysis largely separates these signals; however, residual
noise may still be present in the components of interest
[Birn et al., 2008]. A possible solution to this problem is to
collect physiological measurements, model the evoked sig-
nal changes and remove these confounds from the fMRI
data. Another potential difficulty with the analysis of rest-
ing-state fMRI is that resting-state connectivity shows
prominent very low frequency (<0.1 Hz) oscillations that
are hypothesized to provide temporal synchrony between
brain regions (Fox et al., 2006; Sonuga-Barke and Castella-
nos, 2007]. The physiology of these BOLD fluctuations and
their relationship to neuronal activity, however, are a mat-
ter of conjecture. These conceptual problems have
prompted the need for additional cross-validation of rest-
ing-state connectivity. One approach that has provided
support for the validity of the ensuing networks [Smith
et al., 2009] is the delineation of task-related functional
connectivity networks using coordinate-based meta-analy-
sis [Eickhoff et al., 2009a; Laird et al., 2009]. While the con-
gruence between the functional architecture of the brain
during the task and at rest is reassuring, further research
into the nature and physiology of resting-state networks
should add to the validity of these approaches.

Functional connectivity refers to the temporal correlation
of spatially remote neurophysiological events. It has been
investigated using several different approaches, including
seed-voxel correlation analyses, ICAs and meta-analytical
connectivity modeling. Interestingly, all of these methods
seem to provide evidence for several functional networks
in the brain, most prominently the DMN and a fronto-pa-
rietal task-positive network. There are, however, also dis-
crepancies between the results obtained using the different
methods. These may reflect differential confounds or point
to different aspects of brain connectivity being captured.
The currently used approaches to functional connectivity
share some important drawbacks. These include the dan-
ger of the induction of spurious correlations by indirect
effects and the fact that type and directionality of interac-
tions cannot be delineated. Another major drawback is
that functional connectivity analyses usually do not allow

inferences about the context-dependent dynamics of inter-
regional interactions. In summary, functional connectivity
subsumes a variety of conceptually and technically differ-
ent approaches that enable the delineation of functional
brain networks defined by correlated neuronal activity but
do not allow inferences to be made about the causal na-
ture of interactions between individual areas.

Effective connectivity refers to the influence that a par-
ticular brain region exerts over another, spatially distant
region. Because these effects cannot be directly assessed,
inference on effective connectivity always relies on models
of interactions; such models are usually informed by
knowledge of the structure of the experiment, physiologi-
cal constraints and other a priori assumptions. After fitting
the model to the experimental data, inference is then
sought on the parameters capturing the influences between
different brain regions. It becomes evident that effective
connectivity analysis can provide information about direc-
tionality and context-dependent dynamics of interactions
that cannot be derived from any other measure of connec-
tivity. As these approaches are highly driven by hypothe-
ses and prior assumptions, however, the validity of the
inferences is also crucially dependent on these assump-
tions. In a complex and yet poorly understood system
such as the brain, unequivocally acceptable assumptions
are sparse, resulting in competing approaches and a
potential dependency of the results on the chosen model.
In summary, effective connectivity provides models of
brain function that allow mechanistic insight into the
causal nature of inter-regional interactions but can do so
only by reference to several assumptions and a potential
(over)simplification of the network at hand.

Structural connectivity

Anatomical connectivity refers to the presence of an axo-
nal connection between two brain regions. It was histori-
cally investigated exclusively in non-human primates
using invasive tracing; however, with the advent of diffu-
sion tensor imaging (DTI), it has been the focus of many
in vivo imaging studies.

DTI is an imaging technique based on the random diffu-
sion of water molecules [Le Bihan, 2003; Moseley et al.,
1990]. In an unrestricted environment, water molecules
diffuse freely in any direction. In the white matter, how-
ever, diffusion is restricted by the cell membranes and
myelin sheath. Consequently, water diffuses more readily
along the orientation of axons, i.e., fiber tracts, than per-
pendicular to the axons. Measuring the direction of diffu-
sivity can therefore be used to infer the orientation of
white matter tracts in the brain. Several measures have
been developed and can be used to quantify white matter
integrity using DTI, the most common being fractional ani-
sotropy (FA), mean diffusivity (MD), fiber count, and
probabilistic tractography.

