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Abstract

Over the last two decades, there have been numerous technical and methodological advances

available to clinicians and researchers to better understand attention deficit hyperactivity disorder

(ADHD) and its etiology. Despite the growing body of literature investigating the disorder’s

pathophysiology, ADHD remains a complex psychiatric disorder to characterize. This chapter will

briefly review the literature on ADHD, with a focus on its history, the current genetic insights,

neurophysiologic theories, and the use of neuroimaging to further understand the etiology. We

address some of the major concerns that remain unclear about ADHD, including subtype

instability, heterogeneity, and the underlying neural correlates that define the disorder. We

highlight that the field of ADHD is rapidly evolving; the descriptions provided here will hopefully

provide a sturdy foundation for which to build and improve our understanding of the disorder.
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1 Introduction

Attention deficit hyperactivity disorder (ADHD) is a prevalent and persistent psychiatric

disorder that emerges early in childhood, with a current prevalence rate of 5 % in children

4–17-years old. The disorder is classically characterized by symptoms of inattention,

impulsivity, and hyperactivity. ADHD is believed to typically onset in early childhood,

although diagnosis is typically determined in the school age years. The disorder is

particularly relevant in today’s society as it is one of the most common diagnoses in

educational and children’s mental health settings. Furthermore, many children diagnosed

with the disorder go on to have problems related to education, social functioning, and/or

other mental illness as adolescents and young adults (Klein et al. 2012). Thus the disorder is

one of high individual and societal costs to the population (Pelham et al. 2007).

2 History of ADHD

It is interesting to speculate whether ADHD is actually a psychiatric condition of somewhat

recent historical onset that may have been very rare in ancient times (like anorexia), or a

disorder that seems to have followed our species for several thousands of years (like

schizophrenia). Filling this gap in historical knowledge would put useful constraints on

theories of what causes ADHD. There is no obvious description of ADHD in the ancient

literature, despite the distinct personality types described by Galen, the prominent Roman

physician and philosopher. The modern history of ADHD-like medical description traces

back over 200 years and is provided in more detail by Taylor (2010), Barkley and Peters

(2012), and Nigg and Barkley (In press). Descriptions analogous to either ADHD or ADHD

without hyperactivity are found sporadically in the European literature from the late 1700s

to early 1900s, and in the United States from the early 1800s onward.

While disputed with regard to its importance to the concept of ADHD, we note that after the

great encephalitis epidemics of 1915–1920, it was observed that some children who survived

brain infections had many problems with defiance, impulsivity, and over-activity; and while

these descriptions do not perfectly match ADHD, they have notable similarities (Ebaugh

1923; Hohman 1922; Stryker 1925). The field eventually adopted the term “brain-injured

child syndrome” (Strauss and Lehtinen 1947), often associated with mental retardation, but

was also applied to children who today would be labeled with ADHD. The concept of

“brain-injured child syndrome” gradually evolved into that of “minimal brain damage” and

eventually to “minimal brain dysfunction” (MBD). Children with hyperactive behavior and

other attributes of MBD showed remarkable improvement in response to stimulant

medication (Benzedrine) (Bradley 1937). Although physicians did not begin regularly

prescribing stimulants for MBD until the 1950s and 1960s, this serendipitous discovery

probably also affected concepts, and shifted interest away from cognitive and learning

problems toward hyperactivity (Taylor 2011).

By the late 1950s, labels such as “hyperkinetic impulse disorder” or “hyperactive child

syndrome” were also in use (Burks 1960; Chess 1960). Conceptual theories ranged from

theories of cortical overstimulation or cortical under-arousal to psychoanalytic and

psychosocial theories. In the Diagnostic and Statistical Manual of Mental Disorders, second
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edition (DSM-II), childhood disorders were introduced for the first time, and were all

described as “reactions” (implying psychological defense or adaptation driving behavior),

including “hyperkinetic reaction of childhood” (Association 1968). The fundamental tension

between viewing these children as having either a neurobiological or a behavioral/

psychosocial problem is apparent in arguments about ADHD to varying extents to the

present day, and is partly reflected in distinct diagnostic approaches in Europe and the

United States.

By the 1970s, inspired by progress in cognitive and experimental psychology in

operationally defining attention, researchers emphasized problems with sustained attention

and impulse control in addition to hyperactivity (Douglas 1972). Douglas’s model, which

was quite influential and also highlighted an inclination to seek immediate reinforcement,

contributed to the renaming of the disorder as attention deficit disorder (ADD) in 1980 in

DSM-III (Association 1980). At that time, the syndrome was redefined in narrower terms

than what had previously been MBD, and the term MBD was abandoned. In 1987, the

disorder was renamed “attention-deficit hyperactivity disorder” in DSM-III, revised edition,

(DSM-III- R) (Association AP 1987), and a single list of items incorporating all three

symptoms (hyperactivity, inattentiveness, impulsivity) was specified that had better

statistical validity than the factors in DSM-III.

The 1980s and 1990s saw extensive research on the information and reward-processing

features associated with ADHD. Further psychometric work suggested that the problems

with hyperactivity and impulsivity formed a single dimension of behavior for all practical

purposes (Achenbach and Edelbrock 1983; Goyette et al. 1978; Lahey et al. 1988). As a

result, ADHD was described in DSM-IV as reflecting two distinct yet correlated dimensions

or domains of behavior: a set of symptoms for inattention and a set of symptoms for

hyperactive–impulsive behavior (Association 1994). Unlike DSM-III-R, DSM-IV once

again permitted the diagnosis of a subtype of ADHD that consisted principally of problems

with attention, and for the first time provided specific diagnostic criteria for this group—

although the conceptual definition was somewhat distinct from that in DSM-III, which had

allowed these children to be impulsive, but not hyperactive. DSM-IV also permitted, for the

first time, the distinction of a subtype of ADHD that consisted chiefly of hyperactive–

impulsive behavior without significant inattention. Children having significant problems

from both item lists were described as having ADHD-combined type.

