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There is a ‘translational’ gap between research 
findings and their implementation in clinical 
practice that applies to disorders of brain health 
across the lifespan. Here, the focus is on atten-
tion-deficit/hyperactivity disorder (ADHD), as 
the most common disorder of childhood/adoles-
cence. Research studies have identified potential 
‘markers’ for supporting diagnostic, functional 
assessment and treatment decisions in ADHD. 
Integrating findings from the current knowl-
edge base on these markers is a first step towards 
achieving consensus on how they are best used 
clinically. We outline an integrative neurosci-
ence framework for linking findings from cogni-
tive behavioral, emotion-related, brain and gene 
measures, and their application to diagnosis, 
comorbidity and treatment in ADHD.

Clinical picture of ADHD: past, present 
& future
Attention-deficit/hyperactivity disorder is consid-
ered to be the most common neuro developmental 

and chronic health condition affecting school-
aged children. It has been described as ‘a serious 
disability with long-term consequences’. It has 
severe consequences in social, individual and 
family settings, often resulting in financial costs 
of treatment, psychological implications due to 
familial stress and breakdown, difficulties in aca-
demic and vocational areas, and increased risk of 
drug abuse [1].

Using the Diagnostic and Statistical Manual of 
Mental Disorders – Fourth Edition (DSM-IV) 
criteria, diagnosis of ADHD is currently founded 
on a classical triad of symptoms: inattention, 
hyperactivity and impulsivity [2]. ADHD is typi-ADHD is typi-
cally identified in childhood to early adolescence. 
It persists into adulthood in 50–60% of cases.

Attention-deficit/hyperactivity disorder is 
a heterogeneous condition that carries a high 
risk of comorbidity [3]. Conditions frequently 
comorbid with ADHD may be broadly classified 
into three categories: learning problems, exter-
nalizing disorders (e.g., conduct disorder) and 
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internalizing disorders (e.g., anxiety and depression). ADHD 
is more prevalent in males, although under-reporting in females 
may contribute to this difference [3].

The past: diagnostic origins of ADHD
The diagnostic origin of ADHD can be traced back to the 1950s 
when it was termed ‘minimal brain dysfunction’. Subsequently, 
the diagnostic labels of hyperactive syndrome, hyperkinesis, 
hyperactivity disorder of childhood and variations of ‘attention-
deficit disorder’ were used. These changes reflect the evolution 
in understanding the cause and defining criteria for ADHD [4]. 
Despite these changes, there has been consistency in presuming 
an underlying brain disturbance in this condition.

The present: DSM-IV
The DSM-IV has based the diagnosis of ADHD on two symp-
tom dimensions: inattention and hyperactivity/impulsivity. Each 
dimension is defined by nine criteria. Meeting six or more of these 
criteria on either dimension is needed for a positive diagnosis of 
ADHD ‘inattentive subtype’ or ADHD ‘hyperactive/impulsive 
subtype’. Meeting six or more on both dimensions yields a diagnosis 
of ADHD with ‘combined subtype’. Symptoms must also present 
before the age of 7 years, in two or more settings, causing social and 
academic problems without a primary cause in anxiety or stress [5]. 
A generally similar pattern has been observed in adult samples [6]. 

The DSM-IV has given explicit recognition to the hetero geneity 
of symptoms. For example, the situation-specific nature of symp-
toms is considered. However, it does have a systematic way of 
defining ADHD as a broader spectrum with comorbid conditions 
(internalizing and externalizing), within an integrative construct.

The future: beyond DSM-IV
The DSM-IV, following its predecessors, relies on sub�ective clini-, following its predecessors, relies on sub�ective clini-
cal assessment to classify behavior. In this regard, there may not 
always be a direct match between the ‘round hole’ of diagnos-
tic signs and symptoms and the ‘square pegs’ of the brain–gene 
mechanisms underlying the pathophysiology of ADHD.

The focus on ‘signs and symptoms’ has provided a pragmatic 
and consistent nomenclature across clinicians. Rapidly emerging 
findings for the brain–gene basis of psychophathological features 
have begun to be incorporated into the template for the next 
version of the DSM (DSM-V), which is expected to be released 
in 2013. While unrealistically optimistic expectations regarding 
single brain–gene dysfunction linkages still remain, the essen-
tial plan for converging biology with ‘signs and symptoms’ into 
DSM-V points a way forward for integration: “It is our goal to 
translate basic and clinical neuroscience research relating brain 
structure, brain function, and behavior into a classification of 
psychiatric disorders based on etiology and pathophysiology” [7].

Objective brain-based markers for ADHD
The issue: identifying objective brain-based markers 
for ADHD
In the move toward DSM-V, the importance of ob�ective measures 
linked to underlying brain function has been highlighted [8–10]. 

Ob�ective measures will enhance the reliability of clinical decisions, 
and provide concrete benchmarks for monitoring progress. These 
benchmarks offer the additional benefit of engaging both patient 
and family, and providing them with explicit feedback [11]. In other 
areas of medicine the use of quantitative measurements is already 
a matter of course in making diagnostic and treatment decisions. 
We expect to have stress tests to evaluate our cardiac function, 
and high- and low-density lipoprotein cholesterol are commonly 
used as markers for atherosclerosis treatment in cardiac disease [12].

Towards this goal, theories of ADHD have seen an evolution 
from those focused on cognitive concepts to those focused on 
brain systems or genetic susceptibility. A framework to integrate 
these theories offers one way forward to link levels of organiza-
tion – from genes to brain, cognition and clinical symptoms – in 
the understanding of ADHD.

Exemplar approach: an ‘integrative neuroscience’ 
for ADHD
An essential commonality in theories of ADHD is the empha-
sis on disturbances in core domains of function. The focus has 
particularly been on the domain referred to here as ‘thinking’. 
The term ‘thinking’ is used as a straightforward descriptive term 
that is an umbrella for behavioral, psychophysiological and brain 
imaging measures of general cognitive processes. More recent 
evidence highlights associated disturbances in domains referred 
to here as emotion, feeling and self-regulation. While different 
terminology has been used to describe these domains in different 
theories, there is a fundamental commonality in the constructs. 
For instance, the phrase ‘affect–motivation–arousal’ has been 
used to refer to motivationally directed emotion processing and 
the lack of regulation of such processing in ADHD [13].

Although a consensus is emerging that ADHD is character-
ized by disturbances across the spectrum of emotion, thinking, 
feeling and self-regulation [14], no similar theoretical consensus 
exists regarding their cause and underlying brain–gene basis. 
An ‘integrative neuroscience’ approach provides a framework to 
draw together theories that emphasize the involvement of mul-
tiple and dynamic brain pathways in the development of ADHD. 
Such a framework will assist in the methodological identification 
of potential brain-based markers that have utility for assessing 
ADHD and for predicting and evaluating treatment response. 
An integrative neuroscience framework encompasses:

• Consolidation of integrative theoretical models that provide a 
basis for understanding the range of thinking, emotion, feeling 
and self-regulation disturbances in ADHD, as well as the links 
to underlying gene–brain–cognitive mechanisms. The growth 
of cognitive neuroscience, brain imaging and genomics over 
the past several decades is providing the evidence base to flesh 
out an integrative framework for the brain–gene basis of 
ADHD theories;

• The use of multiple measures assessing different levels of organ-
ization – from genomic to brain structure, brain function and 
cognition – allowing the measures most sensitive and specific 
to ADHD, and the relationships between them, to be identified;
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• A focus on standardization of assessments. Standardization 
allows multiple sources of genomic, brain and cognitive data to 
be acquired in the same way in the same individuals. And, with 
standardization, data may be compared across sub�ects, between 
disorders, and across types of data (e.g., to link brain and cogni-
tive information). Coupled with integration, standardization 
supports the development of large databases that support testing 
of the most sensitive and specific markers for ADHD [15,16].

The ‘INTEGRATE Model’ is an exemplar of an integrative 
neuroscience framework that may be applied to ADHD, to bring 
together levels of organization across timescale (when disturbances 
happen), brain systems (where they happen) and disposition 
(genetic susceptibility).

Application of the integrative approach to ADHD
The INTEGRATE Model is intended as an organizational 
framework that may help bring together common concepts that 
have arisen out of different theoretical or discipline approaches. 
Three ways in which it may provide a framework for integrating 
information and generating new hypotheses are as follows:

• Identifying commonalities across disciplines and types of mea-
surement, for instance, cognitive–behavioral (neuropsychologi-
cal), electrical brain (psychophysiological) and brain imaging 
measures of attention and its disruption in ADHD;

• Linking different theories about the same disorder – how the-
ories of disorders, such as ADHD, developed from separate 
traditions, may complement each other;

• To identify what is specific versus common across disorders. For 
instance, abnormal P300 event-related potentials (ERPs) in 
attention tasks are characteristic of ADHD, but also of depression 
and schizophrenia. Do these arise from different mechanisms, 
or reflect a common consequence of mental disorder?