The development of DTI has been an important contri-
bution to the field of neuroimaging, allowing inference
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about structural connectivity in vivo. Despite its potential,
however, DTI also has several important limitations,
including susceptibility-induced signal loss, limited resolu-
tion and dependency on the mathematical models used to
infer fiber orientation. In particular, due to the resolution
of the DTI signal, a given voxel may often include several
fiber tracts coursing in multiple directions. This can lead
to an incorrect measure of the principal diffusion direction
for a particular tract. Moreover, it should be pointed out
that, in contrast to invasive techniques, DTI tractography
reveals only the likely presence of a fiber tract between
two regions, not axonal (i.e., synaptic) connectivity. Like-
wise, DTI does not allow inference regarding the direction-
ality of a particular tract or the laminar specificity of the
input/output neurons, which in turn provide critical con-
straints for cortical information processing. DTI can thus
delineate the task-invariant anatomy of the WM providing
the scaffold for any sort of functional interaction but does
not allow any inference on the dynamic nature of these
interactions.

The relationship between anatomical and functional con-
nectivity is still disputed, and the number of studies
directly comparing resting-state functional connectivity to
DTI results is still relatively small. Honey et al. [2007]
used a computational approach to study spontaneous rest-
ing-state fluctuations and their associations with structural
connectivity based on invasive tract tracing data from
macaque monkeys. They demonstrated that the anatomical
configuration of neuronal networks can predict functional
connectivity within these networks on multiple time-
scales. Their work provided the first demonstration that
the dynamics of resting-state networks may be deter-
mined, at least partially, by anatomical constraints.

Recently, Damoiseaux and Greicius [2009] reviewed
eight articles that directly compare resting-state functional
connectivity with structural connectivity and three clinical
case studies of patients with limited white matter connec-
tions between the cerebral hemispheres. The reviewed
studies showed largely convergent results, indicating that
the strength of resting-state functional connectivity is posi-
tively correlated with structural connectivity strength.
Functional connectivity was also observed, however,
between regions where there is little or no structural con-
nectivity and vice versa. Such divergences between func-
tional and anatomical connectivity may be interpreted in
several ways: (i) coactivation of two regions may not be
mediated by direct anatomical connections but via addi-
tional structures. Such relays could either consist of a sin-
gle area or, e.g., involve cascades of several intermediate
areas or cortical-subcortical loops [Eickhoff et al., 2009b;
Grefkes et al., 2008]; (ii) A third area could project
(directly) to two regions, inducing a correlation of func-
tional activation between them without a direct anatomical
connection. That is, functional connectivity may be driven
by an external source that induces concurrent activity in
both areas; and (iii) A very weak anatomical connection
between two regions may still hold a high functional sig-

nificance (Eickhoff et al., 2008; Friston, 2002]. One example
would be a case in which activity in one area depends on
a ‘‘go signal’’ from another region. Functional connectivity
is hence strongly influenced not only by the strength of an
anatomical connection but also by the information con-
veyed through it.

The limitations inherent to each of the different methods
commonly used to assess brain connectivity, as well as the
discrepancies in the inferences that can be derived from
each, likely prohibits a full understanding of physiological
or pathological networks based on any one approach. On
the other hand, information about different aspects of
brain connectivity may provide converging or complemen-
tary evidence regarding network properties. A deeper
understanding of brain connectivity and its ensuing func-
tional networks should thus rely on a combination of dif-
ferent but complementary approaches.

In the following, we will briefly summarize the typical
development of brain connectivity before discussing the
atypical development of neural network integration in sub-
jects with ADHD.

Typical Development of Brain Connectivity

Fair et al. [2008] showed that the default network struc-
ture in children deviates significantly from that seen in
healthy adults. Comparable to adults, interhemispheric
functional connections between homotopic regions appear
to be relatively strong in children. As a whole, however,
the DMN is only sparsely connected, i.e., it is more frag-
mented. During the course of normal brain development,
the default network then becomes significantly more inte-
grated until the adult configuration is reached. This sug-
gests a more predominant functional segregation in
children and greater functional integration in young
adults.

Recent advances in graph theoretical approaches allow
the characterization of topological properties of complex
networks. Using these approaches, Watts and Strogatz
[1998] have shown that graphs with dense local connec-
tions and few long connections can be characterized as
small-world networks. Small-world network topology has
been demonstrated in many complex networks, including
social, economical, and biological networks (see Boccaletti
et al., 2006 for a review); more recently, small-world topol-
ogy has also been demonstrated in large-scale structural
brain networks in humans and nonhuman primates [Hag-
mann et al., 2007].

