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Abstract
Structural and functional imaging studies in subjects with attention deficit hyperactivity disorder
(ADHD) are reviewed with the goal of gleaning information about neurodevelopmental
abnormalities characterizing the disorder. Structural imaging studies, particularly those with
longitudinal designs, suggest that brain maturation is delayed by a few years in ADHD. However,
a maturational delay model alone is incomplete: alternate courses are suggested by differences
associated with phenotypic factors, such as symptom remission/persistence and exposure to
stimulant treatment. Findings from functional imaging studies point to multiple loci of
abnormalities that are not limited to frontal–striatal circuitry, which is important for executive and
motivational function, but also include parietal, temporal and motor cortices, and the cerebellum.
However, a definitive conclusion about maturational delays or alternate trajectories cannot be
drawn from this work as activation patterns are influenced by task-specific factors that may induce
variable performance levels and strategies across development. In addition, no studies have
implemented cross-sectional or longitudinal designs, without which the developmental origin of
differences in activation cannot be inferred. Thus, current task-evoked functional imaging
provides information about dynamic or state-dependent differences rather than fixed or trait-
related differences. In the future, task-free functional imaging holds promise for revealing
neurodevelopmental information that is minimally influenced by performance/strategic
differences. Further, studies using longitudinal designs that identify sources of phenotypic
heterogeneity in brain maturation and characterize the relationship between brain function and
underlying structural properties are needed to provide a comprehensive view of
neurodevelopmental abnormalities in ADHD.
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1 Introduction
Attention Deficit Hyperactivity Disorder (ADHD) is a childhood disorder of developmental
origin that persists into adulthood, with deleterious effects on educational and vocational
achievement, and social adaptation at each developmental stage. Symptoms of the disorder
first become apparent in preschool years and persist into adulthood in approximately 60% of
the cases (Biederman et al. 1996; Weiss and Hechtman 1993). Current diagnostic criteria
require that symptoms appear prior to the age of 7 years and are expressed in at least two
settings for at least 6 months (American Psychiatric Association 2000). A primary challenge
for developmental cognitive neuroscience is to characterize the neurodevelopmental origins
and course of the disorder.
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Broadly, the developmental progression of symptoms parallels the emergence of control
processes mediated by the maturation of the prefrontal cortex. Thus, age-inappropriate levels
of hyperactivity/impulsivity and inattention in ADHD children could reflect a maturational
course that is atypical or typical but delayed. The primary source of evidence supporting the
neurodevelopmental basis of ADHD has come from the application of noninvasive brain
imaging methods. Magnetic resonance imaging (MRI) visualizes differences in tissue types,
without ionizing radiation, to provide estimates of morphological volume, cortical thickness,
and fiber architecture. Further, functional MRI (fMRI) visualizes differences in properties of
blood oxygenation to provide estimates of involvement of brain structures during cognitive
activity (termed “activation”) and of temporal synchrony across regions (termed “functional
connectivity”). Other methods with poorer spatial resolution but superior temporal
resolution relative to MRI, such as scalp-recordings of voltage (electroencephalography,
EEG) or magnetic field (magnetoencephalography, MEG) changes produced by electric
currents associated with neural activity, have been used in ADHD. This work has been
reviewed elsewhere (Barry et al. 2003a, b). This chapter parses the structural and functional
MRI findings with the goal of evaluating the amount of support for a model of ADHD as
delayed or aberrant brain maturation, or both.

A major shortcoming of the current application of MRI methods in ADHD is that they
cannot disambiguate whether observed structural and functional brain differences are causal
or reflect a consequence of the disorder. This shortcoming could be addressed by imaging in
infancy and determining which brain differences persist in children who are subsequently
diagnosed with ADHD. Currently, no study has used such a design.