Several developments in the literature were notable in the first decade of the twenty-first

century and are likely to influence future characterization of the disorder. Particularly

notable was the emphasis on “multiple pathway models” of ADHD, which suggests that

both attention-related theories and motivation-related theories contribute to the disorder.

These considerations are discussed below in Sect. 4 when future directions in the field are

discussed [also see Sonuga-Barke (2005)]. Almost 20 years after DSM-IV, the publication

of DSM-V occurred in 2013. During that 20-year period, in addition to developments in

theory, technology revolutionized research on child psychopathology. ADHD was, for the

first time, associated with a massive and rapidly expanding literature on structural and

functional brain imaging as well as molecular genetic studies. This literature provides new

and tantalizing evidence of biological correlates of ADHD. Despite numerous potential
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improvements to the criteria, few substantive changes were made to DSM-V.1 The same two

behavioral domains (inattention and hyperactivity– impulsivity) are still in force. Indeed, the

literature of the last 20 years provides powerful evidence for the clinical utility and validity

of distinguishing these two symptom domains that, despite being highly correlated predict

different impairments and likely have different neural correlates (Willcutt et al. 2012; Fair et

al. 2012b) (Fig. 1). In particular, symptoms of inattention-disorganization tend to predict

academic problems, certain driving difficulties, and peer neglect, for instance. Symptoms of

hyperactivity–impulsivity tend to predict aggression, peer rejection, and speeding citations

among other difficulties. Nonetheless, issues of subtype instability (Willcutt et al. 2012), and

difficulties in identifying the genetic and neurobiological underpinnings of the disorder

(Nigg et al. 2005) are likely pointing to a significantly complex characterization of the

disorder that will need to be further clarified to improve outcomes.

3 The Genetics of ADHD

3.1 Heritability

There are now many lines of evidence that highlight the genetic aspect of ADHD. Family

and twin studies reveal that ADHD exhibits high heritability (Faraone et al. 2005). Twin

studies estimate the heritability of ADHD to be 70–80 % (Burt 2009), while family studies

show there is a 2–8 fold increase in the risk for ADHD in parents and siblings of children

with ADHD (Biederman et al. 1990b, 1992; Faraone et al. 1991). Other studies have shown

that 30–35 % of the full siblings of children with ADHD also had ADHD, compared to the

base rate in the population, which was considerably less (Biederman et al. 1990a; Faraone et

al. 2000a). There is also an increased incidence among first- and second-degree relatives of

individuals with ADHD (Faraone et al. 1994, 2000b). A study of twin boys showed that

genetic factors were important in the expression of different dimensions of ADHD, with

heritability of inattention at 0.39 and heritability of impulsivity–hyperactivity at 0.69

(Sherman et al. 1997).

Adoption studies further support a genetic etiology in ADHD. A study by Sprich et al.

(2000) showed that adoptive relatives of children with ADHD had similar rates of ADHD to

relatives of typically developing children, while having lower rates of ADHD than

biological relatives of non-adopted children with ADHD. Alberts-Corush et al. (1986) show

that adoptive relatives of children with ADHD perform better in measures of attention than

biological relatives of children with ADHD.

Although the putative subtypes in DSM-IV (like presentations in DSM-V) tend to be

transmitted in families at above chance rates, the effect size is sufficiently small that both

subtypes often occur in the same families (Stawicki, von Eye, & Nigg 2005), further

supporting both the need to consider heterogeneity and to revise the current definitions. This

also would suggest that risk genes may predispose individuals to ADHD, while there may be

other factors that influence the ADHD phenotype.

1 The DSM-V changed the age of onset from age 7 to 12, reduced the cut point for diagnosing ADHD in adults from six symptoms to
five symptoms, and allowed concurrent diagnosis of ADHD and autism spectrum disorder. These changes are expected to have
minimal effects on epidemiology or clinical practice, but make the criteria more congruent with empirical findings.
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3.2 Molecular Findings

Twin studies have concluded that additive genetic effects explain up to 80 % of the variance

in the ADHD phenotype (Albayrak et al. 2008; Thapar et al. 1999). Understanding the

genetic basis of ADHD may assist in the development of new diagnostic criteria and

therapeutic opportunities. A number of genes have been identified that convey risk for

ADHD (Faraone et al. 2005; Durston 2008), although the effects of each gene marker are

too small to be of clinical utility and explain only a small fraction of the overall genetic

influence in ADHD. In a genome-wide scan, where all chromosomes are screened for

linkage more often than expected, Fisher et al. (2002) identified four regions (5p12, 10q26,

12q23, and 16p13) with evidence of linkage (log odds ratio scores 1.5) in a study of 126

American affected sibling pairs. Smalley et al. (2002) observed even stronger evidence for

the 16p13 region (logs odd ratio score 4) in a sample of 203 families. Other genome studies

fromvarious samples identified a region proximal to the dopamine transporter gene (Bakker

et al. 2003; Hebebrand et al. 2006; Ogdie et al. 2003). However, a recent meta-analysis

found no genome-wide significant associations, suggesting that the effect sizes of common

ADHD risk variants are likely to be very small (Neale et al. 2010).

More common than the genome approach in ADHD are candidate gene studies, where genes

are chosen on theoretical grounds to associate a particular gene with ADHD. Cook et al.

(1995) observed an association between the 480-bp allele (or genotype) in the dopamine

transporter (DAT) gene and ADHD. Additional polymorphisms in intron 9 and exon 9 were

examined, with a trend for biased transmission of the 480-bp allele of the variable number of

tandem repeats (VNTR) polymorphism (Barr et al. 2001). Meta-analysis confirms that genes

for the dopamine transporter-1 (DAT1), dopamine D4 and D5 receptors (DRD4, DRD5),

serotonin-transporter-linked polymorphic region (5HTTPLR), 5-hydroxytryptamine

(serotonin) receptor 1B (HTR1B), and synaptosomal-associated protein 25 (SNAP25) share

common markers associated with ADHD (Gizer et al. 2009). Of considerable theoretical

interest associated with ADHD is the 7-repeat allele of DRD4 due to the extensive theory

and evidence that dopamine functioning is involved in ADHD (Faraone et al. 2001). Some

studies also suggest a role for noradrenergic genes particularly the alpha-2 receptor (Rivero

et al. 2013).

