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SUMMARY 
 

 

Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most common 

neurodevelopmental disorders occurring in childhood. The main symptoms are 

developmentally excessive levels of inattention, impulsivity and hyperactivity. ADHD 

occurs in 8 to 12% of school age children worldwide; the majority (60%-85%) continues to 

meet criteria for the disorder during their teenage years. 

Volumetric studies in children with Attention-Deficit/Hyperactivity Disorder 

(ADHD) have consistently found global reductions of total brain volume with frontal-

striatal regions, cerebellum and parieto-temporal regions particularly affected relative to 

typically developing subjects. The adult diagnosis of ADHD requires onset in childhood, 

but persistence of ADHD into adulthood is now well documented. This longitudinal course 

together with smaller brain volumes in children with ADHD has raised questions about 

brain development into adulthood. 

 The use of different neuroimaging techniques by independent groups is leading to 

an improved understanding of the neural substrates underlying the pathophysiology of 

ADHD. Nowadays, researchers have begun to place more emphasis on the potential 

contributions of dysfunctional brain circuits, rather than isolated regional abnormalities. 

Therefore, the aim of this thesis is to examine the neural substrates of ADHD by applying 

three different anatomic neuroimaging approaches. A secondary aim is to analyze whether 

these brain differences are related with the diagnosis of ADHD in childhood or whether it is 

associated with the persistence of the diagnosis in adulthood. 

The results of the present dissertation are two-fold. First, in a large sample of 

children and adolescents with ADHD, we found a striking volumetric reduction in the 

ventral striatum, a region critically involved in reward processes that is a key relay in 

cortical-striatal-thalamo-cortical circuits (reward circuit). Second, in adults diagnosed with 

ADHD in childhood, we found reduced cortical thickness and voxel-based morphometry 

(VBM) gray matter volume in parietal and motor regions (Dorsal attentional network). 

Most of these differences were independent of current adult diagnoses status. In other 

words, these differences were largely found in both individuals with persistent ADHD and 
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in those who were in remission. By contrast, reward-related regions were diminished in 

probands with persistent ADHD compared to controls but not in those who were in 

remission. Thus differences in reward-related circuitry (ventral striatum in children, 

orbitofrontal cortex, parahippocampus, thalamus, and frontal pole in adults) were 

associated with the current diagnosis of ADHD, whereas frontal-parietal motor cortex 

differences in adults with ADHD seem to reflect the trait of having had ADHD in 

childhood.  

Our data allow us to suggest an overall integrative hypothesis that dysfunction in the 

reward circuit, which was particularly prominent in children and adolescents with ADHD 

and in the adults with persistent ADHD, reflects ongoing symptoms of ADHD. By contrast, 

abnormalities in the top-down control dorsal attentional network seem to be related to the 

trait of having had ADHD in childhood, as the abnormalities were comparable in adults 

who had remitted or who had persistent ADHD. On the basis of our data, we propose a 

model of ADHD physiopathology in which two main circuits interact. These are the dorsal 

attentional network, which seems to be anatomically abnormal in individuals with a history 

of ADHD, whether or not they are currently affected. As such, we hypothesize that dorsal 

attentional network deficiencies may be related to the genetic factors associated with 

ADHD. By contrast, anatomic abnormalities in the reward circuit appear to be related to 

current ADHD symptoms. Based on our data, we cannot differentiate whether anatomic 

changes in the reward circuits are the basis for symptomatic remission, or whether such 

changes in brain circuits reflect brain remodeling secondary to behavioral effects, such as 

learning and selective reinforcement. This question will have to be addressed in the future 

through longitudinal brain imaging studies that can incorporate genetic factors and 

treatment tracking methods.  
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THEORETICAL BACKGROUND 
 

1.1 Attention-Deficit/Hyperactivity Disorder (ADHD) 

 

1.1.1 DESCRIPTION 

Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most common 

neurodevelopmental disorders occurring in childhood. The main symptoms are 

developmentally excessive levels of inattention, impulsivity and hyperactivity. According 

to the American Psychiatric Association, at least 3% to 5% of school age children in the 

United States are affected with this condition (1). However, current estimates are that 

ADHD occurs in 8 to 12% of school age children worldwide (2).  