Using this small-world approach, Supekar et al. [2008]
recently reported that normal development of functional
connectivity is characterized by simultaneous reduction of
local circuitry and strengthening of long-range connectiv-
ity. Importantly, this study showed that this is a general
developmental principle that operates at the level of the
entire brain and not just in circumscribed nodes of the
attentional control and default mode networks, as
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previously demonstrated [Fair et al., 2007, 2008]. Findings
are therefore consistent with regard to distributed changes
in large-scale network properties during development.
Detailed comparison between different studies, however,
is difficult due to lack of correspondence between the
underlying data structures. Although Supekar et al. [2009]
analyzed the connectivity of 90 cortical and subcortical
nodes based on a macro-anatomical whole-brain parcella-
tion [Tzourio-Mazoyer et al., 2002], Fair et al. [2007, 2008]
focused their analysis on 39 cortical regions implicated in
the task-control and default-mode networks. Interestingly,
Supekar et al. [2009] showed that the shift in predominant
strength from short- to long-range connections is related to
the actual anatomical (physical) distance as derived from
DTI measurements, rather than to the euclidean distance
between nodes. These findings suggest that changes in
functional integration and segregation are closely inter-
twined with wiring distance, which may reflect a general
principle of brain development. They also demonstrate
that the dynamic process of over-connectivity followed by
pruning, which rewires connectivity at the neuronal level,
also operates at the systems level.

With respect to the development of structural connectiv-
ity, it is known that myelination in the spinal cord begins
at around 10 weeks gestation. At birth, the pons and cere-
bellar peduncles are myelinated, followed by the internal
capsule, the splenium of the corpus callosum, the anterior
limb and the genu of the internal capsule. Approximately
one year after birth, parts of the frontal, parietal and tem-
poral lobes are myelinated [Paus et al., 2001]. In the hippo-
campus and frontal lobes, however, myelination continues
during adolescence and is not completed until early adult-
hood [Arnold and Rioux, 2001]. Recently, it has been
shown that maturation was attained by adolescence in
broadly distributed association and projection fibers,
including those supporting cortical and brain stem integra-
tion that may underlie known enhancements in reaction
time that occur during this period. Maturation after ado-
lescence occurred in association and projection tracts,
including prefrontal-striatal connections known to support
top-down executive control of behavior and interhemi-
spheric connectivity. Maturation proceeded in parallel
with pubertal changes to the postpubertal stage, suggest-
ing hormonal influences on white matter development
[Asato et al., in press].

Atypical Development of Connectivity in ADHD

DMN in ADHD

The majority of functional imaging studies in patients
with ADHD have focused on the use of various cognitive
activation paradigms to specifically identify dysfunction of
different elements in the neural circuits subserving cogni-
tion, attention, and motor functions. Nevertheless, poten-
tial disturbances of resting-state networks, in particular the
DMN, have received growing interest in the study of

ADHD pathophysiology. These studies are based on the
hypothesis that one of the causes of ADHD may be dys-
function of or disconnection between brain regions that
support the ‘default network’. Such misconfiguration of
the DMN may result in a reduced capability for modula-
tion of its activity, which in turn may interfere with task-
relevant attentional networks, as outlined above.

With respect to the involvement of the DMN in ADHD
pathophysiology, two perspectives have been developed.
On one hand, different models conceptualize ADHD as a
disorder driven by either a hyper [Tian et al., 2006] or a
hypoconnectivity of the DMN [Castellanos et al., 2008;
Helps et al., 2008]. Thus far, however, results from differ-
ent studies regarding pathological changes in DMN con-
nectivity are inconsistent. For example, Tian et al. [2008]
found that patients with ADHD exhibited higher resting-
state activity in lower-level sensory cortices and inter-
preted these findings as a neural substrate of inattention
in ADHD. In contrast, using a similar approach, Castella-
nos et al. [2008] observed reduced functional connectivity
between the anterior cingulate cortex and various nodes of
the DMN (precuneus and PCC). The latter authors also
reported altered functional connectivity within the default
network itself (VMPFC, precuneus, and PCC). In a subse-
quent study by the same group using a different network
homogeneity model, these findings were essentially con-
firmed [Uddin et al., 2008]. On the other hand, it has been
suggested that DMN activity is undisturbed at rest but
fails to be attenuated during the transition from rest-to-
task in ADHD patients. This persistent DMN activity then
intrudes into and interferes with the neuronal circuits
underlying active task performance (i.e., the default-mode
interference hypothesis; Sonuga-Barke and Castellanos,
2007]. This hypothesis predicts that disturbances in atten-
tion due to interference by the DMN would have a distinc-
tive, slowly fluctuating pattern. On the behavioral level,
these effects would be mirrored by periodic and transitory
performance deficits manifested as, e.g., increases in RT
and frequency of errors, with episodic lapses. To date,
however, experimental data supporting this hypothesis is
sparse and the predictions are yet to be confirmed.

Using small-world network typology, Wang et al. [2009]
were able to demonstrate that although the neuronal con-
nectivity patterns of both ADHD and control groups dis-
played economical small-world properties, the topology of
the networks of the ADHD group was altered compared
to that of the control group. First, a tendency toward
decreased global efficiency of the brain networks was
found in ADHD over the whole cost range. Second, the
study revealed that nodal efficiency was profoundly
affected at several regions of prefrontal, temporal, and
occipital cortices in children with ADHD.