2 Structural Imaging in ADHD
Structural imaging measures of the brain include volumetric measurements of gray or white
matter of the whole brain (including or excluding the cerebellum) and its lobes, and fine-
grained measures, such as cortical thickness or the density of gray matter acquired from
individual voxels in the brain or across the cortical surface. Typical development comprises
an overall increase in gray matter volume prior to puberty followed by reductions in
adolescence (Giedd et al. 1999). Further, these changes are regionally diverse such that the
peak volume was attained at 12 years in the frontal and parietal lobes, at 16 years in the
temporal lobes and, even later, at 20 years in the occipital lobes. White matter volume
continued to increase linearly from 4 to 22 years. The gray matter volumetric findings
parallel the time-course of neuronal maturation (i.e., synapse proliferation followed by
pruning) reported by postmortem histological studies of normal development. Fine-grained
measures indicate that primary visual and sensorimotor regions mature first, followed by
other cortical regions in a back-to-front sequence (e.g., parietal before frontal), with higher-
order association cortices such as the superior temporal cortex maturing last (Gogtay et al.
2004). Gray matter measures are thought to reflect glial, vascular, and neuronal architecture,
with age-related changes reflecting maturational changes in synaptic density; these neuronal
processes cannot be measured directly in the living brain at present. Further, the optimal
volume or thickness/gray matter density for a certain age is not known and so interpretation
of findings in ADHD children has to be in relative terms, as departures from typical
development, rather than in absolute terms.

2.1 Key Findings
ADHD as a delay in brain maturation is supported primarily by structural brain imaging
studies that have constructed growth trajectories using a mixed cross-sectional and
longitudinal design with large samples ranging in age from 5 to 18 years. Volumes of each
lobe, of gray and white matter within each lobe, and overall cerebral and cerebellar volume
were approximately 4% smaller in ADHD relative to control subjects, despite controlling for
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differences in exposure to stimulant medication, vocabulary scores, and height (Castellanos
et al. 2002). Differences were also observed in the overall thickness of the cortical mantle
(Shaw et al. 2007). In both ADHD and control groups, peak cortical thickness was attained
earlier in sensory cortices than in association cortices. However, control children attained
peak thickness earlier, between 7 and 8 years, relative to ADHD children who attained it
later, between 10 and 11 years. This evidence suggested a similar course of the sequence of
regional development in the ADHD and control subjects but with cortical maturation
delayed by a few years in ADHD.

More evidence in support of widespread volumetric reductions in ADHD subjects comes
from cross-sectional studies comparing ADHD and control subjects in smaller samples than
in the above studies [see reviews (Seidman et al. 2005; Shaw and Rabin 2009)]. While there
are many mixed findings in this body of work, the majority indicated that volumes were
reduced in ADHD subjects relative to age-matched controls. The loci of the reported
reductions are in multimodal association cortices such as the frontal lobes and its
subregions, premotor cortex, posterior cingulate, anterior and medial temporal lobes,
cerebellar lobules, and basal ganglia structures (caudate, globus pallidus, putamen, ventral
striatum). One study reported larger inferior parietal and posterior temporal regions in
ADHD adolescents than in controls (Sowell et al. 2003). Mixed findings across studies
likely reflect differences in the composition of samples in ages, subtypes, medication
history, and size. Specifically for basal ganglia structures, in addition to volumetric
reductions, surface shape showed differences such that some regions were compressed while
others had bulges (Qiu et al. 2009). Further probing into the locations of these surface
deformations suggests that they included portions of basal ganglia structures that connect
with premotor, oculomotor, and association areas of prefrontal cortices that are known to be
smaller in ADHD.

Findings of some longitudinal studies also provide evidence for an altered maturational
course in ADHD in selected brain regions. These findings come from the same studies
discussed above. First, volumetric growth trajectories for the caudate converged across age
such that ADHD children had smaller volumes relative to controls in childhood. However,
these differences did not persist into adolescence as caudate volumes decreased with age in
both groups (Castellanos et al. 2002). Thus, it appears that the caudate has a less rapid
reduction in volume across age in ADHD children than in typical development. Volumetric
reductions in typical development are thought to reflect the process of synapse pruning and,
thus, this finding suggests an altered time course of that process in the caudate in ADHD.
Second, development of hemispheric asymmetry differed selectively in the frontal cortex in
ADHD subjects. Cortical thickness increased in right orbital and inferior frontal lobes and
left occipital cortex in adolescence during typical development; ADHD children, in contrast,
showed increased thickness in the occipital but not frontal cortices (Shaw et al. 2009a).
Third, while the cortical mantle was thinner overall in ADHD subjects, some specific
regions showed more pronounced differences including superior, medial, and precentral gyri
in the frontal lobes (Shaw et al. 2006). A thinner cortical mantle, overall or in specific
regions, cannot be interpreted as accelerated synaptic pruning as gray matter density reflects
a variety of processes (glia, vasculature), which cannot be resolved with current imaging
methods. Differences relative to control children can only be interpreted as an alteration of
maturational processes. Therefore, these findings suggest that frontal–striatal and occipital
regions show altered maturational courses in ADHD relative to typical development.