 Although ADHD was formerly thought to be limited to childhood, its continuation 

into adolescence and adulthood is no longer in doubt (3). However, all authors agree that 

the rate of ADHD does decrease substantially to about 40 to 50% of formerly diagnosed 

children with ADHD continuing to present with impairing symptoms as adults. 

 

1.1.2 HISTORY

In 1718 Alexander Crichton described characteristics related to children with inattention in 

an article entitled “Mental Restlessness.” In 1902, Stills provided the first modern 

description of ADHD. He proposed that children with overactivity, aggression, inattention 

and insolent behavior had a "Defect of Moral Control," which he believed was a medical 

disorder beyond the patient’s control. After World War I, many children suffered post-

influenza encephalitis. Afterwards many of those children presented aggressive behavior, 

attention deficits and extreme hyperactivity. In 1937, Charles Bradley, who was treating 

those extremely hyperactive children, reported that the newly synthesized stimulant, 

amphetamine, could be profoundly helpful for more than half of those extremely 

hyperactive children (4). Despite the dramatic effects of medication that Bradley had 

reported, most child psychiatrists did not follow his example. In the 1950’s, pediatricians 

treating hyperactive children formulated the belief that the symptoms resulted from subtle 

forms of brain injury, so the disorder was commonly named “minimal brain damage.” In 
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1968, the second revision of the psychiatric nosology, DSM-II, renamed it “Hyperkinetic 

Reaction of Childhood.” Then, in the 1970’s Virginia Douglas proposed that attention 

deficit should be considered the primary symptom instead of hyperactivity as previously 

(5). This notion influenced the revised diagnosis presented in DSM III as Attention Deficit 

Disorder (ADD, without hyperactivity) or Attention Deficit Disorder with Hyperactivity 

(ADDH). This latter diagnostic entity combined inattention, impulsiveness and 

hyperactivity symptoms. In 1987, DSM-III-R was published, and ADD and ADDH were 

combined into a single category: Attention Deficit Hyperactivity Disorder. In 1994, DSM-

IV once again subdivided ADHD, this time into predominantly inattentive subtype, 

predominantly hyperactive-impulsive subtype and combined subtypes (1). 

 

1.1.3 ETIOLOGY 

The specific causes of ADHD are not yet known, but as for all complex traits, the etiology 

of ADHD is thought to involve a combination of multiple genetic factors interacting with 

environmental factors (6, 7). Candidate environmental factors include pre-, peri- and 

postnatal stressors. Alterations during pregnancy such as maternal tobacco and alcohol 

consumption have also been implicated in the developmental of ADHD (8, 9). Other 

aspects like maternal allergies to certain foods or toxicity caused by exposure to lead are 

also believed to play a possible role in the genesis of ADHD in some children (10). ADHD 

is also associated with prematurity and delivery complications (e.g., anoxia) (11). The 

disorder is also thought to be worsened by circumstances such as poverty, poor diet, 

inadequate parental management of children’s behavior or family problems (12). 

Nevertheless, twin and family studies all confirm that most of the variation in ADHD 

symptoms or diagnosis is due to genetic factors alone or in combination with environmental 

factors (12).  

Genetic factors undoubtedly affect all brain functions including those associated 

with cognition and motivation. A prominent hypothesis based on the biochemistry of 

treatment with stimulants posits a deficiency in the concentration of monoamine 

neurotransmitters in individuals with ADHD (13). The monoamine neurotransmitters are 

dopamine (DA), noradrenaline (NA) and serotonin. The first and most studied hypothesis 

has focused on dopaminergic dysregulation, which is currently based on the belief that the 
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psychostimulants inhibit the dopamine transporter and increase the amount of dopamine in 

synapses (14, 15).  Solanto and colleagues proposed that reward dysregulation, specifically 

the process that mediates sustained effort, is partially modulated by DA in the prefrontal 

cortex (PFC)(16) . Now, it is known that methylphenidate not only inhibits the dopamine 

transporter but also the norepinephrine transporter, and that amphetamines affect all three 

monoamines, including serotonin (14). Implication of NA in ADHD has been recently 

supported by data that a norepinephrine reuptake inhibitor is efficacious for treating ADHD 

(17). 

In conclusion, ADHD is a multi-factorial disorder including genetic, environmental 

elements and their interactions together. Most neurochemical hypotheses have focused on 

the monoamine neurotransmitters, although such evidence is largely still circumstantial and 

far from compelling.  