Findings from resting-state fMRI studies that include
subjects with ADHD are summarized in Table I.

As can be seen, these study results show some inconsis-
tencies that deserve further comment. First, the heteroge-
neity of findings might reflect differences in methodology
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TABLE I. Neuroimaging studies on structural and functional connectivity in subjects with ADHD

Authors Measures Task Subjects Findings

Resting state
Tian et al.

(2006)
fMRI, ROI, LFF Resting state N ¼ 8 subjects with ADHD

compared to N ¼ 8 controls
(aged 11–15 years)

Compared to controls, ADHD
patients exhibited more signifi-
cant resting-state functional
connectivities with the dACC in
thalamus, cerebellum, insula and
pons, all bilaterally. No brain
region in the controls was found
to exhibit more significant
resting-state functional
connectivity with the dACC

Cao et al.
(2006)

fMRI, seed-based correla-
tion analyses, regional
homogeneity

Resting state N ¼ 23 boys with ADHD
compared to N ¼ 21
controls (aged 11.00–16.5
years)

Boys with ADHD showed
decreased regional homogeneity
in the frontal-striatal-cerebellar
circuits, but increased regional
homogeneity mainly in the
occipital cortex.

Zhu et al.
(2005)

Multivariate pattern classi-
fication for ReHo values
assessed by fMRI

Resting state N ¼ 9 subjects with ADHD
(aged 11–15 years) com-
pared to N ¼ 11 controls

Initial experimental results show a
successful classification rate of
85%, using leave-one-out cross
validation. Compared with linear
SVM and Batch Perceptron, the
classifier outperformed the
alternatives significantly.

Zang et al.
(2006)

ALFF (0.01-0.08Hz) Resting-state N ¼ 13 subjects with ADHD
(aged 13 � 1.4 ears) com-
pared to N ¼ 12 controls

Patients with ADHD had decreased
ALFF in the right inferior frontal
cortex, left sensorimotor cortex,
and bilateral cerebellum and the
vermis as well as increased ALFF
in the right anterior cingulated
cortex, left sensorimotor cortex,
and bilateral brainstem.

Castellanos
et al (2008)

fMRI, ROI Resting state N ¼ 20 adults with ADHD
compared to N ¼ 20
controls

Examination of control subjects
verified presence of an antiphasic
or negative relationship between
activity in dorsal anterior
cingulate cortex and in default-
mode network components.
Group analyses revealed ADHD-
related compromises in this
relationship, with decreases in the
functional connectivity between
the anterior cingulate and
precuneus/posterior cingulate
cortex regions. Secondary analyses
revealed an extensive pattern of
ADHD-related decreases in
connectivity between precuneus
and other default-mode network
components, including-
ventromedial prefrontal cortex and
portions of posterior cingulate

Tian et al.
(2008)

fMRI, ROI, RSAI Resting state Same dataset as Tian et al.
(2006)

As compared to the controls, the
ADHD patients exhibited more
significant resting-state activities
in basic sensory and sensory-
related cortices.
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TABLE I. (Continued)

Authors Measures Task Subjects Findings

Uddin et al.
(2008)

fMRI, network
homogeneity

Resting state Same dataset as Castellanos
et al. (2008)

Reduced network homogeneity
within the default mode network
in ADHD subjects compared to
age-matched controls, particularly
between the precuneus and other
default mode network regions

Helps et al
(2008)

DC-EEG, VLFO (<0.2 Hz) Resting state 13 young adults with high-
compared to 11 adults with
low self-ratings of ADHD

A consistent and temporally stable
pattern of VLFOs was observed
across specific scalp regions in
low-ADHD participants. High-
ADHD participants had less
VLFO power across these
locations, especially where
inattention self-ratings were high.
Inattention was not related to
VLFO power in other locations

Wang et al.
(2009)

Correlation matrix between
90 cortical and subcorti-
cal regions, further ana-
lyzed by applying graph
theoretical approaches
(small world network
topology)

Resting state N ¼ 19 subjects with ADHD
(aged 13.59 � 1.52 years)
compared to N ¼ 20
controls (aged 13.32 � 0.97
years)

Increased local efficiencies combined
with a decreasing tendency in
global efficiencies found in ADHD
suggested a disorder-related shift
of the topology toward regular net-
works. Additionally, significant
alterations in nodal efficiency were
also found in ADHD, involving
prefrontal, temporal, and occipital
cortex regions