Alterations of brain maturation in ADHD are associated with phenotypic individual
differences such as clinical outcome and exposure to stimulant treatment. ADHD children
whose symptoms persisted into adolescence had thinner medial prefrontal cortex at an
average age of 8.7 years compared to both ADHD children whose symptoms remitted and to
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controls (Shaw et al. 2006). Further, the thickness of the right parietal cortex was reduced
through childhood in ADHD children relative to controls; however, this difference
disappeared in adolescence for ADHD children whose symptoms resolved with increasing
age. Cortical maturation between 12.5 and 16.4 years was influenced by exposure to
stimulant medication such that unmedicated children showed greater cortical thinning than
age-matched control children (Shaw et al. 2009b). Further, comparison between medicated
and unmedicated ADHD children showed that the right motor cortex, left ventrolateral
prefrontal cortex, and right parietooccipital cortex were thinner in unmedicated ADHD
children; clinical outcome did not differ between the two groups. Thus, ADHD children who
were not medicated between 12.5 and 16.4 years showed more rapid cortical thinning. A
“thinner” cortical mantle relative to control children reflects reduced amounts of glial,
neuronal, vascular, and synaptic processes that comprise the cortex, and is interpreted as
reflecting less cortical maturation. Together, these results suggest that frontal–parietal
cortical maturation in ADHD children differed depending upon the status of symptom
expression and exposure to stimulant treatment.

In addition to the gray matter findings discussed earlier, white matter is affected in ADHD
[see review (D’Agati et al. 2010). Although a reduction in overall white matter volume has
been reported in ADHD children when studied using both longitudinal and cross-sectional
designs, there are only two studies that examined the integrity of white matter using
diffusion tensor imaging (DTI), which provides microstructural information sensitive to
myelination, axonal thickness, and the axis of fiber direction. DTI measures the diffusion of
water, which diffuses 3–7 times faster along fiber tracts than perpendicular to the tracts
(Basser and Pierpaoli 1996; Pierpaoli and Basser 1996). It provides an index of this
directional coherence of water diffusion (fractional anisotropy: “FA”), with higher FA
values reflecting tracts with thicker, more myelinated, and more consistently organized
fibers; currently, no methods are available to measure these properties separately. In a study
comparing 7- to 11-year-old ADHD children with age-matched controls, FA was reduced in
ADHD children anteriorly in right premotor and striatal regions, as well as posteriorly in
parieto–occipital and cerebellar areas (Ashtari et al. 2005). In a study examining specific
fiber tracts, adults with ADHD had reduced FA relative to controls, specifically of the
cingulum bundle and superior fasciculus, which are medial and lateral tracts, respectively,
that connect the frontal and parietal lobes (Makris et al. 2008). While there are no data on
the developmental course of white matter microstructure in ADHD, these cross-sectional
studies suggest that anterior and posterior white matter and connecting tracts are less mature
in ADHD. Less mature white matter tracts are thought to slow down neural conduction,
thereby reducing the processing efficiency of functions subserved by regions connected by
those tracts.