It is important to note, however, that in the face of ADHD’s high heritability (noted above),

it is striking that all the candidate genes identified to date account for less than 5 % of

genetic variation in ADHD (Neale et al. 2010). Nonetheless, further genetic variance

remains to be explained, and a handful of possibilities need examination. Gene ×

environment interactions can inflate heritability estimates, and appear to be operating in

ADHD as well as in other psychopathologies (Nijmeijer et al. 2010; Nigg 2013). Second,

epistasis or gene × gene interactions have not been deeply explored. A third possibility

relates to the rare variant hypothesis, or the idea that common disease variants (what has

largely been examined to date) is insufficiently targeting the correct genes. Rather, multiple

rare variants may be playing a larger role (Williams et al. 2012). Fourth, and of particular

interest in the current chapter, is the possibility that ADHD does not necessarily describe

one syndrome, but rather is biologically heterogeneous and thus clustering subjects into the

same genetic studies based on the clinical phenotype may be limiting what is able to be
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identified with genetics. A few of these issues will be discussed in more detail throughout

the remaining portions of this chapter.

4 Neurophysiologic Theories of ADHD

Over the past two decades, neurobiological theories of ADHD have centered on two

common, but not mutually exclusive, models. One model emphasizes top-down, controlled

processing problems, such as those associated with cognitive control or executive

functioning (Barkley 1997). Another model emphasizes bottom-up, motivational, and

incentive or reward response (Sagvolden et al. 2005) [for a review see (Nigg 2005)]. While

consensus is yet to be reached on the core neural pathways that lead to the disorder

(potentially a result of heterogeneity in the disease—see Sect. 5), there exist several lines of

evidence that support both of these models and suggest both types of psychobiological

systems are involved in ADHD. We will briefly discuss this work in the following sections.

4.1 Executive (Top-Down) Theories

Typical executive function development—The significant, measurable cognitive

changes that occur throughout childhood reflect, in large part, the development of executive

control processes. Executive functions are higher order, top-down cognitive processes that

allow for the complex organization of behavior through appropriate process selection and

set, or goal, maintenance over time (Lyon and Krasnegor 1996; Pennington 1997). From

infancy to young adulthood, the development of cognitive functioning is reflected in

behavior that is less reflexive and stimulus-bound but rather more goal-directed, self-

organized, and flexible (Stuss 1992). Various lines of evidence of cognitive development

suggest that typical maturation of controlled processing functions occurs in a multistage

progression in which different components and kinds of control develop at different rates,

beginning in infancy and continuing into adolescence (Welsh et al. 1991; Klenberg et al.

2001; Becker et al. 1987; Levin et al. 1991; Luria 1966/1980; Passler et al. 1985; Welsh and

Pennington 1988).

The functional neuroanatomy linked to executive control has commonly been associated

with selective recruitment of specific prefrontal cortical regions. These regions are

hypothesized to interact with posterior cortical regions, along with subcortical regions [e.g.,

caudate nucleus or dorsal striatum (Aron et al. 2004; Eagle and Robbins 2003)] that flexibly

configure processing in accordance with behavioral goals (Posner and Petersen 1990;

Dosenbach et al. 2006, 2007; Petersen and Posner 2012). Considerable focus has been given

to the dorsolateral prefrontal cortex (PFC) (Miller and Cohen 2001), medial superior frontal

cortex, the adjacent dorsal anterior cingulate cortex (ACC) (Rushworth et al. 2005), dorsal

frontal cortex, and regions in the parietal lobe such as the inferior parietal lobe and

intraparietal sulcus (Corbetta and Shulman 2002). More recently, the anterior PFC (lateral

Brodmann Area 10) (Braver et al. 2003; Sakai and Passingham 2003, 2006; Gilbert et al.

2006) and regions at the boundary of the anterior insula and the frontal operculum (Crone et

al. 2006; Bunge et al. 2002; Dosenbach et al. 2006), sometimes referred to as ventral or

ventrolateral PFC [e.g., Bunge et al. (2002)], have also been implicated in control

processing. Not surprisingly, the development of these regions in terms of the activation

profiles of the individual regions, as well as the interactions between the regions (i.e.,
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functional connectivity), is thought to be implicated in the normal development of control

processing (Dosenbach et al. 2006; Sakai et al. 2002; Wager and Smith 2003; Bunge and

Wright 2007). These several regions indeed cohere into a small number of distributed neural

networks. Along the same lines, the atypical development of these executive systems in

terms of brain activity or connectivity has been implicated in ADHD.

Executive functioning in ADHD—Executive or top-down control in ADHD has been

discussed as a core dysfunction of the disorder for over a century [see Nigg and Barkley (In

press)]. In one of the most well-developed versions of this argument, Barkley (1997)

presented what he termed a unifying theory of ADHD, suggesting that symptoms of the

disorder, such as atypical behavioral inhibition, were caused by deficits in response

inhibition that in turn disrupted four specific executive functions. As the cognitive

neurosciences rapidly advanced in the first part of the twenty-first century, others updated

this type of model and integrated in it other forms of control processing and their relation to

neural systems [e.g., Nigg and Casey (2005) and Castellanos and Tannock (2002)]. Indeed,

it has now been repeatedly shown that children with ADHD often show impairments in

performance on tasks that measure some form of executive processes.