Cognitive Tasks

Wolf et al.
(2009)

fMRI, ICA Working memory
task

N ¼ 12 adults with ADHD
compared to N ¼ 12
controls

In both groups, independent compo-
nent analyses revealed a functional
network comprising bilateral
lateral prefrontal, striatal, and
cingulate regions. ADHD adults
had significantly lower connectiv-
ity in the bilateral VLPFC, the
anterior cingulate cortex, the
superior parietal lobule, and the
cerebellum compared with healthy
controls. Increased connectivity in
ADHD adults was found in right
prefrontal regions, the left dorsal
cingulate cortex and the left cuneus

Rubia et al.
(2009)

fMRI, correlation of
averaged time-series

Rewarded continuous
performance test

N ¼13 treatment-naive sub-
jects with ADHD (aged 10–
15 years) scanned twice (on
and off medication) com-
pared to N ¼ 13 controls

Under placebo, patients with ADHD
showed reduced activation and
functional interconnectivity in
bilateral fronto-striato--parieto-
cerebellar networks during
sustained attention. MPH
normalised differences during
sustained attention in fronto-
striatal and fronto-cerebellar
connectivity.

Vloet et al.
(in press)

fMRI, PPI Combined interfer-
ence and time dis-
crimination task

N ¼ 14 children with ADHD
compared to 14 controls
(aged 8–15 years)

Functional connectivity analyses
revealed abnormal fronto-parietal
coupling during the interference
task and reduced fronto-cerebellar
connectivity during the Time dis-
crimination task in the ADHD
group compared to controls.
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(such as choice of seed ROIs, considerations of anticorrela-
tions, etc.) or might result from artifacts generated by the
use of typically small samples; further, it is in line with

currently held concepts of large heterogeneity among
ADHD subjects. It is also possible that the heterogeneity of
DMN findings simply mirrors the cognitive/‘‘energetic’’

TABLE I. (Continued)

Authors Measures Task Subjects Findings

DTI studies

Ashtari et al.
(2005)

DTI, FA N ¼ 18 children with ADHD
compared to N ¼ 15
controls

Decreased FA in right premotor,
right striatal, right cerebral
peduncle, left middle cerebellar
peduncle, left cerebellum, and
left parieto-occipital areas

Makris et al
(2008)

DTI, FA CB and SLF II N ¼ 12 adults with childhood
ADHD compared to N ¼ 17
controls

Significantly lower FA values in both
regions of interest in the right
hemisphere, in contrast to a con-
trol region (the fornix) in ADHD
compared to control subjects

Casey et al.
(2007)

DTI, FA Automated fiber-
tracking algorithm
was used to delin-
eate white matter
fibers adjacent to
functionally
defined regions as
identified by a Go-
Nogo task

N ¼ 20 parent–child dyads
with ADHD and N ¼ 10
dyads without ADHD

FA in right prefrontal fiber tracts cor-
related with both functional activ-
ity in the inferior frontal gyrus
and caudate nucleus and perform-
ance of a go/nogo task in parent-
child dyads with ADHD, even
after controlling for age. Prefrontal
fiber tract measures were tightly
associated between ADHD parents
and their children.

Pavuluri
et al. (2009)

DTI, FA, ADC, r-FCI Eight fiber tracts:
ACR, ALIC, SRI,
PLIC, SLF, ILF, CG,
SP.

N ¼ 13 PBD, N ¼13 ADHD
compared to N ¼ 15
controls

Significantly lower FA was
observed in ACR in both PBD
and ADHD relative to HC. In
addition, FA and r-FCI values
were significantly lower in
ADHD relative to PBD and HC
in both the ALIC and the SRI.
Further, ADC was significantly
greater in ADHD relative to both
the PBD and HC in ACR, ALIC,
PLIC, SRI, CG, ILF, and SLF.

Hamilton
et al. (2008)

DTI, FA within the cingu-
lum, corpus callosum,
corticospinal tract, fornix,
optic radiations, superior
longitudinal fasciculus,
uncinate fasciculus, and
the superior and inferior
occipitofrontal fasciculi

N ¼ 17 children and adoles-
cents with ADHD com-
pared to N ¼ 16 age-
matched controls

ADHD patients had significantly
lower FA in the corticospinal
tract and the superior longitudi-
nal fasciculus compared to
controls.

Silk et al.
(2009)

DTI, FA and mean diffusity
in ROIs of the basal
ganglia

N ¼ 15 male children and
adolescents with ADHD
compared to N ¼ 15 age-
matched controls (aged 8–
18 years)

In the caudate nucleus, develop-
mental changes in FA with age
were significantly different
between subjects with ADHD
and controls.