The INTEGRATE Model considers how four core processes 
may capture the inordinate detail of the brain at the top level of 
organization: emotion, thinking, feeling and self-regulation (for a 
detailed review see [16,17]). A fundamental organizing principle that 
integrates these four processes is the core motivation to minimize 
danger and maximize reward (Figure 1). Susceptibility to impaired 
emotion, thinking, feeling and/or self-regulation is contributed 
by one’s genetic disposition, coupled with the ongoing interac-
tions with environment, such as family or life stressors. Gene–
environment interactions also determine individual differences in 
the healthy spectrum of emotion, thinking, feeling and self-reg-
ulation. Over a lifespan, the ongoing outcomes of these processes 
will impact the brain (neuroplasticity) and shape one’s adaptation.

Self-regulation reflects how we manage our emotion, thinking 
and feeling over multiple seconds to much longer timescales [16,17]. 
As the process unfolds over comparatively longer timescales, it 
may be the most vulnerable to disorder and, on the other hand, 
to providing resilience. It is proposed that with increasing levels 
of breakdown in psychopathology, increasingly automatic levels 
of processing, from feeling to thinking to emotion, are impacted.

The overt manifestation of ADHD is characterized by a loss 
of function that is most pronounced at the timescale of think-
ing. However, it impacts across the earlier timescale of emotion, 
the associated timescale of feeling and the later timescale of self-
regulation (Table 1). It is proposed that the core mechanism of 
ADHD is the inability to sustain attention on relevant input, 
such that this input cannot be placed in context. This means 
that nonsignificant information may intrude and be processed 
equally to significant information. Given the salience of cues of 
potential danger and reward, the inability to differentially process 
significant versus nonsignificant information in ADHD will be 
particularly pronounced for these cues. 

These core alterations in ADHD, and the core brain systems 
and genetic susceptibility implicated in these alterations, are 
summarized in the subsequent sections. 

Brain-based markers for thinking & emotion in ADHD
Cognitive measures of thinking markers
Core thinking markers for ADHD encompass sustained atten-
tion, inhibition and impulsivity, errors of intrusion from irrelevant 
information and response variability. Together these markers have 
a sensitivity of 86% and specificity of 91% (Tables 2 & 3).

Disturbances in general cognitive function in ADHD span the 
timescale of several hundred milliseconds to seconds (Figure 1). 
This timescale encompasses disturbances in sustained attention, 
a ‘thinking’ process vital to maintaining focus and concentration 
over time [17]. Without the capacity to sustain attention, nonsignifi-
cant or irrelevant information may intrude on thinking. Moreover, 
the capacity to react effectively to significant stimuli, and withhold 
reactions to nonsignificant stimuli, may be diminished, producing 
impulsive responses. These three inter-related processes are hypothe-
sized to underlie the triad of inattention, hyperactivity and impulsiv-
ity signs. In addition, the combination of poor attention, intrusions 
and impulsive responding is likely to produce inconsistent responses 
to tasks, as reflected in an excessive variability of response times [18].

On their own, sustained attention disturbances classify approxi-
mately 68% of individuals with ADHD, consistent with evidence 
from the Test of Variables of Attention (TOVA) and Conners 
Continuous Performance Test, which assess alterations in sus-
tained attention [18]. When the marker of sustained attention is 
considered in combination with markers of impulsivity, errors of 
intrusion from irrelevant information, and response variability, the 
sensitivity increases to 86% and specificity is 91% (Tables 2 & 3; [18]).

Due to these thinking disturbances, individuals with ADHD 
show impairments in the attended comparison of new stimuli 
to stored templates, such that significant new input cannot be 
voluntarily distinguished from irrelevant ‘noise’. As a result, focus 
of attention on task-relevant context is disturbed, and there is an 
intrusion of ‘noise’.

These findings build on the seminal work of Barkley, who 
highlighted the cognitive basis of symptoms in ADHD [13]. 
The core disruption was one of behavioral inhibition, producing 
secondary problems in emotion (motivationally related affect), 
feeling (affect–motivation–arousal), thinking (working memory 
and internalization of speech) and self-regulation (regulation of 
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affect). Barkley emphasizes frontal cortical brain systems in poor 
inhibitory control, and their interactions with subcortical systems, 
such as the striatum (or basal ganglia) (Figure 2). Poor inhibition 
reflects underactivation in the behavioral inhibition system, with 
an associated imbalance between inhibition and activation sys-
tems [19]. These systems have been examined further in brain 
imaging studies, as reviewed later.

In the cognitive-energetic theory of ADHD introduced by 
Sergeant there was as much emphasis on the role of ‘bottom-up’ 
(feedforward) subcortical arousal systems as on ‘top-down’ corti-
cal feedback [20,21]. The lower level of subcortical arousal is seen 
to contribute to deficient motor organization, and response vari-
ability; the second level of arousal, activation and effort accounts 

for loss of activation functions; and the third level to Barkley’s [13] 
notion of poor top-down control. Considering the profile across 
multiple levels of organization is likely to be important for distin-
guishing specific mechanisms of ADHD versus common impair-
ments in cognitive function.

Brain imaging measures of thinking markers
Brain imaging research shows a basis for cognitive thinking mark-
ers in raised EEG q, slowed and reduced ERPs during cognitive 
tasks, reduced activation of prefrontal-anterior cingulate-parietal 
and basal ganglia circuitry in functional neuroimaging during 
thinking tasks and reduced autonomic arousal during these tasks 
(Table 3).

INTEGRATE model

Organizing principle is to MINIMIZE DANGER – MAXIMIZE REWARD

Nonconscious Conscious

Emotion Thinking Feeling Self regulation

Body

Feedback Feedforward–feedbackFeedforward

Automatic detection and 
reaction to basic emotion cues

Glutamate–GABA

Attention
Memory 
Executive planning

Conscious experience
of emotions

Monoamines

Regulation of emotion, thinking, feeling
to seek adaptation

Neuropeptides & hormones

0 ms 100 ms 200 ms 300 ms 500 ms Seconds Mins Hours Plasticity

Significant
stimulus Self-generated

Figure 1. A visual summary of the INTEGRATE Model framework. A fundamental principle that organizes your brain’s processes is 
to ‘minimize danger and maximize reward’. This principle is relevant to our most rapid reactions, right through to longer-term goals. It 
drives emotion, thinking, feeling and self-regulation along a continuum of time and associated modes of brain activity. At early 
timescales (<200 ms), ‘emotion’ refers to the automatic processing of low-level emotion cues, and the reactions to them that are 
triggered automatically and nonconsciously. These reactions are supported by a rapid feedforward mode of brain activity, involving 
brainstem and limbic circuitry. Rapid-acting neurotransmitters (GABA-glutamate) may be preferentially involved at this early timescale. At 
longer timescales (200 ms to seconds) the capacity for ‘thinking’ and ‘feeling’ emerges. Feelings are the conscious experience of 
emotions from moment to moment, relying on feedback from the body to the brain’s arousal and limbic networks. Thinking processes of 
attention, memory and executive function are needed to select the best response from multiple options. They rely on feedback from 
higher level cortical systems, and associated conscious awareness. Brain chemicals that have a key role in modulating feeling and thinking 
are ‘monoamines’; for example, dopamine, serotonin and norepinephrine. At longer timescales of multiple seconds, minutes and longer, 
the capacity for self-regulation emerges. Self-regulation is aimed at adaption to minimize danger and maximize reward over time, by 
managing emotion, thinking and feeling processes. It is supported by cycles of feedforward–feedback interconnection between all brain 
networks, and may be modulated by slower acting brain chemicals, such as neuropeptides and hormones.
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Brain imaging studies using both electrical brain measures 
(EEG and ERPs) and functional MRI have implicated the brain 
systems that may underlie alterations in thinking functions 
(Table 2). These brain imaging findings include:

• Raised EEG slow-wave activity, particularly in the q band and 
for q relative to b activity [18,22–25]. In multicenter studies, 
including with blinded prospective protocols, EEG distin-
guishes ADHD with 87–95% sensitivity and 88–94% specific-
ity [25,26]. Raised q has been associated preferentially with 
impulsivity and a lack of inhibition in ADHD [18]. These asso-
ciations may reflect the role of q as an index of cortical devel-
opment. As the cortex develops over childhood and adoles-
cence there is a corresponding decline in slow-wave q EEG 
that is related to changes in gray matter [27]. Thus, relatively 
raised q may reflect a deviation in maturation that contributes 
to poor impulse and inhibitory control in ADHD. Evidence 
that raised EEG q continues into adulthood suggests that this 
deviation may persist and does not necessarily ‘catch up’ with 
age [28];

• A complementary view is that raised EEG q reflects an under-
aroused brain in ADHD, consistent with the predominance of 
slow-wave EEG activity during sleep states;

• The quantitative technique of brain electrical activity mapping 
for quantifying EEG has also been evaluated for its use in iden-
tifying ADHD. This technique essentially enables straightfor-
ward interpretation of EEG activity by displaying it in color on 
topographic maps [29]. The specificity and sensitivity of brain 
electrical activity mapping for use in identifying children with 
and without ADHD has been found to be very similar to the 
conventional EEG q:b ratio measure discussed above [30,31];

• Slowed and reduced ERPs activated, most apparent in the period 
of 200–500 ms post-stimulus during sustained attention, selective 
attention and inhibition tasks. These slowed and reduced ERPs 
are prominent over frontal and parietal cortices, and are consis-
tent with neural hypoarousal, such that priority processing is not 
given to the most task-relevant and significant stimuli (e.g., [32–36]). 
Reductions in the P450 ERP elicited by a continuous perfor-
mance test of sustained attention have been associated with the 

Table 1. Summary of markers of comorbidity related to attention-deficit/hyperactivity disorder. 