The largest band of white matter fibers in the brain, the corpus callosum, which connects the
left and right hemispheres, has been the focus of a large volume of studies. Across studies,
children with ADHD had reduced volume of the splenium, the posterior corpus callosum
that connects bilateral parieto–temporal cortices [see meta-analysis (Valera et al. 2007)].
Further, another meta-analysis reported that boys with ADHD also showed reductions in the
volume of the rostral portion of the corpus callosum (Hutchinson et al. 2008). Both these
findings, differences in anterior and posterior portions, were confirmed in a study that used a
finer-grained approach for dividing the corpus callosum (100 segments versus 5 in past
work) (Luders et al. 2009). However, the anterior differences did not persist after controlling
for brain volume and conditions that are often comorbid with ADHD (e.g., oppositional
defiant disorder). The corpus callosum is important for efficient communication between the
two hemispheres, and reduced volume of those fibers ought to affect the efficiency of
interhemispheric communication, and therefore, cognitive functions that depend upon
bilateral collaboration. Indeed, the volume of the rostral portion was positively associated

Vaidya Page 4

Curr Top Behav Neurosci. Author manuscript; available in PMC 2012 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with the speed of response control in boys with ADHD (McNally et al. 2010). Findings in
posterior portions may influence contributions of parietal–temporal cortices to attentional
function. Specifically, in an EEG study, right-hemispheric contributions over inferior
parietal cortex were increased in ADHD adults during the performance of a task that
required sustained attention (Hale et al. 2010). However, reduced right parietal function has
also been suggested by behavioral studies showing a rightward bias in spatial attention
(similar to that in visual neglect) in ADHD children (Sheppard et al. 1999).

2.2 Conclusion
The current body of structural imaging findings in ADHD provides evidence for a global
maturational delay based on reduced gray and white matter volumes and cortical thickness
in ADHD relative to controls through childhood and adolescence. However, there is also
evidence for altered maturational courses of selected regions such as the caudate nucleus and
frontal cortical mantle, relative to typical development. The frontal cortex and caudate form
a network that is important for behavior requiring executive control, an area of impairment
in ADHD.

There are individual differences in cortical maturational trajectories of frontal and parietal
cortices depending upon whether symptoms persist into adolescence and whether they are
treated with stimulant medication. ADHD children with remitted or treated symptoms did
not differ from controls in adolescence. Those whose symptoms persisted into adolescence
had a thinner cortical mantle in medial prefrontal cortex in childhood and in parietal cortex
in adolescence. Further, those who discontinued stimulant medication during adolescence
had thinner frontal, motor, and parietal–occipital cortices relative to medicated children,
despite similar clinical outcome. Thus, maturational courses were influenced by symptom
status as well as stimulus medication exposure. While the direction of the influence (i.e.,
whether gray matter differences caused symptoms to persist or vice versa) cannot be
determined based on these data, these findings point to the dynamic nature of brain
maturation. They also have important implications for formulating neurodevelopmental
models of ADHD by suggesting that there is likely to be high heterogeneity in the nature of
maturational differences, whether delayed or aberrant, or both, in ADHD relative to typical
development depending upon symptom expression and treatment choices. Specifically, an
early maturational delay could resolve or continue through development, depending upon
environmental and genetic factors that shape the child’s behavioral experience, as well as
brain structure and function. As those factors vary across individuals, maturational courses
are likely to be heterogeneous across ADHD children.