ROI, region of interest; LFF, low-frequency fluctuations; dACC, dorsal anterior cingulate cortex; DMN, default-mode network; ReHO,
regional homogeneity; SVM, support vector machine; ALFF, amplitude of low-frequency fluctuation; RSAI, resting state activity index;
DC-EEG, direct current electroencephalogram; VLFO, very low frequency oscillations; ICA, independent component analysis; VLPFC,
ventrolateral prefrontal cortex; MPH, methylphenidate; PPI, psychophysiological interaction; DTI, diffusion tensor imaging; FA, frac-
tional anisotropy; CB, cingulum bundle; SLF II, superior longitudinal fasciculi; ADC, apparent diffusion coefficient; r-FCI, regional fiber
coherence index; ACR, anterior corona radiata; ALIC, anterior limb of the internal capsule; SRI, superior region of the internal capsule;
PLIC, posterior limb of the internal capsule; SLF, superior longitudinal fasciculus; ILF, inferior longitudinal fasciculus; CG, cingulum;
SP, splenium; PBD, pediatric bipolar disorder; HC, healthy controls.
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variability that is often claimed to be one of the fundamen-
tal cognitive dysfunctions in ADHD.

Evidence for deviant connectivity patterns

revealed during cognitive tasks in ADHD

Only a very limited number of studies have investigated
the functional interactions of different brain regions during
cognitive tasks in subjects with ADHD (Table I). One of
the first studies to examine adults with ADHD found evi-
dence for lower connectivity between the bilateral VLPFC,
the anterior cingulate cortex, the superior parietal lobule
and the cerebellum during a working memory task in
these patients compared to healthy controls. In contrast,
increased functional connectivity between the right pre-
frontal cortex, the left dorsal cingulate cortex and the left
cuneus was found in ADHD adults. Two other studies
investigating children and adolescents with ADHD found
evidence for reduced fronto-striato-parieto-cerebellar con-
nectivity but not for a compensatory increase in functional
connectivity. For example, Rubia et al. [2009] reported
decreased functional connectivity in the fronto-striato-pari-
eto-cerebellar vigilance network in children with ADHD
compared to controls. Interestingly, this decreased connec-
tivity was normalized by methylphenidate except for a
persistent deficit in parieto-cerebellar functional connectiv-
ity. Vloet et al. [in press], by analyzing psychophysiologi-
cal interaction (PPI), also demonstrated reduced fronto-
parietal and fronto-cerebellar connectivity in ADHD dur-
ing a combined interference and time discrimination task.

Several studies have investigated how psychostimulants,
the treatment of choice in subjects with ADHD, modulate
neural activity during a variety of cognitive tasks. In con-
trast, very little is known about the modulating effects of
methylphenidate (MPH) on the patterns of functional or
effective connectivity within neural networks. Recently,
Rubia et al. [2009] showed that MPH normalized the ini-
tially reduced fronto-striatal and fronto-cerebellar connec-
tivity during sustained attention in patients with ADHD.
The authors pointed out that the effect of MPH on func-
tional connectivity was more prominent than its modula-
tion of regionally specific activation strength, pointing to a
predominant network dysfunction in ADHD. Peterson
et al. [2009] reported that psychostimulants in adolescents
with ADHD improved suppression of default-mode activ-
ity in the ventral anterior cingulate and posterior cingulate
cortices during the commencement of structured cognitive
tasks. It therefore appears that these drugs may improve
symptoms related to ADHD by normalizing activity
within a circuit related to the DMN and improving its
functional interactions with the lateral prefrontal cortex.

On integrating the findings from subjects with ADHD
into a developmental framework, the idea emerges that
connectivity patterns in ADHD subjects resemble, at least
in part, the connectivity patterns observed in younger typ-
ically developing subjects, e.g., with respect to reduced
fronto-parietal connectivity during tasks that require work-

ing memory and interference suppression (Edin et al.,
2007; Neufang et al., 2008]. No study design to date, how-
ever, has directly tested the hypothesis of delayed brain
maturation with respect to functional connectivity patterns
(see also Shaw et al. in this issue). One could speculate
that increases in functional connectivity, which have been
observed only in adults with ADHD, might represent com-
pensatory processes that are established during the life-
span in response to reduced neural network efficiencies.