Type of marker Emotion Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Emotion identification† Determine sensitivity and specificity in larger 
samples with standardized assessments

[57,60–65]

Brain imaging Emotion task ERPs†

Emotion task frontal-posterior 
cingulate activation

Replicate in larger samples with standardized 
assessments 

[65,68]

Gene COMT Val-Val‡ 1.22 b coefficient Replicate in an independent study [69]

Type of marker Feeling Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Anxiety Confirm in larger samples with standardized 
assessments

[71–75]

Brain imaging Emotion task ERPs† Replicate in an independent study [65]

Gene Absence of DAT1
DRD4 7R§

Odds ratio 1–2.4
Odds ratio 0.93–1.33

Replicate in an independent study [46,47,76,95]

Type of marker Self-regulation Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Emotional resilience
(self-esteem, self-efficacy)¶

Social skills¶

Theory of mind (empathy)¶

Cronbach a 0.76
Cronbach a 
0.70–0.76

Confirm which markers are the most sensitive 
and specific to which comorbid conditions in 
larger samples with standardized assessments

[81–84]

[96]

Brain imaging Identify candidate brain imaging markers for 
comorbid conditions 

Gene Identify candidate genomic markers for 
comorbid conditions

†Distinguish attention-deficit/hyperactivity disorder from healthy controls in group comparisons, and are associated with comorbid anxiety, depression and symptoms 
of emotional lability.
‡Associated with comorbid features of conduct disorder in attention-deficit/hyperactivity disorder.
§Associated with attention-deficit/hyperactivity disorder with anxiety and depression.
¶Distinguish attention-deficit/hyperactivity disorder from healthy controls in group comparisons. 
COMT: Catechol-O-methyltransferase; ERP: Event-related potential. 
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sustained attention cognitive marker, and with markers of intru-
sion errors and response variability [18]. Reduced and slowed 
N200 and P300 ERPs have also been consistently observed [29];

• On the basis of cognitive alterations in ADHD, brain imaging 
studies have focused on brain regions implicated in sustained 
attention, related working memory functions, inhibition, 
response organization and impulsivity. Figure 2 shows the corti-
cal regions implicated in ADHD, including cortical attention 
networks, broadly conceptualized to include executive control 
of attention, processing of novelty and switching between auto-
matic responding and inhibition of responses. The thalamus 
has also been implicated, consistent with the role of cortico–
thalamic connections in attentional circuitry. Across activation 
tasks, activation in these regions has been reduced relative to 
healthy controls [37–42]. Notably, the ventrolateral prefrontal 
cortex and anterior cingulate cortex (ACC), but not dorsolateral 
prefrontal cortex (DLPFC), are activated by an inhibition task, 
capturing impulsivity (lack of inhibition) in ADHD, suggesting 
that each thinking disturbance may preferentially engage a sub-
network of cortical regions. The involvement of the ventrolat-
eral prefrontal cortex and ACC in impulsivity is consistent with 
their role in processing the arousal-related novelty of significant 
stimuli [43];

• Reduced autonomic arousal, reflected in both a lack of skin 
conductance arousal during resting conditions and reduced 
heart rate during cognitive tasks, is associated with disruptions 
in sustained attention, intrusive errors and response variabil-
ity [18,22,34]. A reduction in arousal indicates that features of 
ADHD are not simply due to a lack of ‘top-down’ cortical inhi-
bition. Rather, an underarousal of both body and brain arousal 
systems may mean that defining behaviors of ADHD reflect the 
attempt to compensate by overprocessing and bringing in more 
stimulation from the environment – with the effect of process-
ing ‘noise’, as well as significant relevant information. These 

arousal systems implicate the brainstem and ascending reticular 
activating system (Figure 2). Converging evidence of hypoarousal 
comes from ob�ectively measured lower sleep efficiency, such as 
the Multiple Sleep Latency Test [44].

Genetic variants related to thinking markers
The most consistent evidence to date for genetic susceptibility to 
ADHD comes from polymorphisms of the dopamine transporter 
(DAT1; 10-repeat [10-R] homozygosity) and dopamine recep-
tor D4 (DRD4; 7-repeat [7-R] allele). These variants have been 
related to both cognitive and brain imaging measures of thinking 
markers (Table 3).

Evidence for the role of DAT1 and DRD4 polymorphisms in 
genetic susceptibility to ADHD comes from linkage, association 
and meta-analytic studies [45]. Individuals homozygous for the 
DAT1 10R and DRD4 7R show significantly greater susceptibil-
ity to ADHD with odds ratios of up to 2.4 and 1.54, respec-
tively [46,47]. These potential polymorphism markers have been 
correlated with both cognitive and brain imaging markers, includ-
ing poor attention and inhibition, EEG q activity, fronto-striatal 
functional activation and brain structure [45,46].

Thinking markers & treatment 
Cognitive and brain imaging markers for thinking also indi-
cate a positive response to stimulants – particularly sustained 
attention, and the correlated markers of P450 ERP and EEG q. 
DAT1 10-R has been associated with a positive response, and 
9-repeat homozygosity with poorer response to stimulants 
(Table 3).

From decades of research with stimulant medications, the 
mechanisms of action implicate the catecholamines dopamine 
and norepinephrine.

Performance on cognitive tasks of sustained attention has 
been shown to normalize with stimulants in a number of stud-
ies [48–51], demonstrating that stimulants may be effective for an 

Table 2. Summary of diagnostic markers implicated in attention-deficit/hyperactivity disorder.

Type of 
marker

Thinking Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Sustained attention†‡ 

Impulsivity†‡

Intrusions†‡

Inhibition†‡ 

Response variability†‡

86% sensitivity
91% specificity

Confirm sensitivity and specificity in larger 
prospective, multicenter samples with 
standardized assessments 

[18–21]

Brain imaging Frontal–cingulate–parietal 
activation 
EEG q†‡

P450 ERPs†

Arousal†

87–95% sensitivity 
88–94% specificity

Determine sensitivity and specificity of 
frontal–cingulate–parietal activation to ADHD 
Confirm sensitivity and specificity of EEG, ERP 
and arousal measures in larger samples with 
standardized assessments 

[22–28,32–42]

Gene DAT1 (10R allele)§

DRD4 (7R allele)§

Odds ratio 1–2.4
Odds ratio 0.93–1.33

Confirm odds ratio in prospective, multicenter 
samples, and against other genetic variants

[45–47,95]

†Distinguish ADHD from healthy controls in group comparisons.
‡Distinguish ADHD from healthy controls with sensitivity and specificity at individual subject level.
§Associated with ADHD, replicated and observed in meta-analyses. Also correlated with brain-based markers of cognition and brain imaging. DAT1 is related to poor 
attention, and DRD4 to poor sustained attention and impulsivity in particular.
ADHD: Attention-deficit/hyperactivity disorder; ERP: Event-related potential.
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‘under aroused’ brain [24]. Poor sustained attention alone, assessed 
by a continuous performance test, captures 86% of individuals who 
have a positive response to stimulants defined by a 25% or greater 
reduction in symptoms. Additional cognitive markers of impulsiv-
ity, intrusions, inhibition and response variability boost sensitivity 
to 89%, indicating that they are largely confirmatory [18].

EEG, ERPs and measures of autonomic arousal have each 
shown some potential as markers of response to stimulant medi-
cation in ADHD [52–56]. Normalization of EEG q is a particularly 

robust marker (with sensitivity of 86%; [57]), consistent with its 
correlation with cognitive markers of thinking [18]. The P450 ERP 
related to cognitive thinking markers also shows a normalization 
following stimulants [58], with a similar sensitivity of 82%.

Individuals with ADHD who have the homozygous 9-repeat of 
the DAT1 (rather than the 10-R associated with ADHD suscep-
tibility) have been found to have a poorer response to stimulant 
medication, and other DAT1 variants may moderate different 
types of side effects (Table 3) [45,59].

Table 3. Summary of markers implicated in prediction of treatment response in attention-deficit/
hyperactivity disorder.

Type of marker Thinking Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Sustained attention†

Impulsivity†

Intrusions†

Inhibition†

Response variability†

68–88% sensitivity
60–91% specificity

Large randomized trials using standardized 
assessments

[18,48–51,97]

Brain imaging EEG q†

Thinking ERPs†

Arousal†

90–100% sensitivity
84–94% specificity
57–71% sensitivity
63–77% specificity

Large randomized trials using standardized 
assessments

[29,52–
56,58,98,99]

Gene DAT1 10R†

DAT1 9R‡

(as above) Large randomized trials [45–47,59,90,95]

Type of marker Emotion Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Emotion identification‡ – Replicate in an independent study [65]

Brain imaging Emotion ERPs‡ – Replicate in an independent study [65]

Gene – – Identify candidate genomic markers for 
treatment related to emotion processes 

Type of marker Feeling Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Anxiety§ – Confirm in trials with standardized 
assessments

[77,78]

Brain imaging – – Identify candidate brain imaging markers 
for treatment related to anxiety

Gene DRD4 (4R, absence of 7R 
allele)‡

(as above) Replicate in an independent study [46,47,76,95]

Type of marker Self-regulation Classification 
information

Next steps Ref.