3 Functional Imaging in ADHD
Knowledge about developmental functional characteristics of the brain in ADHD is based
upon cross-sectional studies: no study has used longitudinal or mixed designs that are
needed to characterize growth trajectories of functional activation in ADHD. Further, no
cross-sectional studies have compared ADHD children of different ages. Functional imaging
studies fall into three classes based upon sample ages, preadolescent (7–13 years), mixed
children and adolescents (7–18 years), and adults. The majority of studies has focused
primarily on males. One principled way to parse these findings is in terms of neural
networks that subserve a functional domain that is affected in ADHD [see recent reviews
(Makris et al. 2009; Vaidya and Stollstorff 2008)]. If activation is reduced/increased in one
or more regions in ADHD relative to control children, it is interpreted as reflecting reduced/
greater engagement of that region, which mediates cognitive processes involved in
performance of the task at hand.
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3.1 Executive Function: Frontal–Striatal–Cerebellar Circuitry
Executive function, the ability to control attention and action in the service of goals, has
been the focus of the bulk of functional imaging work in ADHD subjects. It has been probed
using tasks that draw upon component processes such as response inhibition, interference
suppression, and working memory. These processes, to varying degrees, draw upon a circuit
comprising regions in the frontal cortex (e.g., lateral prefrontal, premotor, anterior
cingulate), dorsal striatum (e.g., caudate), and the cerebellum via thalamic projections (see:
Fig. 1). Striatal activation has been evoked, using Go/No-go and Stop Signal Response
Inhibition tasks in children (Durston et al. 2003; Vaidya et al. 1998, 2005) and adolescents
(Rubia et al. 1999) and has been found to be consistently reduced in ADHD [confirmed by
meta-analysis (Dickstein et al. 2006)]. Further, lateral inferior frontal regions associated
with inhibitory control also showed reduced activation in ADHD children (Durston et al.
2003; Vaidya et al. 2005) and adolescents (Rubia et al. 1999, 2005). Studies of inhibitory
control in ADHD adults using a Stroop task showed reduced dorsal anterior cingulate
activation (Bush et al. 1999). Further, a study of working memory function using a mental
rotation task found reduced activation in multiple frontal regions in ADHD adolescents (Silk
et al. 2005). Together, these findings showing reduced activation in ADHD subjects indicate
less engagement of regions mediating inhibitory and working memory processes. In
contrast, ADHD adolescents had greater activation of inferior frontal and anterior cingulate
cortex during inhibitory control (Schulz et al. 2004), suggesting greater engagement of
regions mediating inhibitory processes.

In addition to frontal–striatal differences, cerebellar activation was reduced in ADHD
children, particularly during executive tasks relying on temporal processing (Durston et al.
2007). Thus, the bulk of the findings, which are from children and adults, indicate that
ADHD is associated with reduced activation of frontal cortex and associated striatal and
cerebellar structures during tasks drawing upon executive function.

Subject and performance-related factors influence the nature of frontal involvement in some
studies. Inferior frontal activation was greater in ADHD and control children with better
interference control (Vaidya et al. 2005), suggesting that poor inhibitory functioning is
associated with inadequate inferior frontal engagement. However, studies with ADHD
adolescents suggested the opposite: that is poor inhibitory function was associated with
greater frontal engagement. Specifically, higher frontal activation was associated with lower
inhibitory performance in adolescents with ADHD (Schulz et al. 2005a) and in adolescents
with persisting symptoms and worse performance relative to those with remitted symptoms
and better performance (Schulz et al. 2005b). With just a handful of studies, it cannot be
discerned whether these mixed findings reflect age (children versus adolescents) or task
differences (Flanker interference versus stimulus and response conflict) or both.
Furthermore, as these findings are correlational, it is not possible to determine the direction
of the relationship between activation and performance levels.

3.2 Reward-Related Decision Making: Mesolimbic Circuitry
In light of behavioral findings documenting atypical sensitivity to rewards in ADHD
children (Luman et al. 2005), functional imaging of motivational function in ADHD has
targeted reward-related brain circuitry using decision-making and choice tasks that
manipulate reward contingencies. Reward processing in the brain has been primarily
associated with mesolimbic dopaminergic projections encompassing ventromedial prefrontal
cortex, anterior cingulate gyrus, ventral striatal nuclei, amygdala, and hippocampus (see:
Fig. 1). During reward anticipation, ventral striatum was less activated in adolescents
(Scheres et al. 2006) and adults (Strohle et al. 2008) with ADHD relative to controls.
Further, the orbitofrontal cortex was also less activated in ADHD adults (Strohle et al.
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2008). In another study in adults using a gambling task, activation was reduced in the
hippocampus but increased in the anterior cingulate in ADHD relative to controls (Ernst et
al. 2003). These regions, ventral striatum, hippocampus, and orbitofrontal cortex, are
important for encoding the salience of a stimulus and evaluating it in the context of making
decisions. Reduced activation of these regions suggests that these processes may be evoked
to a lesser degree or less efficiently in ADHD than in control subjects. As these studies did
not include children, it is impossible to evaluate neurodevelopmental differences in
activation during motivational function in ADHD.