Also consistent with that idea of Barkley (1997), ADHD appears to be related to impairment

in response inhibition (Doyle 2006; Nigg 1999; Nigg 2001; Seidman et al. 1997). Response

inhibition is the ability to inhibit or suppress an inappropriate, prepotent response in a

certain context in favor of a more appropriate alternative and is believed to involve fronto-

striatal and fronto-subthalamic circuits (Aron 2011). It is regarded as a prerequisite for self-

control (Muraven and Baumeister 2000), emotional regulation (Eisenberg and Morris 2002),

and cognitive flexibility (Arbuthnott and Frank 2000). Response inhibition, along with

response selection, is a key factor in facilitating goal-directed behavior, and thus its

relationship to ADHD is likely to have key importance. However, response inhibition is not

the only executive process atypical in children with ADHD. Other domains, including

working memory, set shifting, set maintenance, and planning have also been repeatedly

identified as being atypical in the disorder (Barnett et al. 2001; Clark et al. 2000; Karatekin

and Asarnow 1998; McLean et al. 2004; Nigg et al. 1998; Pennington and Ozonoff 1996).

Importantly, as noted above, it is becoming clear that many of the brain regions and circuits

related to the typical development of executive functioning are atypical in children with

ADHD (see Sect. 6 below) (Bush et al. 1999; Rubia et al. 1999; Fair et al. 2012b; Mennes et

al. 2011).

4.2 Sensory/Reward (Bottom-Up) Theories

While work in ADHD has mostly focused on top-down theories of the disorder, bottom-up,

motivation, reward, and emotional regulation theories, which gained emphasis in the 1970s,

have recently seen a surge in the literature (Barkley 2009; Luman et al. 2005; Nigg and

Casey 2005; Sonuga-Barke 2005). Motivational or reward responding, either related to

temporal discounting or to poor regulation of affect, are typically viewed in terms of

“approach” behavior, which can also be construed as positive affectivity, or “avoid”

behavior, construed as negative affectivity. Although not part of the diagnostic criteria,
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ADHD is often associated with problems with emotions, such as difficulty with anger,

mood, and affect regulation.

Integrated models of ADHD propose conceptual consideration of both top-down cognitive

control and bottom-up emotion regulation in understanding ADHD’s complex clinical

picture, which is helpful when considering the neural bases of self-regulation (Barkley 2009;

Nigg and Casey 2005). While reward anticipation heavily relies on ascending dopamine

circuits, the overall neural systems involved in processing emotion and motivation include

the limbic system, formed by the amygdala, PFC, ACC, ventral striatum or nucleus

accumbens (NAc), and insula. The amygdala is linked to avoidance behavior, while the NAc

is often viewed in terms of approach behavior (Nigg and Casey 2005). The PFC projects to

both of these subcortical regions, probably through ACC, providing top-down regulation of

emotional processes (Barkley 2009; Nigg and Casey 2005). Emotional regulation thus

reflects the ability to change or delay the initial emotional response to create a behavior

more supportive to the goal. Emotional self-regulation is closely connected to working

memory systems and its dysfunction might be more related to inattentive symptoms

(Barkley 2009). Emotional inhibition is associated with a skill of suppressing the prepotent

emotional reaction to express a more socially accepted emotion or behavior; a deficit in

emotional inhibition might be related to hyperactive and impulsive symptoms (Barkley

2009). Emotional problems involving self-regulation and inhibition are important

characteristics of ADHD and both interact with each other (Barkley 2009; Nigg and Casey

2005).

Emotional processes are linked to motivation, which is involved with approach-avoidance

behavior when experiencing an event or situation (Barkley 2009; Nigg and Casey 2005).

Positive emotional valence (or expectation of reward) is related to approach, whereas

negative valence (or expectation of non-reward) is associated with avoidance and

withdrawal (Davidson et al. 1990; O’Doherty et al. 2003). Individuals with ADHD tend to

give disproportionate weight to immediate rewards and are hypersensitive to delayed

reward, thus they exhibit a behavior characterized by excessive approach (Nigg and Casey

2005). Besides the unregulated approach, individuals with ADHD also present a failure in

avoidance, continuing to show certain behaviors even when it is resulting in negative

consequences (Nigg and Casey 2005). Furthermore, studies assessing reward processes

found that children with ADHD are more likely to choose small but immediate rewards than

larger delayed rewards, when controls tend to choose larger delayed rewards (Luman et al.

2005). As a result of a negative emotion experienced when in a delay-rich environment,

ADHD children manifest impulsive and overactive behavior (Sonuga-Barke 2005). Rewards

for children with ADHD become atypically low in reinforcing power as the delay to reward

becomes longer, as evidenced by over-responsiveness to immediate rewards but under-

responsiveness to more distant reward contingencies (Tripp and Alsop 1999).

Similar to the executive top-down models, dopamine plays a key role in modulating the

reward circuit, which includes the NAc of the ventral striatum (Wise 1980; Schultz et al.

1993; Robbins and Everitt 1992) and ACC and orbitofrontal cortical regions (Rogers et al.

2004). The circuit also includes the midbrain ventral tegmental area (Schultz 1997) as well

as the amygdala, which is considered to provide contextual information to adjust
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motivational significance of incentives (Baxter and Murray 2002). Unlike with executive

functions, the dopamine pathway important for reward processing is the mesolimbic

dopamine pathway, which projects from the ventral tegmental area to the NAc. The reward

circuit is important for facilitating reward-related incentive learning, appropriate responses

to stimuli, and the development of goal-directed behaviors. Dysfunction of the NAc, via

selective lesions, induces impulsivity in rats, though lesions to the ACC and medial PFC had

no effect on delayed rewards (Cardinal et al. 2001).

5 Heterogeneity in ADHD

Clinical heterogeneity

Clinical presentation of ADHD is heterogeneous, and the phenotypes are extensive. This

reality supports the notion that scientific study of ADHD should not simply focus on

examining or considering ADHD patients as one homogeneous group, but consider it as a

disorder that rides along a continuum. Some key considerations for sources of phenotypic

heterogeneity include potential dimensionality of trait domains, comorbid behavioral and

psychiatric profile with conduct disorder, anxiety disorder, major depressive disorder, or

learning disorder (Jensen et al. 1997), as well as family history of ADHD (Seidman et al.