 

1.1.4. CLASSIFICATION AND CRITERIA 

In 1994, ADHD was subdivided into three subtypes. There are currently two diagnostic 

manuals that classify symptoms of hyperactivity, inattention and impulsivity in different 

ways. 

 On the one hand, in 1992, the International Classification of Diseases, 10th Edition (ICD-

10) included three distinct conditions (see Table 1 for complete criteria): 

• Hyperkinetic Disorder: combination of overactive, poorly modulated behavior 

with inattention and lack of persistent task involvement; characteristics pervasive 

over situations and persistent over time. 

• Disturbance of Activity and Attention: attention deficit disorder or syndrome 

with hyperactivity and attention deficit hyperactivity disorder. Excludes 

hyperkinetic disorder associated with conduct disorder. 

• Hyperkinetic Conduct Disorder: Presence of Hyperkinetic Disorder and Conduct 

Disorder. 

On the other hand, in 1994 the American Psychiatric Association established the following 

subtypes: 
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• Attention-Deficit/Hyperactivity Disorder, Combined Type: six or more 

inattentive, and six or more hyperactivity or impulsivity symptoms present for at 

least six months. 

• Attention-Deficit/ Hyperactivity Disorder, Predominantly Inattentive Type: six 

or more inattentive symptoms and less than six hyperactivity-impulsivity symptoms 

are present for at least six months. 

Attention-Deficit/Hyperactivity Disorder, Predominantly Hyperactive-

Impulsive Type: six or more hyperactive-impulsive symptoms and fewer than six 

inattention symptoms present for at least six months (see Table 2 for complete 

criteria): 
Table. 1. ICD-10 criteria for the diagnosis of Hyperkinetic Disorders 
________________________________________________________________________________________________ 

G1 At least six of the following symptoms of attention have persisted for at least six months, to a degree that is 
maladaptive and inconsistent with the developmental level of the child:  

• (1) often fails to give close attention to details, or makes careless errors in school work, work or other activities;  
• (2) often fails to sustain attention in tasks or play activities;  
• (3) often appears not to listen to what is being said to him or her;  
• (4) often fails to follow through on instructions or to finish school work, chores, or duties in the workplace (not 

because of oppositional behaviour or failure to understand instructions);  
• (5) is often impaired in organising tasks and activities;  
• (6) often avoids or strongly dislikes tasks, such as homework, that require sustained mental effort;  
• (7) often loses things necessary for certain tasks and activities, such as school assignments, pencils, books, toys 

or tools;  
• (8) is often easily distracted by external stimuli;  
• (9) is often forgetful in the course of daily activities.  

G2 At least three of the following symptoms of hyperactivity have persisted for at least six months, to a degree that is 
maladaptive and inconsistent with the developmental level of the child:  

• (1) often fidgets with hands or feet or squirms on seat;  
• (2) leaves seat in classroom or in other situations in which remaining seated is expected;  
• (3) often runs about or climbs excessively in situations in which it is inappropriate (in adolescents or adults, 

only feelings of restlessness may be present);  
• (4) is often unduly noisy in playing or has difficulty in engaging quietly in leisure activities;  
• (5) exhibits a persistent pattern of excessive motor activity that is not substantially modified by social context or 

demands.  

G3 At least one of the following symptoms of impulsivity has persisted for at least six months, to a degree that is 
maladaptive and inconsistent with the developmental level of the child:  

• (1) often blurts out answers before questions have been completed;  
• (2) often fails to wait in lines or await turns in games or group situations;  
• (3) often interrupts or intrudes on others (e.g. butts into others’ conversations or games);  
• (4) often talks excessively without appropriate response to social constraints.  

G4 Onset of the disorder is no later than the age of seven years.  
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G5 Pervasiveness  

The criteria should be met for more than a single situation, e.g. the combination of inattention and hyperactivity should be 
present both at home and at school, or at both school and another setting where children are observed, such as a clinic. 
(Evidence for cross-situationality will ordinarily require information from more than one source; parental reports about 
classroom behaviour, for instance, are unlikely to be sufficient.)  

G6 The symptoms in G1 and G3 cause clinically significant distress or impairment in social, academic, or occupational 
functioning.  

G7 The disorder does not meet the criteria for pervasive developmental disorders (F84.-), manic episode (F30.-), 
depressive episode (F32.-), or anxiety disorders (F41.-).  