3.3 Visual–Spatial Attention: Parietal–Temporal Regions
Parietal–temporal involvement is apparent during executive function tasks that draw upon
visual–spatial processes in working memory and inhibitory control. It is also evident during
attention tasks such as selective attention to visual space and involuntary attention to
auditory/visual oddballs. Spatial working memory tasks showed reduced activation of right
inferior parietal cortex in ADHD children (Vance et al. 2007) and superior parietal and
temporal regions in ADHD adolescents (Silk et al. 2005); medial parietal regions were more
activated in ADHD adolescents than controls. Parietal cortices contribute to spatial
representations associated with working memory and their reduced involvement parallels
observations in the frontal lobes. Greater medial parietal activation is thought to reflect
increased attentional resources necessary to perform difficult tasks such as spatial working
memory.

Studies using the oddball involuntary attention task showed reduced activation in bilateral
and medial–parietal cortex (Tamm et al. 2006), bilateral superior temporal gyri and posterior
cingulate (Rubia et al. 2007) and parahippocampal gyrus and amygdala (Stevens et al. 2007)
in adolescents with ADHD. Further, selective attention tasks also showed reduced activation
of the right superior parietal cortex in ADHD children (Booth et al. 2005) and left posterior
middle temporal gyrus in ADHD adolescents (Shafritz et al. 2004). Thus, reduced posterior
engagement during both voluntary and involuntary attentional tasks in ADHD suggests a
general reduction of attentional resources in ADHD.

In contrast to these reports of reductions in ADHD, a variety of inhibitory tasks showed
increased activation of parietal or temporal regions on tasks that typically do not engage
those regions in controls (Durston et al. 2003; Rubia et al. 1999; Schweitzer et al. 2000;
Vaidya et al. 2005); these findings extend to all three ages (children, adolescents, and
adults). This increased activation of posterior regions that are normally not engaged by these
inhibitory tasks has been interpreted as reflecting compensatory strategies, which may or
may not be effective in maintaining performance.

3.4 Motor-Execution: Motor-Premotor Regions
Children with ADHD often show subtle motor signs such as more variable trial-to-trial
response latencies (Leth-Steensen et al. 2000) and motor overflow (Denckla and Rudel
1978) suggesting immature motor circuitry. Indeed, evidence supporting immaturity comes
from a transcranial magnetic stimulation study showing reduced neural inhibition in the
corticospinal tract in ADHD children (Moll et al. 2000). Motor immaturity is deleterious for
executive functioning as greater motor over-flow is associated with reduced response
inhibition performance (Mostofsky et al. 2003). During self-paced finger-to-thumb
movements, ADHD children showed reduced activation in contralateral motor cortex and
right superior parietal cortex, relative to control children, despite similar levels of
performance (Mostofsky et al. 2006). Such lower level motor abnormalities in ADHD are
likely to contribute to higher-order executive function deficits reviewed earlier.
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3.5 Conclusion
The review above indicates that functional activation differences between ADHD and
control subjects are quite widespread. They include frontal-striatal-cerebellar networks,
which are important for the integrity of executive function, a core domain of dysfunction in
ADHD. In addition, limbic-frontal networks that are important for mediating motivational
function and parietal-temporal networks that are important for mediating attentional function
also show atypicalities in ADHD. Finally, differences between ADHD and control children
also extend to lower level functions such as motor execution.

In the absence of studies with longitudinal or cross-sectional designs that enable evaluation
of maturational courses, it is difficult to draw definitive conclusions about whether the
observed functional activation differences in ADHD suggest delayed or aberrant
development. Nevertheless, a tentative conclusion can be attempted in light of what is
known about typical functional development. The largest body of developmental fMRI
studies to date has focused on executive control processes, such as working memory and
inhibitory control [see recent reviews (Bunge and Wright 2007; Luna et al. 2010)]. These
findings indicate that greater prefrontal, parietal, and striatal involvement with age supports
age-related improvements in executive control. Such age-related increases have also been
observed for visual–spatial attentional function (Rubia et al. 2010). However, there are
discontinuities such that in some studies adolescents showed greater prefrontal activation
than adults despite similar levels of performance (Luna et al. 2001).