1995), and gender effects (Hinshaw et al. 2002; Nigg et al. 2002). With respect to comorbid

profiles, the debate continues as to whether ADHD with conduct disorder/ aggression

represents a different etiological pathway than ADHD without conduct problems

(Banaschewski et al. 2003). This debate can also be made with regard to ADHD with and

without anxiety (Jensen et al. 2001). Gender-based differences in the heterogeneity of

ADHD remain an important issue to address in the field as well. Some studies have

indicated that there are significant differences in deficits between girls and boys with ADHD

(Gershon 2002; Nigg et al. 2002; Hasson and Fine 2012). Other studies have suggested that

girls and boys with ADHD share similar clinical and neuropsychological profiles (Hinshaw

et al. 2002).

As mentioned earlier, the DSM-V describes three presentations, identified in accordance

with the most prevalent current symptoms (e.g., primarily inattentive, primarily impulsive/

hyperactive, and a combination of both). These DSM-V presentations are explicitly not

expected to be stable, as children diagnosed with the disorder can change presentation over

time from year to year (Lahey et al. 2005). Furthermore, ADHD-inattentive presentation

includes children who are sluggish and hypoactive as well as children who are active but shy

of reaching criteria for ADHD-combined presentation, and some experts argue that these

distinctions may represent etiologically distinct phenomena (Carlson and Mann 2002;

Harrington and Waldman 2010; Bauermeister et al. 2012). Yet, ADHD is still

heterogeneous. It is well accepted, for example, that the two symptom dimensions that tend

to converge in ADHD have distinct neural and clinical correlates (Lahey et al. 2005;

Willcutt et al. 2012). ADHD is also associated with cognitive impairments of inhibitory

control and executive functions but neuropsychological profiles of subjects with ADHD

have shown inter- and intra-individual variability.
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Etiological heterogeneity

The clinical heterogeneity of ADHD points to a potential array of causal pathways leading

to the development of the disorder. Until recently, causal models of ADHD, as well as other

mental disorders, have typically proposed a single core dysfunction (Wakefield 1997).

Investigators traditionally compared a group of children with ADHD defined by core

symptoms (i.e., the DSM), to a group of control children without the disorder. Statistical

group differences based on psychometrics, functional brain imaging, or genetics were then

used to inform models of the disorder. This assumption of homogeneity in the case of

ADHD has been questioned in numerous theoretical papers (Berger and Posner 2000;

Sonuga-Barke 2002, 2005; Sonuga-Barke et al. 2008; Nigg et al. 2004, 2005). These data

suggest that while numerous unique neuropsychological measures have been proposed as

related to ADHD, each of them applies to only a subset of those with the disorder.

Recently, attention has been given to another form of heterogeneity that may assist in a

better characterization of ADHD—heterogeneity in typical populations. While, perhaps, less

palpable than heterogeneity in clinical samples, heterogeneity in typical populations may

also be interfering with progress in understanding psychiatric illnesses. Investigators have

often treated typically developing control populations as a monolithic group. However, there

is considerable evidence that individual differences in successful, adaptive psychological

styles are essential for human development, functioning, social cohesion, and health

outcomes (Buss 1991; Goldman et al. 2005; Chapman and Goldberg 2011; Braver et al.

2010).

A recent report by our group (Fair et al. 2012a) has highlighted this potential. In the report,

we applied community detection to a well-characterized data set of 498 children, which

included both typically developing control youth (N = 213) and youth who met research

criteria for ADHD (N = 285) (Fair et al. 2012a). We found several cognitive profiles that

existed in both the ADHD and control populations. Importantly, clarifying what cognitive

functions were atypical in any given child depended on the context (i.e., the profile)

provided by the control populations (Fig. 2). In other words, a portion of the variation

observed across neuropsychological abilities in typically developing populations appeared to

be embedded into discrete communities. Perhaps even more importantly, the heterogeneity

in individuals with ADHD appears to be “nested” in the normal variation. The authors

highlight the importance in identifying mechanisms associated with a mental disorder, such

as ADHD, for comparing individuals to well-adjusted persons with the same cognitive style

or profile.

6 Neuroimaging

Noninvasive neuroimaging techniques have been very important in our understanding of the

neural pathways thought to be disrupted in ADHD. While various noninvasive measures are

often used to study ADHD (e.g., electroencephalography or EEG), here we focus on the

most common, magnetic resonance imaging (MRI) techniques, as they are the most widely

used to date. The three most common MRI techniques include structural or morphologic

studies, which measures the size and shape of brain structures, diffusion tensor imaging

(DTI), which is typically used to provide insight into the integrity of white matter fiber
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tracts, and functional MRI which can be used to measure task-dependent brain activity or

task-independent functional connectivity.

6.1 Morphologic Changes Measured with MRI in Typical Development and ADHD

The earliest and likely most recognized work with regard to morphologic changes in brain

development comes from the work of Giedd et al. (1996). These studies measured changes

in cortical volume or gray matter thickness throughout development. These descriptions of

white and gray matter development with MRI mostly agree with results from earlier

histological work (Yakovlev and Lecours 1967; Benes et al. 1994; Paus 2005; Lenroot and

Giedd 2006; Toga et al. 2006). The most consistent finding in white matter maturity is

generally linear protracted development, which advances into young adulthood (Giedd et al.