 

Table. 2. DSM-IV-TR criteria for the diagnosis of Attention-Deficit/Hyperactivity Disorder (ADHD). 
____________________________________________________________________________________________ 
 
A. Either (1) or (2) 
  
(1). 6 (or more) of the following symptoms of inattention have persisted for at least 6 months to a degree that is 
maladaptive and inconsistent with developmental level:  
 
Inattention  
(a) often fails to give close attention to details or makes careless mistakes in schoolwork, work, or other activities  
(b) often has difficulty sustaining attention in tasks or play activities  
(c) often does not seem to listen when spoken to directly  
(d) often does not follow through on instructions and fails to finish  
schoolwork, chores, or duties in the workplace (not due to oppositional behavior or failure to understand instructions)  
(e) often has difficulty organising tasks and activities  
(f) often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort (such as schoolwork or 
homework).  
(g) often loses things necessary for tasks or activities (e.g. toys, school assignments, pencils, books, or tools)  
(h) is often easily distracted by extraneous stimuli  
(i) is often forgetful in daily activities  
(2) 6 (or more) of the following symptoms of hyperactivity-impulsivity have persisted for at least 6 months to a degree 
that is maladaptive and inconsistent with developmental level  
 
Hyperactivity  
(a) often fidgets with hands or feet or squirms in seat  
(b) often leaves seat in classroom or in other situations in which remaining seated is expected  
(c) often runs about or climbs excessively in situations in which it is inappropriate (in adolescents or adults, may be 
limited to subjective feelings of restlessness)  
(d) often has difficulty playing or engaging in leisure activities quietly  
(e) is often "on the go" or often acts as if "driven by a motor"  
(f) often talks excessively 
  
Impulsivity  
(g) often blurts out answers before questions have been completed  
(h) often has difficulty awaiting turn  
(i) often interrupts or intrudes on others (e.g. butts into conversations or games)  
B. Some hyperactive-impulsive or inattentive symptoms that caused impairment were present before age 7 years.  
C. Some impairment from the symptoms is present in two or more settings (e.g. at school [or work] and at home).  
D. There must be clear evidence of clinically significant impairment in social, academic, or occupational functioning.  
E. The symptoms do not occur exclusively during the course of a Pervasive Developmental Disorder, Schizophrenia, or 
other Psychotic Disorder and are not better accounted for by another mental disorder (e.g. Mood Disorder, Anxiety 
Disorder, Dissociative Disorder, or a Personality Disorder) 
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314.01 ADHD, Combined Type - if both A1 and A2 for at least 6 months  
314.00 ADHD, Predominantly Inattentive Type  
314.01 ADHD, Predominantly Hyperactive-Impulsive Type 
__________________________________________________________________________________________________ 
 
 

 

 

 

 

 

1.1.5. ASSESSMENT 

The American Academy of Child and Adolescent Psychiatry has established that screening 

for ADHD should be part of every patient’s mental health assessment by specifically asking 

questions regarding the major symptom domains of ADHD (inattention, impulsivity, and 

hyperactivity) and determining if those symptoms cause impairment (18). A full evaluation 

of ADHD is required whenever parents report that the patient has any ADHD symptom 

(19). 

In ideal conditions, the clinician should perform a detailed interview with the parent 

about each of the 18 ADHD symptoms listed in DSM-IV. For each symptom, the clinician 

should determine whether it is present as well as its duration, severity, and frequency. Age 

at onset of the symptoms should be assessed as well. For a research diagnosis to be applied, 

the patient must have the required number of symptoms, a chronic course, and onset of 

symptoms during childhood. Presence of impairment should be distinguished from 

presence of symptoms. After reviewing the ADHD symptoms, the clinician should 

interview the parent regarding other common psychiatric disorders of childhood. Formal 

structured and semi-structured interviews like the Schedule for Affective Disorders and 

Schizophrenia for School-Age Children (20), the National Institute of Mental Health 

(NIMH) Diagnostic Interview Schedule for Children (21), the DSM-based Diagnostic 

Interview For Children and Adolescents (DICA) (22), and the Child and Adolescent 

Psychiatric Assessment are available (23) and are widely used in research studies. 