In studies that controlled for performance differences by visualizing activation associated
only with correct performance, younger children showed greater pre-frontal cortical
engagement than adolescents or adults (Velanova et al. 2008). Thus, both reduced and
increased activation signifies immaturity but yields different interpretation when considered
in the context of differences in performance levels. Specifically, reduced activation
accompanied by lower performance reflects processing capacity limitations, whereas greater
activation paralleled by similar performance reflects more effortful processing. In findings
from ADHD subjects, children tend to show reduced performance relative to controls,
whereas adolescents and adults perform similarly to controls. Therefore, the observed
pattern of reduced activation in ADHD children and greater activation in adolescents or
adults relative to age-matched controls suggests capacity limitations and increased effort,
respectively. Both patterns of differences are consistent with immature functional
engagement and, furthermore, support a model of delayed maturation in ADHD as the
engaged regions are the same as those in control subjects.

In drawing further conclusions about functional engagement in ADHD, it is important to
note that, in typical development, fMRI studies also reveal a mixed regional pattern of
reductions and increases in activation for the function at hand. For example, during response
inhibition, age-related increases were observed in medial frontal gyrus and decreases in
inferior frontal gyrus from 8 to 20 years (Tamm et al. 2002). These findings were interpreted
as reflecting age-related improvements of inhibitory processing mediated by medial frontal
gyrus and reduced effort mediated by inferior frontal gyrus. An alternate interpretation is
that increases/decreases may be associated with specific strategies that draw differentially
upon the two regions. Thus, the interpretation of regional group differences is not
straightforward even in typical development.

In light of the above developmental fMRI findings, it would be simplistic to interpret the
mixed pattern of differences between ADHD and control subjects as either developmental
delay or aberrant maturation. While the structural findings suggest a developmental lag in
brain maturation in ADHD, the maturational course is likely moderated by phenotypic
factors affecting symptom progression. Further, in terms of functional engagement,
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performance effort and strategies strongly influence the observed differences. Performance
is moderated by extrinsic (e.g., situational/contextual factors – with or without time
pressure) and intrinsic (e.g., reward, interest) factors, making it difficult to predict what the
developmentally appropriate pattern or level of activation is for a function at hand.

4 Resting-State Imaging in ADHD
One dependent measure that is minimally influenced by performance-related factors is
functional connectivity during the resting state. A large body of evidence supports the view
that when one is not engaged in task-specified cognition (termed resting-state), neural
activity of different regions fluctuates spontaneously at slow rates (<0.1 Hz) (Biswal et al.
2010). These fluctuations are synchronized across regions forming distinct networks that are
termed intrinsic connectivity networks. Most importantly, these intrinsic networks are
spatially similar to those identified in task-evoked cognitive states (Smith et al. 2009). Task-
evoked networks include a frontoparietal network that is observed during tasks of executive
function, an insular-cingulate network evoked during monitoring and maintaining task sets,
auditory and visual networks evoked by sensory tasks, and a medial prefrontal–posterior
cingulate network evoked by self-referential cognition (termed the default-mode network).
These same networks can be delineated when subjects are resting and not engaged in an
experimenter-directed task. In fMRI studies of task states, most of these networks are
activated when subjects are engaged in tasks directing attention to external stimuli, whereas
the default-mode network is deactivated during those tasks. The consensus among
researchers is that these networks form a fundamental functional organization of the brain,
as it is independent of the subjects’ current cognitive state.