Cognition/ 
self-report 

Emotional resilience 
(self-esteem, social 
skills§)

(as above) Confirm in trials with standardized 
assessments

[85–88]

Brain imaging – – Identify candidate brain imaging markers 
for treatment related to self-regulation

Gene – – Identify candidate genomic markers for 
treatment related to self-regulation

†Associated with a positive response to stimulant medication.
‡Associated with a poor response to stimulant medication.
§Indicate response to behavioral therapies, and associated with comorbid behavioral problems (linked to oppositional defiance and conduct disorders).
ERP: Event-related potential. 
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Cognitive measures for emotion markers
There have been comparatively few studies of emotion markers, 
but the evidence to date points to impairments in identifying 
facial expressions of emotion in ADHD, which may be associated 
with comorbid features in particular (Table 1).

Children and adolescents with ADHD show impairments in 
identifying facial expressions of emotion, matching emotional 
prosody to content and facial emotions and identifying emotion 
in sentences [60–65]. From the few studies to date, alterations in 
emotion processing implicate networks that are partially separable 

to those involved in thinking functions. 
Emotion-related difficulties have been 
found to co-occur with particular comor-
bidities; internalizing conditions such as 
anxiety and externalizing conditions of 
conduct and oppositional defiance disor-
der (Table 1). Core thinking disturbances 
in ADHD may also have flow-on effects 
to earlier alterations in emotion processing 
that contribute to the pathophysiology of 
this condition.

Complementary theories have focused 
on ADHD impairments in processing 
delayed rewards and reward-related moti-
vational cues, also implicating fronto-
subcortical systems [66]. Sonuga-Barke 
has developed a dual-pathway theory to 
accommodate executive inhibitory as well 
as reward circuitry in the basis of ADHD. 
In this dual-pathway theory, parallel, but 
partially overlapping fronto-subcortical 
networks are seen to be involved in inhibi-
tory versus reward functions. The focus on 
integrating emotional with thinking dis-
turbances in ADHD has been extended 
further, implicating more distributed 
connections between the frontal systems 
(e.g., medial prefrontal cortex) and limbic 
amygdala circuitry [67].

Brain imaging markers for emotion
Candidate brain imaging markers for emo-
tion in ADHD include a reduction in early 
electrical brain activity and excessive acti-
vation of frontal-posterior cingulate cor-
tices during processing of facial emotions 
(Table 3).

Functional MRI has revealed an excess of 
activation of the frontal and posterior cin-
gulate cortex in response to facial expres-
sions of anger in children and adolescents 
with ADHD when compared with healthy 
controls (Figure 2) [68]. Excessive activation of 
these regions may reflect a neural hypersen-
sitivity to emotion cues that interferes with 

the capacity to accurately identify them.
An ERP study of unmedicated children and adolescents with 

ADHD demonstrated a reduction of the P120 potential peaking 
approximately 120 ms post-stimulus for anger, as well as fear. 
This reduction was most apparent over the bilateral occipital 
cortex (Figure 2) [65]. The P120 is generally associated with early, 
automatic appraisal of emotion cues. Reductions in the P120 
may reflect a dysfunction of early visual pathways, which provide 
sensory input to the amygdala. These reductions may account 
for flow-on effects, as observed in the larger right occipital N170 

Dorsolateral prefrontal
cortex (DLPFC)

Ventrolateral
prefrontal
cortex (VLPFC)

Parietal cortex

Occipital 
cortex

Posterior
cingulate

Ascending reticular
activating system

Basal ganglia
(striatum)

Amygdala

Anterior
cingulate
(ACC)

A

B

Expert Rev. Neurother. © Future Science Group (2010)

Figure 2. Cortical and subcortical regions implicated in alterations in thinking 
(blue) and emotion (pink) functions in attention-deficit/hyperactivity disorder. 
Cortical regions (A) include dorsolateral prefrontal, ventrolateral prefrontal, medial 
prefrontal, parietal and occipital cortices, together with the anterior-posterior cingulate. 
Subcortical regions (B) include ascending reticular activating system (involving 
brainstem), basal ganglia structures (striatum) and amygdala of the limbic system.
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(peaking approximately 170 ms post-stimulus) and a reduced and 
delayed P300 over the temporal cortex. The enhanced N170 may 
accord with the greater activity observed with functional MRI [68]. 
Reductions in the P120 were also correlated with poorer identifica-
tion of anger and fear, symptoms of hyperactivity and emotional 
lability, as well as greater self-reported feelings of anxiety and 
depression (Table 3; [65]).

Genomic markers related to emotion
The val108/158 catechol-O-methyltransferase (COMT) variant has 
been associated with emotion disturbances in ADHD, particularly 
with externalizing comorbidities (Table 1).

The val108/158 variation of the COMT gene has been associ-
ated specifically with comorbid conduct disorder and emotional 
disturbances in ADHD [69]. This association also interacted with 
environmental stress. The COMT Met allele has been associated 
with alterations in emotional brain function [70].

Emotion markers & treatment 
While there has been little research into emotion markers for 
treatment in ADHD, the emerging evidence suggests that these 
markers indicate poorer response to stimulants.

While there has been substantial research into thinking mark-
ers and treatment, there is very little parallel work on emo-
tion markers. However, potential emotion markers in ADHD 
have been found to persist relative to healthy controls following 
stimulant medication, despite some normalization [65]. These 
include both cognitive and brain imaging measures of emo-
tion. The possibility is that these markers indicate compara-
tively poorer response to stimulants, and thus consideration of 
alternatives (nonstimulants and behavioral therapies) warrants 
further study.

Brain-based markers for feeling in ADHD
Self-report markers for feeling
Markers of anxiety are important in order to identify the anxi-
ety and affective disorders that most commonly co-occur with 
ADHD.

Anxiety disorders, in both children and adults, are among the 
disorders that commonly co-occur with ADHD [71–73].

The Multimodal Treatment Study of Children with Attention-
Deficit/Hyperactivity Disorder found a 33.5% prevalence of anxi-
ety disorders [71]. Similarly, Biederman et al. reported a rate of 
multiple comorbid anxiety disorders of 33% in girls and 28% 
in boys [74]. Using a dimensional measure of anxiety, a group 
of 51 children and adolescents with ADHD have been found to 
have a higher-than-normal level of self-reported anxiety for the 
group as an average [18]. Relatedly, there is a high comorbidity of 
ADHD and affective disorders [73].

In ADHD, intensity of experienced emotion (or feelings) 
has been inversely associated with the identification of emo-
tion cues, while this relationship is positive in healthy con-
trols [75]. This inverse relationship accords with the possibility 
that excessive levels of experienced emotion may interfere with 
identifying emotions. 

Brain imaging markers for feeling 
Feeling markers such as anxiety have not been the focus of brain 
imaging studies in ADHD. The available evidence suggests that 
potential markers for anxiety in ADHD may be associated with 
emotion markers of early disruptions in brain activity.

To date, comorbid alterations in anxiety and depression, from the 
feeling domain, have not been the focus of brain imaging studies.

In the previously outlined study of ERPs elicited by an 
emotion task, alterations in brain activity were associated spe-
cifically with self-reported severity of anxiety and depression 
(Tables 1 & 3 ; [65]). These findings suggest that disruptions to 
early emotional brain activity may contribute to the subsequent 
conscious experience of negative emotion, reflected in anxiety 
and depression.

Genomic markers related to feeling
A lower frequency of the DAT1 10/10R and DRD4 7R allele vari-
ants that confer susceptibility to core features of ADHD may dis-
tinguish the subset that have internalizing comorbidites (anxiety 
and depression) with ADHD.

As outlined in earlier sections, both the DAT1 (homozygous 
for 10R) and DRD4 (7R) variants have been associated with 
susceptibility to ADHD [45]. However, compared with controls, 
ADHD patients with comorbid internalizing features of anxiety 
and depression have a lower frequency of the DAT1 10/10R and 
DRD4 7R allele variants (Tables 1& 3; [76]). 

Feeling markers & treatment
Anxiety with ADHD is indicative of a poorer response to stimulant 
medication, and there should be a consideration of alternatives, 
such as nonstimulants and behavior therapies.

The presence of comorbid features, such as anxiety, adds com-
plexity to the diagnosis and appropriate treatment of ADHD. 
The co-occurrence of alterations in feeling, such as anxiety, has 
been found to moderate treatment outcomes. For instance, self-
reported anxiety did not decline following stimulant medica-
tion in the study of emotional brain function in ADHD [65]. In 
fact, comorbid anxiety has been linked to poorer outcome with 
stimulants [77]. A number of studies suggest that nonstimulant 
medications may have a more beneficial effect on ADHD with 
anxiety, and these findings were incorporated in the Child Texas 
Algorithm [78].