Abnormal structural connectivity in ADHD as

shown by DTI studies

Thus far, studies investigating white matter development
and anatomical connectivity in subjects with ADHD have
yielded inconsistent findings. Whereas studies in children
and adolescents with ADHD have shown a reduction in
overall WM volume compared to normal controls [Castella-
nos et al., 2002], a trend toward an overall increase in WM
volume in adults with ADHD has been demonstrated [Seid-
man et al., 2006]. The specificity of both studies, however, is
compromised by the fact that both considered the entire cer-
ebral WM volume without investigating specific fiber path-
ways or linking their findings to functional brain networks.
Because DTI is still an emerging technique, only a limited
number of DTI studies to date have investigated differences
in anatomical connectivity between children with ADHD
and healthy controls (Table I). Ashtari et al. [2005] reported
that children with ADHD had decreased FA in the white
matter underlying the premotor and left parieto-occipital
cortices, as well as in the cerebellum and near the striatum.
Casey et al. [2007] used fMRI maps from a go/no-go task to
identify portions of the VLPFC and striatum involved in
suppressing an inappropriate action in parent–child dyads
with and without ADHD. They reported FA in the right pre-
frontal fiber tracts to be correlated with functional activity in
the inferior frontal gyrus and caudate nucleus, as well as
with behavioral task performance, in ADHD. Furthermore,
prefrontal fiber tract measures were correlated between
ADHD parents and their children, suggesting a genetic basis
for the disturbance of fronto-striatal connections in ADHD.
Makris et al. [2008] demonstrated abnormalities of the cingu-
lum bundle and superior longitudinal fascicle (SLF) II (the
major component of SLF, which originates in the caudal-in-
ferior parietal cortex, terminates in the dorsolateral prefron-
tal cortex and is involved in attention and executive
functions) in adults with ADHD. The finding of lower FA in
the corticospinal tract and the SFL [Hamilton et al., 2008]
similarly suggested disruption of motor and attention net-
works in children with ADHD. Finally, decreased FA in the
anterior corona radiata and abnormalities across multiple
white matter tracts, including the cingulum bundle, the
superior and inferior longitudinal fasciculi and the internal
capsule were reported in ADHD patients by Pavuluri et al.
[2009]. Interestingly, Silk et al. [2009] reported fronto-striatal
and fronto-parietal circuit abnormalities in children with
ADHD. Developmental changes in FA in the caudate
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nucleus with age were significantly different between
ADHD and control groups. The authors suggested that the
difference in developmental trajectories might reflect a de-
velopmental delay in ADHD that begins to normalize over
the course of adolescence.

Integration of findings from structural and functional con-
nectivity studies suggests that the decreased global efficiency
of brain networks observed in ADHD [Wang et al., 2009]
might be associated with a loss of long-range connections.
Preliminary DTI data indicate that brain regions that show
ADHD-related functional abnormality, such as the anterior
limb of the internal capsule (containing thalamocortical and
corticopontine fibers) [Ashtari et al., 2005] or the corpus cal-
losum [Hill et al., 2003; Semrud-Clikeman et al., 1994] are also
associated with reduced FA. Thus, these structural abnormal-
ities may negatively impact the long-range communication
among parts of the brain. Wang et al. [2009] demonstrated
abnormal nodal efficiency in several brain regions, including
the prefrontal, temporal, occipital, and subcortical regions,
during the resting state in subjects with ADHD. In particular,
the finding of decreased nodal efficiency in the orbitofrontal
cortex is in accord with the results of several structural and
functional imaging studies that have found reduced neural ac-
tivity, gray matter volume or myelination in this region in
patients with ADHD [Lee et al., 2005; Makris et al., 2007].
Interestingly, while the inferior frontal gyrus (IFG) exhibited
significantly increased nodal efficiency during resting state in
ADHD [Wang et al., 2009], it showed reduced coupling with
parietal and cerebellar brain regions during cognitive tasks of
attention and response inhibition (Rubia et al., 2009; Vloet
et al., in press]. Thus, one may speculate that the observation
of greater nodal efficiency may reflect greater effort in the
ADHD children, who cannot sufficiently compensate for the
coupling deficit between the inferior frontal cortex and other
brain regions during cognitive tasks.

While these findings suggest that both functional and struc-
tural networks are profoundly affected by ADHD, it remains
to be elucidated how changes in anatomical connections are
related to dysfunctional connectivity during rest and during
tasks. In particular, the causality between disturbed white
matter architecture and cortical dysfunction remains to be
evaluated. Specifically, are pathologies of white matter devel-
opment responsible for abnormal functional integration
between cortical areas, or are they merely a reflection of dis-
turbed regional brain function? While it remains to be seen
whether these effects can be disentangled, the presence of
abnormal anatomical and functional connectivity in ADHD
clearly highlights the need to address this disorder from a sys-
tems perspective by assessing both regional dysfunction and
dysfunctional connectivity.

CONCLUSIONS AND FUTURE DIRECTIONS

Multimodal analysis of structural and functional brain
connectivity may provide the key to a better understand-
ing of the network architecture that shapes and constrains

cognitive and affective development. In addition, such
findings will provide a much-needed framework for exam-
ining how fundamental aspects of large-scale organization
are disrupted in neurodevelopmental disorders. Previous
work suggests that combining a longitudinal approach
with a systems perspective might also help to further our
understanding of the developmental stages at which dis-
ruptions in neural networks emerge and manifest in
ADHD. This approach can be expected to advance our
knowledge of the mechanism behind the changes in the
behavioral ADHD phenotype across the lifespan. For
example, it has been suggested that smaller gray matter
volumes in the caudate observed in children with ADHD
show normalization during late adolescence [Castellanos
et al., 2002], possibly reflecting the clinical observation that
the hyperactivity of ADHD tends to diminish during this
time. It is interesting to note that the caudate and putamen
also show the largest changes in fractional anisotropy of
white-matter tracts, increasing 30–50% between 5 and 25
years of age [Asato et al., in press]. Thus, the reduction of
hyperactive symptoms during adolescence might be also
associated with maturation of white-matter tracts between
childhood and young adulthood.