4.1 Key Findings
Findings from intrinsic connectivity studies comparing ADHD adults and children to
controls reveal atypicalities in specific networks, as well as the interrelationships across
networks. First, functional connectivity among regions involved in executive control, such
as frontal cortex, striatum, and cerebellum, was weaker in children with ADHD (Cao et al.
2006): amplitude reduced in some regions (right inferior frontal, left sensorimotor, and
cerebellum) but increased in others (right anterior cingulate and brainstem) (Zang et al.
2007). Many of these regions are the same ones implicated by task-evoked studies discussed
earlier. Thus, evidence from resting-state studies complements that from task-based studies
by showing altered communication between the same regions that were atypically activated
in ADHD. Second, studies of the default-mode network suggest that the posterior cingulate
cortex is an important site of functional abnormality in ADHD. It was weakly connected
functionally to other nodes within the network [e.g., medial prefrontal (Uddin et al. 2008)],
but strongly connected to nodes of other networks [e.g., dorsal anterior cingulate cortex
(Castellanos et al. 2008)]. This pattern of weak default-mode within-network connectivity
and strong across-network connectivity was also observed in an EEG study with ADHD
children (Helps et al. 2010). This pattern is thought to signify deficits in sustaining a task-
oriented set due to intrusions from the default-mode network, which have been observed
during attention lapses [e.g., mind-wandering (Mason et al. 2007)]. Thus, default-mode
network abnormalities revealed by resting-state studies of ADHD provide new knowledge
about ADHD.

4.2 Conclusion
Findings of fMRI studies of the resting-state in adults and children diagnosed with ADHD
reveal atypical functional connectivity across regions, which is independent of task-directed
cognitive activity. They suggest that disruptions of network-level temporal properties,
specifically associated with the default-mode network, comprising medial prefrontal and
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posterior cingulate cortices, play an important role in attentional dysfunction in ADHD.
Currently, these findings do not provide developmental information about ADHD as most
studies are of adults. The findings, however, are important in opening up a new area for
future neurodevelopmental investigations of ADHD.

5 Future Directions
Future studies ought to address at least five significant gaps in current research. First,
current studies do not control adequately for comorbid conditions. Further, very few studies
include an adequate number of females to examine sex differences. As a result, the extent to
which observed brain differences reflect ADHD, comorbidity, or general psychopathology
cannot be discerned. Thus, studies including relatively homogenous samples balanced for
gender are needed. Second, similar to studies of structural brain development in ADHD,
functional imaging studies implementing longitudinal designs are needed. Imaging the same
children at different ages is necessary to determine the stability of activation and the
differences in performance between ADHD and controls at different developmental stages.
Further, such within-subjects designs enable visualization of age-related performance
improvement and its concomitant activation changes within the same children, regardless of
absolute differences between ADHD and controls. Such data are important to reveal the
neural signatures of developmental change in ADHD that are not confounded by differences
in levels of performance relative to typical development. Third, it is important to investigate
heterogeneity in brain development in ADHD. Currently, sources of heterogeneity in
ADHD, such as symptom severity, treatment (e.g., stimulants versus nonstimulants),
outcome in adolescence (e.g., symptom persistence versus remission) are controlled in the
design of fMRI studies by including as homogenous a group as possible. However, as
illustrated in findings from Schulz et al. (2005b), it is necessary to manipulate these as
independent variables to reveal how phenotypic factors are associated with structural and
functional development in ADHD. Fourth, there are few studies of motivational function in
ADHD. Studies including tasks that parse apart executive components of evaluation/
decision making from encoding of incentive/reward information are needed to reveal
abnormalities that are not confounded by known executive deficits in ADHD. Finally, how
structural and functional abnormalities relate to one another is relatively unknown in
ADHD. More insight about the sources of functional atypicalities in ADHD can be gained
by characterizing how they relate to underlying white matter structural properties within and
across functional networks. Similarly, studies that elucidate how regional differences in
cortical thickness impact upon activation or deactivation of regions during task states are
important in the interpretation of functional atypicalities in ADHD.

The last 15 years have produced a wealth of information about brain development in ADHD.
This forms a solid foundation for the next generation of studies with multimodal imaging
methods and targeted experimental designs that will allow definitive conclusions about the
developmental neuropathology underlying ADHD.
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DTI Diffusion tensor imaging

EEG Electroencephalography

FA Fractional anisotropy

fMRI Functional magnetic resonance imaging

MEG Magnetoencephalography

MRI Magnetic resonance imaging
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Fig. 1.
Regions depicted in the figure show consistent differences in activation across studies in
ADHD. Yellow depicts a circuit important for executive function and blue depicts a circuit
important for motivational function
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