Given the highly comorbid nature of ADHD and anxiety in 
particular, identifying brain imaging markers related to treat-
ment in ADHD with anxiety is an area for increasing future 
research. The findings have clinical implications for identi-
fying markers that support decisions about when to consider 
nonstimulant medications, or to combine medication with 
behavioral therapy.

Brain-based markers for self-regulation in ADHD
Attention-deficit/hyperactivity disorder has been characterized 
as “a disorder in key aspects of self-regulation” [79]. Children 
with ADHD have difficulties with self-regulation of emo-
tion, thinking and feeling functions. While ADHD models 



Expert Rev. Neurother. 10(10), (2010)1616

Review Williams, Tsang, Clarke & Kohn

have suggested that a primary deficit in behavioral inhibition 
causes secondary deficits in executive functions, impacting on 
emotional regulation, recent evidence suggests that deficits in 
self-regulation are not simply due to the consequence of poor 
thinking functions [80]. 

Self-report markers for self-regulation
Candidate markers of poor self-regulation of emotion and feeling 
in ADHD include measures of emotional resilience, social func-
tion (including empathy), theory of mind and management of 
motivational goal-directed behavior (Tables 1 & 3).

Of the few studies to date, findings reveal deficits in regula-
tion of emotion and feeling in ADHD, including in empathy, 
capacity to anticipate feelings about future events, management 
of goal-directed behavior and associated maladaptive reliance on 
external cues for motivation and arousal to persist in goal-directed 
behaviors (Tables 1 & 3; [81,82]). Loss of self-control in ADHD has 
been associated with greater behavioral disruptions character-
istic of conduct and oppositional defiance disorders. Poor self-
control has also been linked to loss of inhibition (or impulsivity). 
Related research indicates moderate associations between poor 
social functions and the aggressive behaviors characteristic of 
these comorbid conditions [83,84].

Key aspects of self-regulation are emotional resilience and social 
skills [17]. These aspects are associated with self-control/resilience 
and empathy, respectively. In self-reported assessments of these 
aspects, children and adolescents with ADHD perform at least 
two standard deviations below the normative mean (Tables 1 & 3).

Brain imaging markers for self-regulation
Brain imaging markers of self-regulation have not been examined, 
but are hypothesized to involve complex feedforward–feedback (top-
down–bottom-up) interactions between prefrontal and subcortical 
basal ganglia limbic systems.

To date, the focus of brain-based markers for self-regulation 
in ADHD has been on regulation of thinking functions. This 
research follows the view that cognitive features of ADHD reflect 
poor top-down (feedback) inhibitory control, and have focused 
on the prefrontal cortex in particular.

By contrast, potential brain imaging markers of disturbed 
self-regulation of emotion and feeling have not been examined 
in ADHD. Cortical-subcortical circuitry implicated in other 
features of ADHD has also been linked to self-regulation. The 
INTEGRATE Model highlights that it is the mode of function-
ing of these networks that may be more relevant to self-regulation 
– that the management of emotion and feeling relies on more 
complex feedforward–feedback (top-down–bottom-up) inter-
actions between prefrontal and subcortical basal ganglia limbic 
systems [17]. For instance, connections between striatal circuits 
of the basal ganglia and medial prefrontal and anterior cingulate 
cortices may subserve self-regulation of emotion and feeling, while 
connections with the lateral prefrontal areas may support regu-
lation of thinking functions. With the input of important new 
information, feedforward–feedback interactions in these systems 
will allow for the determination of the context of this information 

(“can it be safely ignored?”), for behavior to be ad�usted and 
regulated accordingly, and for the outcome to form the basis of 
future learning.

Genomic markers for self-regulation
The COMT variant linked to conduct-related emotion problems 
in ADHD may also contribute to poor self-regulation.

As outlined under the section on genomic markers for emotion, 
the COMT variant has been linked to conduct-related problems 
commonly comorbid with ADHD. Given the association of these 
problems with poor self-regulation of emotion and feeling, future 
studies are warranted to determine the potential role of this and 
other variants as a marker for self-regulation.

Self-regulation markers & treatment
Self-regulation markers may indicate the benefit of behavioral 
therapies targeting emotion management, social and communi-
cation skills, particularly for those with comorbid externalizing 
problems (Table 1).

Self-regulation difficulties are a candidate marker for support-
ing clinical decisions about nonpharmaceutical treatment [85–87]. 
While stimulants reduce the core thinking disturbances of 
ADHD, cognitive–behavioral treatment has been more effective 
in ameliorating self-regulation problems and enhancing coping 
strategies [85]. There remains little support for the use of such 
behavioral treatment for ADHD as a group, but findings point 
to the value of a personalized approach that identifies children 
experiencing comorbid self-regulation problems of poor resilience 
and self-esteem who will benefit from behavioral therapy.

Children with self-regulation problems characteristic of conduct 
disorder may benefit from such nonpharmaceutical therapies that 
target training of social and communication skills [86,87]. Similarly, 
a program targeting social cognitive processing in particular has 
been found to increase effective social self-regulation and control 
and decrease aggressive behavior in a randomized controlled trial 
of children defined by aggressive conduct problems [88].

Structural brain markers & the developmental context 
for ADHD
Given that the onset of ADHD is in childhood or early adoles-
cence, the developmental context of this disorder is important to 
take into account. Developmental changes, in addition to genetic 
factors and their interaction with environmental triggers, are 
likely to have a key role in the disposition to ADHD.

Anatomical (or structural) brain changes may impact the spec-
trum of emotion, thinking, feeling and self-regulation processes 
in ADHD. In structural brain imaging studies, reductions in 
gray matter volume have been revealed in corresponding regions, 
including the DLPFC, ACC and striatum (basal ganglia – as well 
as in global volume; Figure 2). Reductions in posterior cingulate 
volume have also been reported (Figure 2; [89–92]).

As a direct reflection of developmental deviation, ADHD has 
also been associated with delays in maturation of cortical thick-
ness over the DLPFC, and in the additional medial prefrontal 
cortex in cross-sectional comparison with controls [93,94].
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An exemplar clinical application 
for ADHD
Translating markers for ADHD into the 
clinical setting will require the following:

• Identification of straightforward and 
brief marker assessments that can be 
readily used in a clinical practice – or 
completed at home by the patient and 
brought in to the doctor;

• More complex brain imaging assess-
ments are not likely to be cost- or time-
effective in the near future, and may be 
indicated as a later line of testing fol-
lowing initial screening with more 
straightforward assessments;

• Crucially, the deep insights of brain 
imaging and genomics may be captured 
in straightforward assessments of mark-
ers by research that establishes the inte-
grative linkages between each level of 
measurement. For instance, a compara-
tively simple cognitive and self-report 
assessment provides ‘proxy’ markers for 
underlying brain systems. Further 
probing using direct brain imaging may 
be indicated if, for example, an indi-
vidual presents with a complex profile 
of severe deficits across all cognitive 
self-report markers.

One exemplar of this approach is the 
association of cognitive and self-report 
markers with associated brain imaging markers from EEG 
and arousal assessments [18]. These markers are assessed using 
an internet platform, WebNeuro (or touchscreen equivalent, 
IntegNeuro). Results from the marker assessment are provided 
to the clinician immediately in the form of a summary report 
that includes considerations for clinical decisions based on the 
existing evidence base. The cognitive markers in this report have 
been demonstrated to correlate with EEG, ERP and autonomic 
arousal (heart rate) measures recorded in the same individuals 
with ADHD [18]. Specifically, poor performance on cognitive 
markers (and their correlates) were as follows: sustained attention 
(P450 ERP and heart rate for the continuous performance test 
[CPT]), impulsivity (Go/No-Go N200 ERP, EEG q), errors of 
intrusion (CPT P450 ERP, heart rate), inhibition (EEG q) and 
response variability (CPT P450 ERP, Go/No-Go N200 ERP, 
heart rate).

Figure 3 shows an example in which ADHD, diagnosed against 
DSM-IV criteria, is present without notable comorbid indicators. 
Impairments in thinking are the most prominent in this case, 
due in particular to extremely poor sustained attention, inhibi-
tion and below average errors of intrusion (Figure 3). Given the 
severity of these impairments, and the absence of indicators for 

comorbid conditions, such as anxiety, this profile is consistent 
with consideration of stimulant medication (Figure 3). If, on the 
other hand, thinking impairments were in the mild range (slightly 
below average), first consideration might be given to behavioral 
therapies. Of course, the goal of these considerations is to pro-
vide additional ob�ective information to the clinician, and is not 
prescriptive. This exemplar serves to illustrate the way that the 
systematic integration of information with brain-based markers 
may be implemented in a clinically feasible manner, consistent 
with what is available in other areas of medicine.

Expert commentary & five-year view
Without a doubt, the explosion in neuroscience has opened the 
window to understanding ADHD and its associated conditions as 
ones of brain health. The challenge is now to harness the insights 
in a manner that is actionable for translation in the clinical setting.