Questionnaires, such as the !"##$%&' ()%$#*+,-./' )#0' 1$)23$%' +,4.' 5)*6#7' 82)9$&:

5$;6&$0' +!58<5. are an important and efficient part of the diagnostic assessment but 

cannot be used in isolation to make a diagnosis of ADHD.  
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Teachers, parents, and older children can/should all report on symptoms to assess 

for agreement/validity of diagnosis, to document that the ADHD symptoms occur in 

multiple settings, and consider the special information that each can provide.  If the teacher 

cannot provide a rating scale or the parent declines permission to contact the school, then 

materials from school, such as work samples or report cards, should be reviewed or 

inquired about. A thorough medical history is part of the initial evaluation.  

After interviewing the parents, the clinician should interview the child or 

adolescent. For the preschool or young school-age child, the interview may be done along 

with the parent interview. Older children and adolescents should be interviewed separately 

from parents. The primary purpose of the interview with the child or adolescent is not to 

confirm or refute the diagnosis of ADHD. It is important to consider that young children 

are not often aware of their symptoms. Adolescents may be aware of their symptoms, but 

will generally minimize their significance. The interview with the child or adolescent 

allows the clinician to identify signs or symptoms inconsistent with ADHD or suggestive of 

other serious comorbid disorders (such as mood, psychotic, or substance abuse disorders). 

Since numerous medical problems can be associated with ADHD, the neurologic 

examination is part of a complete diagnostic evaluation. In addition to the traditional 

neurologic examination, a number of standardized office examinations that tap 

developmental neurologic functions are available (26). Furthermore, the neurologic 

examination provides an opportunity to evaluate commonly co-morbid neurologic problems 

of coordination like dyspraxia, and dysgraphia (27). 

Neuropsychological testing is not a necessary part of the diagnostic assessment of 

ADHD. However, testing executive functions is recommended, although executive function 

deficits are not always present in ADHD nor are they unique to ADHD. Intelligence should 

be assessed. Higher IQ ADHD children may compensate for their attention difficulties 

sufficiently to mask executive dysfunction on traditional measures (19), and this may have 

implications for future academic outcomes when support and recognition of ADHD have 

been less available (28). 
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1.1.6. OUTCOME 

Follow-up studies have begun to delineate the life course of ADHD. A majority (60%-

85%) of children with ADHD continue to meet criteria for the disorder during their teenage 

years (3) clearly indicating that ADHD does not remit with the onset of puberty alone. 

Although only 40% of 18- to 20-year-old “grown up” ADHD patients met the full criteria 

for ADHD, 90% had at least five symptoms of ADHD and significant impairment, as 

indicated by a Global Assessment of Functioning score below 60 in one of the major 

longitudinal studies (29). Adults with a childhood history of ADHD have higher than 

expected rates of antisocial, and criminal behavior injuries and accidents (30-32) , 

employment and marital difficulties (33-35) and health problems and are more likely to 

have teen pregnancies (36). 

 

 

1.1.7. TREATMENT 

Treatment plans for ADHD in children may consist of psychopharmacological and/or 

behavior therapy (18). Such plans should include parental and child psychoeducation about 

ADHD and its various treatment options, linkage with community supports, and 

recommendations for obtaining additional school resources as appropriate. 

After reviewing all available evidence, the American Academy of Child and 

Adolescent Psychiatry concluded that it deemed established that pharmacological 

interventions for ADHD are more effective than behavioral treatments alone (37). Behavior 

therapy may be recommended as an initial treatment if the patient’s ADHD symptoms are 

mild with minimal impairment, the diagnosis of ADHD is uncertain, the patient or parents 

reject medication treatment, or there is marked disagreement about the diagnosis between 

parents or between parents and teachers (38). Several studies have shown short-term 

effectiveness of behavioral parent training (38). No evidence supports nonpharmacological 

interventions other than behavior therapy (19), including cognitive-behavioral therapy and 

dietary modification. The AACAP practice parameters recommend that the initial 

psychopharmacological treatment of ADHD should be a trial with an agent approved by the 

Food and Drug Administration for the treatment of ADHD. The following table lists the 

currently approved FDA drugs for ADHD.  
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Table 3. 

 

 

 

 

 

 
 

 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Medications Approved by the FDA for ADHD (Alphabetical by Class) (From: Pliszka et al., JAACAP, 2007). 