1999; Toga et al. 2006; Paus 2005; Casey et al. 2005; Pfefferbaum et al. 1994). In contrast,

gray matter development consists of mostly nonlinear changes that vary markedly in rate by

brain region. Although studies differ on the details (Paus 2005; Giedd et al. 1999; Sowell et

al. 2003; Gogtay et al. 2004; Toga et al. 2006), the general consensus appears to be a

differential peak in gray matter volume (or density) between childhood and early

adolescence that begins to decline during adolescence. Volume loss occurs earliest in

primary sensorimotor areas and latest rostrally in the PFC and caudally/laterally into parietal

and temporal cortex (Toga et al. 2006; Paus 2005; Sowell et al. 2001; Gogtay et al. 2004).

We note here that this general description of white and gray matter development is only a

partial account of a markedly complex process [for review see Toga et al. (2006)].

Developmental changes in brain matter volume are thought to be representative of processes

such as synapse formation and myelination early in development (leading to increases in

volume), and selective pruning and apoptosis (linked to decreases in volume) later in

development. Volume changes throughout the brain are therefore thought to be critical for

normal brain development. With that said, one particular challenge with using structural

MRI is resolution. Every MRI image is a collection of voxels (usually on the millimeter

scale), any one of which consists of a mixture of neurons (axons, dendrites, cell bodies), glia

(including myelin), and blood vessels. For gray matter development, this partial volume

effect makes it difficult to determine how these properties relate specifically to maturation.

For example, increased myelination could potentially be misinterpreted as gray matter loss

(Paus 2005; Gogtay et al. 2004). Importantly, the typical structural changes described above

have been related to cognitive behaviors. For example, Casey et al. (1997) showed

performance improvement in an attention task was correlated with higher ACC volume.

Sowell et al. (2004) has shown that cortical thinning of the dorsal frontal and parietal lobes

correlates with the verbal portion of the Weschler’s intelligence scale and that left

hemispheric thinning was correlated with verbal IQ.

Perhaps not surprisingly, considering the systems involved and the relationships to behavior

of morphologic changes over age, atypical trajectories of these changes have been linked to

ADHD. A study by Shaw et al. (2006) shows that children with ADHD have cortical

thinning throughout the cortex, but particularly in prefrontal regions associated with

attention and other executive functions. Other groups have also shown cortical thinning in

the frontal regions of individuals with ADHD (Depue et al. 2010; McAlonan et al. 2007;
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Batty et al. 2010). Depue et al. (2010) also showed that disrupted performance in behavioral

tasks in ADHD (such as response inhibition, response variability, and processing speed) are

associated with reduced volume in the inferior frontal gyrus. Gray matter reductions have

also been reported in ADHD in the parietal, temporal, and occipital cortices (Carmona et al.

2005; Castellanos et al. 2002; Konrad et al. 2010; Shaw et al. 2007; Sowell et al. 2003).

Subcortical regions such as the hippocampus and amygdala (Plessen et al. 2006), the basal

ganglia, in both size and symmetry (Castellanos et al. 1994, 1996; Filipek et al. 1997;

Ellison-Wright et al. 2008), and the cerebellum (Castellanos et al. 2002; Mackie et al. 2007)

have been implicated as well.

6.2 Structural Changes Measured with DTI in Typical Development and ADHD

DTI has been especially useful in understanding typical brain development. DTI provides

information about the directionality and coherence of water diffusion. Water molecules

inside tissues experience random motion due to thermal energy, which is commonly referred

to as Brownian motion (Le Bihan and Karni 1995). Diffusion-weighted MRI is sensitive to

this Brownian motion because it magnetically labels moving protons. In the early 1990s,

scientists observed that this diffusion coefficient was orientation-dependent in white matter

(Douek et al. 1991; Basser et al. 1994). These orientation biases reflect underlying axonal

orientation and are now used for mapping axonal bundle trajectories (Conturo et al. 1999;

Mori and Barker 1999). Importantly, these diffusion characteristics have implications for the

structural integrity, maturation, and organization of myelinated axons in white matter at the

microstructural level (Johansen-Berg and Rushworth 2009; Nucifora et al. 2007).

There have been several studies examining the typical development of white matter integrity

via DTI. While we will not be exhaustive here, there are a few studies that deserve mention.

One study by Liston et al. (2006) used DTI to assess the development of fronto-striatal

connectivity. The study revealed that diffusion in fronto-striatal white matter tracts becomes

more restricted with age, from 7 to 30 years, paralleled by an age-associated increase in

efficiency in cognitive task performance. The authors suggested that based on these data,

fronto-striatal connectivity may support developmental and individual differences in the

efficient recruitment of cognitive control. Another study by Bava et al. (2010) shows that

during adolescence, an essential period of brain maturation and rewiring, changes in

diffusion properties occur in the bilateral superior longitudinal fasciculi, superior corona

radiata, anterior thalamic radiations, and posterior limb of the internal capsule, suggesting an

ongoing refinement of projection and association fibers. The authors also found correlations

with cognitive performance in adolescents, further suggesting that behavioral improvement

corresponds with white matter changes. DTI has provided the basis for much of this work,

demonstrating, for instance, that intellectual functioning in youth is associated with the

development of white matter circuitry in bilateral frontal, occipito-parietal, and occipito-

temporo- parietal regions (Schmithorst et al. 2005). In addition, the reading skills of children

and adolescents improve with white matter changes in the internal capsule, corona radiata,

and temporo-parietal regions (Beaulieu et al. 2005; Nagy et al. 2004; Niogi and McCandliss

2006; Qiu et al. 2008), and greater left lateralization of the arcuate fasciculus fibers is

associated with improved phonological processing and receptive vocabulary (Lebel and

Beaulieu 2009). Visuospatial working memory capacity is linked to a fronto-intraparietal
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network (Olesen et al. 2003), while better visuospatial construction and psychomotor

performance is associated with high corpus callosum fractional anisotropy (Fryer et al.

2008). Faster response inhibition in children is associated with higher fractional anisotropy

and lower perpendicular diffusivity in the right inferior frontal gyrus and presupplementary

motor cortex (Madsen et al. 2010).