The shift occurring in the understanding and management of 
ADHD is reflected in these key areas: 

• Integration of clinical with brain-based definitions of ‘ADHD’. 
Over the next 5–10 years, this shift will see increasing research 
concentration on an ‘integrative neuroscience’ approach; linking 

Figure 3. Summary of an exemplar report for the profile of scores across 
cognitive and self-report measures within the domains of thinking, emotion, 
feeling and self-regulation. Lower scores indicate poorer performance.
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clinical data to cognitive, brain imaging and genetics. Currently, 
the standard definition is based on the observed signs and symp-
toms of hyperactivity, impulsivity and inattention. However, 
the paradigm shift towards understanding this entity across 
levels of organization has begun. This is reflected in the goal of 
incorporating ob�ective brain-based information in the DSM-V. 
With the difficulty of integrating findings from single-site or 
single-measure studies, the challenge is there for multicenter, 
large-scale studies that are global and allow for standardized 
methods to integrate these multimodal data;

• Understanding the linkages between these levels of organization 
will be key to translating evidence into clinical use. If research-
ers use standardized assessments, it will be possible to speed up 
this translation, by rapid pooling of data for identifying the most 
compelling and replicable findings;

• To progress this research effort and its translation, a step-wise 
process might be considered; with the top step being those results 
with the greatest consensus and which may be considered ‘action-
able now’, through to the bottom step for those areas in which 
targeted research is still required to establish fundamentals;

• Over this next decade, two areas that would benefit clinical 
translation are likely to be: establishing markers for hetero-
geneity of ADHD (including its comorbid conditions, e.g., 

anxiety), and for personalizing treatment (e.g., markers that 
characterize those individuals who will respond to one type of 
medication or therapy versus another type);

• Clinical feasibility will rely on a further integration of research 
findings with technology – harnessing developments in com-
puterization and the internet to develop quality tools that may 
be readily and efficiently implemented.
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Key issues

• We are witnessing a rapid shift in the understanding and treatment of attention-deficit/hyperactivity disorder (ADHD) as a disorder of 
brain health. This shift reflects the broader move towards integrating mental health and brain sciences. The challenge is to now 
translate the evidence from brain research into useful objective tests that complement clinical information in clinical diagnostic and 
treatment decisions.

• Diagnosis of ADHD is currently founded on a ‘classical triad’ of clinically judged symptoms: inattention and/or hyperactivity with 
impulsivity. There is increasing agreement amongst doctors and researchers that ADHD is a brain disorder.

• Alterations in brain systems supporting thinking functions produce overt behavioral symptoms of ADHD. These alterations are captured 
by measures at different levels of organization:
– Cognitive testing: poor sustained attention, impulsivity and loss of inhibition, errors from intrusion of irrelevant information and 

variability of responding

– Brain imaging: loss of cortical-subcortical activation, excessive EEG q, slowed and reduced event-related potentials and reduced 
autonomic arousal

– Genetics: associated with variants implicating dopamine (DAT1, DRD4)

• Conditions comorbid with ADHD involve alterations in brain systems supporting emotion and feeling functions, and the regulation of 
these. While the evidence is less established than that for thinking functions, it suggests the following:
– Cognitive and self-report: feelings of anxiety and poor identification of emotion on cognitive tests in anxiety (an internalizing 

disorder). Poor self-reported resilience and theory of mind in conduct and oppositional defiance (externalizing) conditions

– Brain imaging: reduced emotion event-related potentials in anxiety in ADHD

– Genetics: association with catechol-O-methyltransferase, and different DAT1 and DRD4 variants

• For treatment in ADHD, poor performance on measures of thinking functions is generally improved with stimulant treatment. Emerging 
evidence suggests that poor performance on measures of emotion, feeling and self-regulation may not respond to stimulants, and 
alternatives, such as nonstimulant or behavioral therapy, might be indicated.

• An integrative neuroscience approach is proposed as one way to move ADHD research and its clinical translation forward. This 
approach highlights commonalities across multidisciplinary theories and measures, the need for standardized assessment in order to 
combine findings effectively, and the goal of focusing on ‘actionable’ evidence that may be applied clinically.

• The next 5–10 years will see increasing research concentration on linking clinical data to cognitive, brain imaging and genetics – using 
multicenter, standardized approaches for rapid replication of key results. This concentration will facilitate the development of the future 
Diagnostic and Statistical Manual of Mental Disorders editions incorporating brain-based information, and a consensus on brain-based 
tools for routine clinical use. For time- and cost-efficiency, these tools will need to harness technology and internet innovations.



www.expert-reviews.com 1619

ReviewAn ‘integrative neuroscience’ perspective on ADHD

References
1 Faraone SV, Biederman J. Neurobiology of 

attention-deficit hyperactivity disorder. 
Biol. Psychiatry 44(10), 951–958 (1998).

2 Jensen PS, Martin D, Cantwell DP. 
Comorbidity in ADHD: implications for 
research, practice, and DSM-V. J. Am. 
Acad. Child Adolesc. Psychiatry 36(8), 
1065–1079 (1997).

3 Biederman J. Attention-deficit/
hyperactivity disorder: a life-span 
perspective. J. Clin. Psychiatry 59(Suppl. 7), 
4–16 (1998).

4 Barkley RA. Attention-deficit 
hyperactivity disorder. Sci. Am. 279(3), 
66–71 (1998).

5 American Psychiatric Association. 
Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition. 
American Psychiatric Association, DC, 
USA (1994).

6 Murphy KR, Barkley RA, Bush T. Young 
adults with attention deficit hyperactivity 
disorder: subtype differences in 
comorbidity, educational, and clinical 
history. J. Nerv. Ment. Dis. 190(3), 
147–157 (2002).

7 Charney DS, Barlow DH, Botteron K et al. 
Neuroscience research agenda to guide 
development of a pathophysiologically 
based classification system. In: A Research 
Agenda for DSM-V. Kupfer DJ, First MB, 
Reiger DA (Eds). American Psychiatric 
Association, DC, USA (2002).

8 Castellanos FX, Tannock R. Neuroscience 
of attention-deficit/hyperactivity disorder: 
the search for endophenotypes. Nat. Rev. 
Neurosci. 3(8), 617–628 (2002).

9 Insel TR, Volkow ND, Landis SC et al. 
Limits to growth: why neuroscience needs 
large-scale science. Nat. Neurosci. 7(5), 
426–427 (2004).

10 Gordon E, Liddell BJ, Brown KJ et al. 
Integrating ob�ective gene–brain–behavior 
markers of psychiatric disorders. J. Integr. 
Neurosci. 6(1), 1–34 (2007).

11 Monastra VJ. Overcoming the barriers to 
effective treatment for attention-deficit/
hyperactivity disorder: a neuro-educational 
approach. Int. J. Psychophysiol. 58(1), 
71–80 (2005).

12 Gordon E. Integrative genomics and 
neuromarkers for the era of brain related 
personalized medicine. Personalized 
Medicine 4(2), 201–215 (2007).

13 Barkley RA. ADHD And The Nature Of 
Self-Control. Guilford Press, NY, USA 
(1997).

14 Bush G, Valera EM, Seidman LJ. 
Functional neuroimaging of attention-
deficit/hyperactivity disorder: a review and 
suggested future directions. Biol. Psychiatry 
57(11), 1273–1284 (2005).

15 Gordon E, Cooper N, Rennie C, 
Hermens D, Williams LM. Integrative 
neuroscience: the role of a standardized 
database. Clin. EEG Neurosci. 36(2), 
64–75 (2005).

16 Gordon E, Barnett KJ, Cooper NJ, Tran N, 
Williams LM. An ‘integrative 
neuroscience’ platform: application to 
profiles of negativity and positivity bias. 
J. Integr. Neurosci. 7(3), 345–366 (2008).

17 Williams LM, Gatt JM, Hatch A et al. 
The INTEGRATE model of emotion, 
thinking and self regulation: an application 
to the ‘paradox of aging’. J. Integr. Neurosci. 
7(3), 367–404 (2008).

18 Williams LM, Hermens DF, Thein T 
et al. Using brain-based cognitive 
measures to support clinical decisions in 
ADHD. Pediatr. Neurol. 42(2), 118–126 
(2010).

19 Quay HC. Inhibition and attention deficit 
hyperactivity disorder. J. Abnorm. Child 
Psychol. 25(1), 7–13 (1997).

20 Sergeant JA, Geurts H, Hui�bregts S, 
Scheres A, Oosterlaan J. The top and the 
bottom of ADHD: a neuropsychological 
perspective. Neurosci. Biobehav. Rev. 27(7), 
583–592 (2003).

21 Sergeant JA. The cognitive–energetic 
model: an empirical approach to 
attention-deficit hyperactivity disorder. 
Neurosci. Biobehav. Rev. 24(1), 7–12 
(2000).

22 Hermens DF, Kohn MR, Clarke SD, 
Gordon E, Williams LM. Sex differences 
in adolescent ADHD: findings from 
concurrent EEG and EDA. Clin. 
Neurophysiol. 116(6), 1455–1463 (2005).