To identify the stage of development at which disruptions
in neural networks emerge and manifest, it is necessary to
learn how genes and environmental factors impact neural net-
work architecture. Many of the early neurodevelopmental
processes that are believed to be disrupted in ADHD are likely
to be mediated by genetic mechanisms. Genetic and environ-
mental factors are also believed to be involved in the continu-
ity of the disorder, as well as in changes in ADHD
symptomatology, throughout life. It is well accepted that
aspects of brain structure, organization and function are all
under genetic influence (Koten et al., 2009; Lenroot et al.,
2009]. With respect to disruption of connectivity patterns, it
has been shown that healthy carriers of rs1344706 risk geno-
types that are associated with schizophrenia do not exhibit
changes in regional brain activity, but pronounced gene dos-
age-dependent alterations in functional coupling (correlated
activity) of DLPFC occur across hemispheres and with the hip-
pocampus, mirroring findings in patients. These data suggest
that altered connectivity may soon emerge as part of a core
neurogenetic architecture of psychiatric disorders. It is gener-
ally accepted that the effects of variations in any single gene
are not likely to be highly influential in the disease process.
Rather, genetic influences in ADHD and in other psychiatric
illnesses do not directly alter the phenotype in a simple Men-
delian manner but are complex (i.e., multigenetic) in nature,
such that a large network of small genetic variations may add
and interact to produce the disruption of neural architecture
that is behaviorally expressed as ADHD. The exact mecha-
nisms through which these factors affect neural development
and connectivity are still under investigation. Some of these
genes may not be broadly involved in the neurodevelopmen-
tal process but may instead interact with specific neural path-
ways involved in symptom presentation and functional
deficits. Other potential risk genes for ADHD, such as
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neurotrophic factors (NTFs; Ribasés et al., 2008], which affect
neuronal survival and synaptic efficiency, might exert a myr-
iad of effects on the processes of neuronal migration, myelina-
tion and neuronal integrity and are thus strong candidates to
contribute to the neuroplastic changes that take place in the
human central nervous system during childhood, adolescence,
and early adulthood. For example, BDNF and nerve growth
factor (NGF), both of which are members of the neurotrophin
family and are involved in the survival, differentiation, and
maintenance of neuronal cells, have already been tentatively
linked with ADHD [Kent et al. 2005; Syed et al. 2007].

Some of the developmental disruptions observed in
patients with ADHD also appear to be influenced by environ-
mental rather than genetic factors. Among the most consis-
tently reported environmental risk factors affecting early
developmental processes in ADHD are low birth weight
[Mick et al., 2002] and perinatal exposure to teratogens [Rodri-
guez and Bohlin, 2005]. Interestingly, recent DTI studies dem-
onstrated that differences in FA between adolescents born
prematurely with very low birth weight and controls could be
also identified in several WM areas that are similar to those
brain areas reported in subjects with ADHD. Low FA values
in specific areas were associated with perceptual, cognitive
and motor impairments in prematurely born adolescents
[Skranes et al., 2007]. These data indicate that, in addition to
certain genetic effects, other neurobiological risk factors might
result in similar deviant patterns of WM development and
may be associated with persisting symptoms of ADHD.

Moving toward a neural systems concept of ADHD and
aiming for a better understanding of how cortical net-
works and their development are specifically altered in
one patient group compared to another by cross-syndrome
comparisons may provide new avenues to understanding
developmental disorders in future studies. Characteriza-
tion of these neural systems may further allow the identifi-
cation of new endophenotypes of dysfunction that can be
used for in vivo categorization and may help to correlate
these endophenotypes with genes on the one hand and
behaviors on the other. In addition, findings of abnormal
structural and functional connectivity in ADHD should be
viewed from a refined developmental perspective, requir-
ing more longitudinal structural and functional imaging
studies to be performed. In particular, study designs that
permit testing of the hypothesis of delayed versus altered
maturation of neural networks is promising. As the meth-
odologies for measuring structural and functional connec-
tivity continue to improve and if their complementary
strengths are applied in parallel, we can expect important
advances in our diagnostic and prognostic capacities in de-
velopmental disorders such as ADHD.
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