DTI has also informed our understanding of brain circuitry in ADHD (Konrad et al. 2010;

Nagel et al. 2011; van Ewijk et al. 2012). Results from a meta-analysis by van Ewijk et al.

(2012) show that white matter integrity is disrupted in children, adolescents, and adults with

ADHD in regions and tracts such as the inferior and superior longitudinal fasciculus,

anterior corona radiata, corticospinal tract, cingulum, corpus callosum, internal capsule,

caudate nucleus, and cerebellum Integrity of fronto-striatal structural connectivity in both

children and adults using DTI show disturbed connectivity in ADHD subjects compared to

controls (Ashtari et al. 2005; Casey et al. 2007; Konrad et al. 2010; Qiu et al. 2011). Casey

et al. (2007) showed that disruption in fronto-striatal fiber tracts of subjects with ADHD was

correlated with lower performance on a go/no go task, suggesting atypical fronto-striatal

circuitry affects cognitive control in children with ADHD. Importantly, some of these

findings are strengthened by work showing their heritability (Casey et al. 2007; Lawrence et

al. 2013). In a sibling study by Lawrence et al. (2013), individuals with ADHD and their

unaffected siblings show similar differences in white matter microstructure, compared to

controls, in the anterior thalamic radiation, forceps minor, and superior longitudinal

fasciculus.

6.3 fMRI in Typical Development and ADHD

Task-based functional MRI is likely the most recognizable technique that measures brain

function, due to its noninvasive nature, easy applicability, and widespread availability. Much

of the work investigating the nature of typical and atypical functional brain development is

drawn from functional MRI studies (Durston and Casey 2006; Luna and Sweeney 2001).

Recent evidence suggests that the general rules of structural maturation (whereby sensory

and motor area maturation is followed by association areas) do not necessarily hold true for

“functional” maturation. Though association areas mature later, they are not sitting dormant

or being unresponsive to specific task demands, but rather they are actively involved in

information processing despite their structural immaturity. For example, Brown et al. found

multiple types of changes over development for regions involved with lexical processing

throughout early processing and higher associative regions (Brown et al. 2005). Work by

Luna et al. (2001), Casey et al. (1995) and several others (Turkeltaub et al. 2003; Johnson et

al. 2005; Mills and Neville 1997) have shown similar types of dynamics, such that frontal

regions, despite being structurally immature, can have adult-like activation patterns for

specific tasks. With that said, changes in these areas do occur and the strength of higher

order activity in children, and across development, appear to be related to control-related

processes. For example, studies have shown that a decrease in fronto-striatal regions was

associated with impaired cognitive control (Bush et al. 1999; Durston et al. 2003; Konrad et

al. 2006). Further evidence suggests that sensorimotor regions uncorrelated with task

performance were recruited less in cognitive control tasks, whereas enhanced recruitment

was observed in the ventral PFC correlated with task performance (Durston et al. 2006).
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Another study by Casey et al. (2002) examined the development of cognitive and neural

systems involved in overriding a learned action in favor of a new one, which showed greater

activation in the hippocampus and striatum in children than adults along with poorer task

performance. The authors also found that adults recruited cortical regions more than

children, suggesting the pattern of activation becomes more focused throughout

development with maturation and learning.

Functional imaging studies in ADHD have been widespread. Lower activation in the

dorsolateral PFC has also been associated with working memory deficits in adolescents with

ADHD (Sheridan et al. 2007; Hart et al. 2012). Sheridan et al. (2007) suggest that the ability

of individuals to perform a memory task more rapidly while recruiting less PFC can be

viewed as efficient. A recent meta-analysis by Hart et al. (2012) shows that there are two

main domains that are functionally abnormal in ADHD—attention networks (dorsolateral

PFC, parietal cortex, and cerebellum) and inhibitory networks (including the inferior frontal

cortex and ACC). These data support the top-down theory of atypical development, as we

have described previously. In terms of examining reward (bottom-up) circuitry, children

with ADHD have been found to exhibit reduced ventral striatal activity in response to

reward, whereas healthy controls show the opposite relationship (Scheres et al. 2007; Plichta

and Scheres 2013). It has been suggested that neural hyporesponsivity to anticipated reward

may lead to increased reward-seeking behavior, correlated with symptoms of hyperactivity/

impulsivity, to compensate for lower activation in the ventral striatum (Scheres et al. 2007).

Similarly, adults with ADHD have been shown to have reduced ventral striatum activity

during an anticipation of reward gain, while exhibiting enhanced orbitofrontal cortical

activation in response to reward outcomes, a neural “dissociation” during reward processing

(Strohle et al. 2008).

6.4 Functional Connectivity in Typical Development and ADHD

Typically, fMRI studies identify changes in activated brain regions in response to a stimulus

or task compared to a baseline or control condition. To date, much of our understanding

about brain function is drawn from task- or stimulus-based studies. However, investigations

examining spontaneous brain activity via resting state functional connectivity MRI (rs-

fcMRI) are beginning to surge (Biswal et al. 1995). These investigations attempt to

characterize regional interactions while subjects are at rest, not performing a task. Rs-fcMRI

comes from the discovery that spontaneous low-frequency (< ~0.1 Hz) blood oxygen level-

dependent (BOLD) signal fluctuations between functionally related brain regions show

strong correlations at rest (Biswal et al. 1995). Low-frequency BOLD fluctuations are

thought to relate to spontaneous neural activity (Biswal et al. 1995; Nir et al. 2006; Leopold

et al. 2003; Lowe et al. 1998) and cross-correlating the time series of two different regions

allows the investigator to determine which regions are “functionally connected.” Rs-fcMRI

measures are of interest because they are thought to reflect human anatomical connectivity

(Koch et al. 2002; Quigley et al. 2003) and are less burdensome in experimental design,

subject compliance, and training demands making it attractive for studies of development

and clinical groups (Bokde et al. 2006; Greicius et al. 2004; Rombouts and Scheltens 2005;

Tian et al. 2006; Whalley et al. 2005). It should be noted, however, that correlated activity of
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two brain regions may be a result of multi-synaptic pathways rather than a direct anatomical

connection.