23 Hermens DF, Soei EXC, Clarke SD et al. 
Resting EEG theta activity predicts 
cognitive performance in attention-deficit 
hyperactivity disorder. Pediatr. Neurol. 
32(4), 248–256 (2005).

24 Loo SK, Hopfer C, Teale PD, Reite ML. 
EEG correlates of methylphenidate 
response in ADHD: association with 
cognitive and behavioral measures. 
J. Clin. Neurophysiol. 21(6), 457–464 
(2004).

25 Snyder SM, Quintana H, Sexson SB et al. 
Blinded, multi-center validation of EEG 
and rating scales in identifying ADHD 
within a clinical sample. Psychiatry Res. 
159(3), 346–358 (2008).

26 Chabot RJ, Serfontein G. Quantitative 
electroencephalographic profiles of children 
with attention deficit disorder. Biol. 
Psychiatry 40(10), 951–963 (1996).

27 Whitford TJ, Rennie CJ, Grieve SM et al. 
Brain maturation in adolescence: 
concurrent changes in neuroanatomy and 
neurophysiology. Hum. Brain Mapp. 28(3), 
228–237 (2007).

28 Hermens DF, Williams LM, Lazzaro I 
et al. Sex differences in adult ADHD: 
a double dissociation in brain activity and 
autonomic arousal. Biol. Psychol. 66(3), 
221–233 (2004).

29 Duffy FH, Burchfiel JL, Lombroso CT. 
Brain electrical activity mapping (BEAM): 
a method for extending the clinical utility 
of EEG and evoked potential data. 
Ann. Neurol. 5(4), 309–321 (1979).

30 The Royal Australasian College of 
Physicians. Australian guidelines on 
attention deficit hyperactivity disorder 
(ADHD). The Royal Australasian College 
of Physicians, New South Wales, Australia 
(2009).

31 Monastra VJ. Quantitative 
electroencephalography and attention-
deficit/hyperactivity disorder: implications 
for clinical practice. Curr. Psychiatry Rep. 
10(5), 432–438 (2008).

32 Barry RJ, Johnstone SJ, Clarke AR. 
A review of electrophysiology in attention-
deficit/hyperactivity disorder: II. Event-
related potentials. Clin. Neurophysiol. 
114(2), 184–198 (2003).

33 Callaway E, Halliday R, Naylor H. 
Hyperactive children’s event-related 
potentials fail to support underarousal and 
maturational-lag theories. Arch. Gen. 
Psychiatry 40(11), 1243–1248 (1983).

34 Hermens DF, Williams LM, Clarke S et al. 
Responses to methylphenidate in 
adolescent AD/HD: evidence from 
concurrently recorded autonomic (EDA) 
and central (EEG and ERP) measures. Int. 
J. Psychophysiol. 58(1), 21–33 (2005).

35 Johnstone SJ, Barry RJ. Auditory event-
related potentials to a two-tone 
discrimination paradigm in attention 
deficit hyperactivity disorder. Psychiatry 
Res. 64(3), 179–192 (1996).

36 Yong-Liang G, Robaey P, Karayanidis F 
et al. ERPs and behavioral inhibition in a 
Go/No-go task in children with attention-
deficit hyperactivity disorder. Brain Cogn. 
43(1–3), 215–220 (2000).

37 Tamm L, Menon V, Reiss AL. Parietal 
attentional system aberrations during target 
detection in adolescents with attention 



Expert Rev. Neurother. 10(10), (2010)1620

Review Williams, Tsang, Clarke & Kohn

deficit hyperactivity disorder: event-related 
fMRI evidence. Am. J. Psychiatry 163(6), 
1033–1043 (2006).

38 Bush G. Dorsal anterior midcingulate 
cortex: roles in normal cognition and 
disruption in attention-deficit/hyperactivity 
disorder. In: Cingulate Neurobiology and 
Disease. Vogt BA (Ed.). Oxford University 
Press, NY, USA, 207–218 (2009).

39 Dickstein SG, Bannon K, Castellanos FX, 
Milham MP. The neural correlates of 
attention deficit hyperactivity disorder: 
an ALE meta-analysis. J. Child Psychol. 
Psychiatry 47(10), 1051–1062 (2006).

40 Rubia K, Overmeyer S, Taylor E et al. 
Hypofrontality in attention deficit 
hyperactivity disorder during higher-order 
motor control: a study with functional 
MRI. Am. J. Psychiatry 156(6), 891–896 
(1999).

41 Vance A, Silk TJ, Casey M et al. Right 
parietal dysfunction in children with 
attention deficit hyperactivity disorder, 
combined type: a functional MRI study. 
Mol. Psychiatry 12(9), 826–832 (2007).

42 Durston S, Davidson MC, Thomas KM 
et al. Parametric manipulation of conflict 
and response competition using rapid 
mixed-trial event-related fMRI. 
Neuroimage 20(4), 2135–2141 (2003).

43 Williams LM, Felmingham K, Kemp AH 
et al. Mapping frontal-limbic correlates of 
orienting to change detection. Neuroreport 
18(3), 197–202 (2007).

44 Cortese S, Faraone SV, Konofal E, 
Lecendreux M. Sleep in children with 
attention-deficit/hyperactivity disorder: 
meta-analysis of sub�ective and ob�ective 
studies. J. Am. Acad. Child Adolesc. 
Psychiatry 48(9), 894–908 (2009).

45 Sharp SI, McQuillin A, Gurling HM. 
Genetics of attention-deficit hyperactivity 
disorder (ADHD). Neuropharmacology 
57(7–8), 590–600 (2009).

46 Cornish KM, Manly T, Savage R et al. 
Association of the dopamine transporter 
(DAT1) 10/10-repeat genotype with 
ADHD symptoms and response inhibition 
in a general population sample. Mol. 
Psychiatry 10(7), 686–698 (2005).

47 Gizer IR, Ficks C, Waldman ID. 
Candidate gene studies of ADHD: 
a meta-analytic review. Hum. Genet. 
126(1), 51–90 (2009).

48 Weingartner H, Rapoport JL, 
Buchsbaum MS et al. Cognitive processes 
in normal and hyperactive children and 
their response to amphetamine treatment. 
J. Abnorm. Psychol. 89(1), 25–37 (1980).

49 Bedard A-C, Tannock R. Anxiety, 
methylphenidate response, and working 
memory in children with ADHD. J. Atten. 
Disord. 11(5), 546–557 (2008).

50 Losier BJ, McGrath PJ, Klein RM. Error 
patterns on the continuous performance 
test in non-medicated and medicated 
samples of children with and without 
ADHD: a meta-analytic review. J. Child 
Psychol. Psychiatry 37(8), 971–987 (1996).

51 Sostek AJ, Buchsbaum MS, Rapoport JL. 
Effects of amphetamine on vigilance 
performance in normal and hyperactive 
children. J. Abnorm. Child Psychol. 8(4), 
491–500 (1980).

52 Taylor MJ, Voros JG, Logan WJ, 
Malone MA. Changes in event-related 
potentials with stimulant medication in 
children with attention deficit hyperactivity 
disorder. Biol. Psychology 36(3), 139–156 
(1993).

53 Sunohara GA, Voros JG, Malone MA, 
Taylor MJ. Effects of methylphenidate in 
children with attention deficit hyperactivity 
disorder: a comparison of event-related 
potentials between medication responders 
and non-responders. Int. J. Psychophysiol. 
27(1), 9–14 (1997).

54 Loo SK, Teale PD, Reite ML. EEG 
correlates of methylphenidate response 
among children with ADHD: 
a preliminary report. Biol. Psychiatry 
45(12), 1657–1660 (1999).

55 Clarke AR, Barry RJ, McCarthy R et al. 
Effects of stimulant medications on the 
EEG of children with attention-deficit/
hyperactivity disorder predominantly 
inattentive type. Int. J. Psychophysiol. 47(2), 
129–137 (2003).

56 Klorman R, Brumaghim JT, Salzman LF 
et al. Effects of methylphenidate on 
processing negativities in patients with 
attention-deficit hyperactivity disorder. 
Psychophysiology 27(3), 328–337 (1990).

57 Williams LM, Hermens DF, Kohn M, 
Clarke S, Gordon E. Integrating cognitive 
and affective markers of ADHD. NDT S74 
(2006).

58 Keage HA, Clark CR, Hermens DF et al. 
ERP indices of working memory updating 
in AD/HD: differential aspects of 
development, subtype, and medication. 
J. Clin. Neurophysiol. 25(1), 32–41 (2008).

59 Gruber R, Joober R, Grizenko N et al. 
Dopamine transporter genotype and 
stimulant side effect factors in youth 
diagnosed with attention-deficit/
hyperactivity disorder. J. Child Adolesc. 
Psychopharmacol. 19(3), 233–239 (2009).

60 Cadesky EB, Mota VL, Schachar RJ. 
Beyond words: how do children with 
ADHD and/or conduct problems process 
nonverbal information about affect? J. Am. 
Acad. Child Adolesc. Psychiatry 39(9), 
1160–1167 (2000).

61 Corbett B, Glidden H. Processing affective 
stimuli in children with attention-deficit 
hyperactivity disorder. Child Neuropsychol. 
6(2), 144–155 (2000).

62 Downs A, Smith T. Emotional 
understanding, cooperation, and social 
behavior in high-functioning children with 
autism. J. Autism Dev. Disord. 34(6), 
625–635 (2004).

63 Pelc K, Kornreich C, Foisy M-L, Dan B. 
Recognition of emotional facial 
expressions in attention-deficit 
hyperactivity disorder. Pediatr. Neurol. 
35(2), 93–97 (2006).

64 Shapiro EG, Hughes SJ, August GJ, 
Bloomquist ML. Processing of emotional 
information in children with attention-
deficit hyperactivity disorder. Dev. 
Neuropsychol. 9, 207–224 (1993).

65 Williams LM, Hermens DF, Palmer D 
et al. Misinterpreting emotional expressions 
in attention-deficit/hyperactivity disorder: 
evidence for a neural marker and stimulant 
effects. Biol. Psychiatry 63(10), 917–926 
(2008).

66 Sonuga-Barke EJ. Causal models of 
attention-deficit/hyperactivity disorder: 
from common simple deficits to multiple 
developmental pathways. Biol. Psychiatry 
57(11), 1231–1238 (2005).

67 Nigg JT, Casey BJ. An integrative theory of 
attention-deficit/ hyperactivity disorder 
based on the cognitive and affective 
neurosciences. Dev. Psychopathol. 17(3), 
785–806 (2005).

68 Marsh AA, Finger EC, Mitchell DG et al. 
Reduced amygdala response to fearful 
expressions in children and adolescents 
with callous-unemotional traits and 
disruptive behavior disorders. Am. J. 
Psychiatry 165(6), 712–720 (2008).

69 Thapar A, Langley K, Fowler T et al. 
Catechol O-methyltransferase gene variant 
and birth weight predict early-onset 
antisocial behavior in children with 
attention-deficit/hyperactivity disorder. 
Arch. Gen. Psychiatry 62(11), 1275–1278 
(2005).

70 Williams LM, Gatt JM, Grieve SM et al. 
COMT Val(108/158)Met polymorphism 
effects on emotional brain function and 
negativity bias. Neuroimage 53(3), 918–925 
(2010).



www.expert-reviews.com 1621

ReviewAn ‘integrative neuroscience’ perspective on ADHD

71 Culpepper L. Primary care treatment of 
attention-deficit/hyperactivity disorder. 
J. Clin. Psychiatry 67(Suppl. 8), 51–58 
(2006).

72 MTA Cooperative Group. A 14-month 
randomized clinical trial of treatment 
strategies for attention-deficit/
hyperactivity disorder. The MTA 
Cooperative Group. Multimodal 
Treatment Study of Children with ADHD. 
Arch. Gen. Psychiatry 56(12), 1073–1086 
(1999).

73 Biederman J. Newcorn J, Sprich S. 
Comorbidity of attention deficit 
hyperactivity disorder with conduct, 
depressive, anxiety, and other disorders. 
Am. J. Psychiatry 148, 564–577 (1991).

74 Biederman J, Mick E, Faraone SV et al. 
Influence of gender on attention deficit 
hyperactivity disorder in children referred 
to a psychiatric clinic. Am. J. Psychiatry 
159(1), 36–42 (2002).

75 Rapport LJ, Friedman SR, Tzelepis A, 
Van Voorhis A. Experienced emotion and 
affect recognition in adult attention-deficit 
hyperactivity disorder. Neuropsychology 
16(1), 102–110 (2002).

76 Gabriela ML, John DG, Magdalena BV 
et al. Genetic interaction analysis for 
DRD4 and DAT1 genes in a group of 
Mexican ADHD patients. Neurosci. Lett. 
451(3), 257–260 (2009).

77 Pliszka SR. Comorbidity of attention-
deficit/hyperactivity disorder with 
psychiatric disorder: an overview. J. Clin. 
Psychiatry 59(Suppl. 7), 50–58 (1998).

78 Pliszka SR, Crismon ML, Hughes CW 
et al. The Texas Children’s Medication 
Algorithm Pro�ect: revision of the 
algorithm for pharmacotherapy of 
attention-deficit/hyperactivity disorder. 
J. Am. Acad. Child Adolesc. Psychiatry 
45(6), 642–657 (2006).

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

80 Perner J, Kain W, Barchfeld P. Executive 
control and higher-order theory of mind in 
children at risk of ADHD. Infant Child 
Dev. 11, 141–158 (2002).

81 Braaten EB, Rosen LA. Self-regulation of 
affect in attention deficit-hyperactivity 
disorder (ADHD) and non-ADHD boys: 
differences in empathic responding. 
J. Consult. Clin. Psychol. 68(2), 313–321 
(2000).

82 Crundwell RM. An initial investigation of 
the impact of self-regulation and 
emotionality on behavior problems in 
children with ADHD. Can. J. Sch. Psychol. 
20, 62 (2005).

83 Gilmour J, Hill B, Place, M, Skuse DH. 
Social communication deficits in conduct 
disorder: a clinical and community survey. 
J. Child Psychol. Psychiatry 45(5), 967–978 
(2004).

84 Mikami AY, Pfiffner LJ. Sibling 
relationships among children with ADHD. 
J. Atten. Disord. 11(4), 482–492 (2008).

85 Hinshaw SP, Henker, B, Whalen CK. 
Self-control in hyperactive boys in 
anger-inducing situations: effects of 
cognitive-behavioral training and of 
methylphenidate. J. Abnorm. Child Psychol. 
12(1), 55–77 (1984).

86 Reid JB, Eddy JM, Fetrow RA, 
Stoolmiller M. Description and immediate 
impacts of a preventive intervention for 
conduct problems. Am. J. Community 
Psychol. 27(4), 483–517 (1999).

87 Webster-Stratton C, Reid J, Hammond M. 
Social skills and problem-solving training 
for children with early-onset conduct 
problems: who benefits? J. Child Psychol. 
Psychiatry 42(7), 943–952 (2001).

88 van Manen TG, Prins PJ, 
Emmelkamp PM. Reducing aggressive 
behavior in boys with a social cognitive 
group treatment: results of a randomized, 
controlled trial. J. Am. Acad. Child Adolesc. 
Psychiatry 43(12), 1478–1487 (2004).

89 Overmeyer S, Bullmore ET, Suckling J 
et al. Distributed grey and white matter 
deficits in hyperkinetic disorder: MRI 
evidence for anatomical abnormality in an 
attentional network. Psychol. Med. 31(8), 
1425–1435 (2001).

90 Castellanos FX, Giedd JN, Marsh WL 
et al. Quantitative brain magnetic 
resonance imaging in attention-deficit 
hyperactivity disorder. Arch. Gen. 
Psychiatry 53(7), 607–616 (1996).

91 Kates WR, Frederikse M, Mostofsky SH 
et al. MRI parcellation of the frontal lobe 
in boys with attention deficit hyperactivity 
disorder or Tourette syndrome. Psychiatry 
Res. 116(1–2), 63–81 (2002).

92 Semrud-Clikeman M, Steingard RJ, 
Filipek P et al. Using MRI to examine 
brain-behavior relationships in males with 
attention deficit disorder with 
hyperactivity. J. Am. Acad. Child Adolesc. 
Psychiatry 39(4), 477–484 (2000).

93 Shaw P, Lerch J, Greenstein D et al. 
Longitudinal mapping of cortical thickness 
and clinical outcome in children and 
adolescents with attention-deficit/
hyperactivity disorder. Arch. Gen. 
Psychiatry 63(5), 540–549 (2006).

94 Shaw P, Eckstrand K, Sharp W et al. 
Attention-deficit/hyperactivity disorder is 
characterized by a delay in cortical 
maturation. Proc. Nat. Acad. Sci. USA 
104(49), 19649–19654 (2007).

95 Niederhofer H, Menzel F, Gobel K et al. 
A preliminary report of the dopamine 
receptor D4 and the dopamine transporter 
1 gene polymorphism and its association 
with attention deficit hyperactivity 
disorder. Neuropsychiatr. Dis. Treat. 4(4), 
701–705 (2008).

96 Marton I, Wiener J, Rogers M, Moore C, 
Tannock R. Empathy and social 
perspective taking in children with 
attention-deficit/hyperactivity disorder. 
J. Abnorm. Child Psychol. 37, 107–118 
(2009).

97 Servera M, Cardo E, Brunet J et al. 
Accuracy of the Children Sustained 
Attention Task (CSAT) in the ADHD 
diagnosis. Preliminary data. Presented at: 
38th EABCT Annual Congress. Helsinki, 
Finland, 10–13 September 2008.

98 Kohn M, Clarke S, Williams LM. 
Personalized integrative markers for 
attention deficit/hyperactivity disorder in 
children and adolescents. In: Personalized 
Medicine for the Brain. Koslow SH, 
Gordon E (Eds). Oxford University Press, 
NY, USA (2010).

99 Satterfield JH, Cantwell DP, Satterfield BT. 
Pathophysiology of the hyperactive child 
syndrome. Arch. Gen. Psychiatry 31(6), 
839–844 (1974).