Rs-fcMRI has been used to examine systems organization of motor (Biswal et al. 1995),

memory (Andrews-Hanna et al. 2007; Hampson et al. 2006a), language (Hampson et al.

2006b), attention (Fox et al. 2006), and control systems (Dosenbach et al. 2007; Fair et al.

2007; Seeley et al. 2007). Rs-fcMRI is becoming a frequently used tool for examining

changes in network structure across development (Fair et al. 2007; Fransson et al. 2007;

Kelly et al. 2009). This technique has been used to study several disease states including

schizophrenia (Tononi and Edelman 2000), autism (Just et al. 2007), Alzheimer’s disease

(Greicius et al. 2004), Tourette syndrome (Church et al. 2007), and adult ADHD

(Castellanos et al. 2008). With regard to development, cortico–cortical interactions

measured with rs-fcMRI have been investigated from birth through adulthood (Supekar et al.

2009; Fair et al. 2007, 2008, 2009, 2010a; Kelly et al. 2009; Fransson et al. 2007). It is

largely believed that the changes in connectivity throughout development may contribute to

the shift from reflexive, stimulus-bound behavior in childhood, to the goal-directed and

more flexible functioning that is found in adulthood.2

Several studies suggest that the manner in which regions are anatomically and functionally

connected play a significant role in neurodevelopmental disorders such as ADHD and

autism (Castellanos et al. 2008; Just et al. 2007). Indeed, atypical correlated neural

spontaneous activity has been tightly linked to ADHD (Castellanos et al. 2008; Fair et al.

2010b; Uddin et al. 2008; Mills et al. 2012; Costa Dias et al. 2013). For example,

Castellanos et al. (2008) have utilized rs-fcMRI to characterize atypical cortical connections,

showing decreased functional connectivity between the ACC and the precuneus in adults

with ADHD. Other investigators have shown atypical functional connectivity of the default

mode network in both children and adults with ADHD (Uddin et al. 2008; Fair et al. 2010b).

Mills et al. (2012) have also previously shown that resting state functional connectivity

between the thalamus and basal ganglia is atypical in children with ADHD. Another study

by Costa Dias et al. (2013) found that atypical resting state functional connectivity in the

NAc of children with ADHD, as well as increased connectivity between the NAc and the

PFC in ADHD was associated with greater impulsivity.

7 Conclusions and Recommendations

Over the last two decades, there have been numerous technical and methodological advances

available to clinicians and researchers to better understand ADHD and its etiology. Despite

the growing body of literature investigating the disorder’s pathophysiology, ADHD remains

a complex psychiatric disorder to characterize. Some of the major issues that remain unclear

2One of the major hurdles in both fMRI and fcMRI data analysis is head movement. Children often move more than adults and
patients more than controls. The typical approaches to movement correction, however, may not be sufficient when processing
functional connectivity data. This is particularly relevant for hyperkinetic disorders such as ADHD. Recent reports suggest that
traditional motion correction may not be controlling for the changes in signal intensity due to changes in head position (Fair et al.
2012; Power et al. 2012; Satterthwaite et al. 2012; Van Dijk et al. 2012). There have been several new investigations, which are
emerging rapidly that propose new methodological approaches toward correcting for movement-related artifacts from the scanner.
While it is not clear which measurements are superior per se, it is clear that additional steps need to be taken in fcMRI preprocessing
(and fMRI data for that matter) to correct for so called “micro-movements,” and that our current knowledge of atypical brain activity
in ADHD needs to be carefully scrutinized.
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include subtype instability, heterogeneity (in both typical and atypical populations), and the

neural correlates underlying the disorder. Further insight into the heritability of ADHD will

be key in understanding the disorder’s development. Identifying endophenotypes, or

intermediate phenotypes (measurable components that lie in between genes and observed

symptoms), for instance, may improve the prospects of genetic studies. Also, understanding

the heterogeneity found within ADHD populations will be critical in characterizing the

ADHD phenotype and identifying stable, reliable subtypes. Further work in the

heterogeneity and neurobiology of typically developing children will aid in these efforts to

investigate the multiple pathways and circuits related to ADHD.
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Fig. 1.
Using multivariate pattern analysis to compare the two most common subtypes of ADHD

(ADHD-Inattentive and ADHD-Combined), this report showed relatively strong

classification for single subjects (Fair et al. 2012b). Up to 77.0 % accuracy was attained for

ADHD-C compared to typically developing controls (TDC), and up to 80.8 % accuracy for

ADHD-I compared to TDC. Note that the features, or connections, that contributed most

strongly to these predictions showed distributed patterns of atypical connectivity relative to

TDC, measured by “differential” node strength (nodes with many connections that

differentiated groups). Node strength for ADHD-C versus TDC shows strong differentiation

in regions (a) somewhat different from those found in ADHD-I versus TDC (b). c
Comparisons between the subtypes show similar trends. Node colors: red, default; blue,

cerebellum; yellow, fronto-parietal; black, cingulo-opercular; green, occipital; cyan,

sensorimotor
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Fig. 2.
In a previous report, community detection was used to identify subgroups in typically

developing controls (TDC) and ADHD child samples (Fair et al. 2012a). a Four unique

subgroups (i.e., cognitive profiles) were identified in TDC and community structure is

depicted by correlation matrices shown in (b). Darker colors on the grid show lower

correlations between subjects, while lighter colors reveal positive correlations between

subjects. Identified communities are outlined in white. c Applying the community detection

algorithm to the ADHD cohort independently shows similar findings as in (a), with

correlation matrices presented in (d). The authors highlight that, based on

neuropsychological performance, TDC can be classified into distinct subgroups with high

precision and the heterogeneity in individuals with ADHD may be “nested” in this normal

variation
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