 

 

Stimulants are recommended as the first line medication choice to treat ADHD (39-

41). At the present time, the following drugs have been approved by the FDA: 

dextroamphetamine, D and D,L-methylphenidate (MPH), mixed amphetamine salts, 

atomoxetine (18) and guanfacine [refs]. Several randomized controlled trials in the past 30 
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years have consistently reported the effectiveness of stimulants for ADHD symptoms (the 

effect size of stimulant treatment relative to placebo is large, averaging about 1.0, among 

the largest for psychotropic medications) (18). Physicians are free to choose between the 

two stimulant types (MPH or amphetamine) because evidence suggests the two are equally 

efficacious in the treatment of ADHD. The most common side effects of stimulants are 

appetite decrease, weight loss, insomnia, or headache. Less common side effects of 

stimulants include tics and emotional lability/irritability. 

Atomoxetine is currently considered as a second line pharmacological treatment. 

Direct comparisons of the efficacy of atomoxetine with that of MPH (42) and amphetamine 

(18) have shown a greater treatment effect of the stimulants, and in a meta-analysis of 

atomoxetine and stimulant studies, the effect size for atomoxetine was 0.62 compared with 

0.91 and 0.95 for immediate-release and long-acting stimulants, respectively. However, 

atomoxetine may be considered as the first medication for ADHD in individuals with an 

active substance abuse problem, comorbid anxiety, or tics. Atomoxetine is preferred if the 

patient experiences severe adverse effects to stimulants such as mood lability or tics. 

Adverse effects of atomoxetine that occurred more often than with placebo include 

gastrointestinal distress, sedation, and decreased appetite (18). 
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1.2 Neuropsychology of ADHD 

 

The neuropsychological literature of ADHD is extensive and will not be treated 

comprehensively. Classical models have been largely rooted in psychological theory and 

the fundamental concepts of executive function and motivation. The principal theories 

deriving from these perspectives will be briefly discussed. This section will end with 

alternative perspectives which are instead based in neuronal findings from basic science.   

  

1.2.1 EXECUTIVE FUNCTIONS (EF)  

 

 

 

 

Fig. 1. Representation of simple cognitive 

deficit model of attention deficit hyperactivity 

disorder (Barkley 1997) and association with 

frontal striatal circuitry (Alexander et al. 

1990). Slashed C: refers to dysfunction in 

cognitive processes; DLPFC: Dorsolateral 

prefrontal cortex; NE: norepinephrine; DA: 

dopamine. (extracted from Sonuga-Barke 

2005) 

 
 
Children with ADHD tend to have more deficiencies in tasks designed to assess executive 

function than children without ADHD (43). The executive functions involve attention, 

planning, response inhibition, problem solving, initiation, cognitive estimation and working 

memory. The relevance of the frontal lobes is demonstrated by the frontal syndrome that 

can result from frank damage to certain cerebral frontal areas. This is characterized by 

apathy, lack of inhibition, lack of motivation and difficulty achieving goals (44).  

Pennington and Ozonoff raised the question of which specific domains of executive 

processes were most involved in ADHD subjects. They pointed out that the evidence was 

strongest for response inhibition and planning (45). Barkley then proposed that a deficit in 

response inhibition in ADHD patients should be considered the fundamental deficit 
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responsible for all other executive functions impairments (13). While this theory has 

attracted much attention, the data have rarely been supportive, and have mostly falsified the 

Barkley hypothesis. Berwid et al. (46), noting the overwhelming evidence that children 

with ADHD have worse performance on the Continuous Performance Task (CPT), which 

reflects sustained attention deficits (47), suggested that such deficits be considered primary. 

Also some authors have focused on working memory deficits in ADHD (48).  

Despite the extensive literature on executive functions and ADHD, it is clear that 

executive function deficits are insufficient to be diagnostically relevant for ADHD. 

Although they are associated with the disorder, the associations are at best moderate, and 

insufficiently specific (49). 

 

1.2.2 DELAY AVERSION 

Motivational processes have also been explored in ADHD (49). The motivational 

hypothesis related to ADHD with the most support is referred to as the Delay Aversion 

(DAv) theory. This hypothesis is grounded on the observation that children with ADHD 

tend to prefer small immediate rewards to larger but delayed rewards. DAv refers to the 

unwillingness to wait for an objectively preferable but delayed outcome.  According to this 

theory, children with ADHD become frustrated, inattentive or hyperactive if required to 

accept a delayed alternative instead of an immediate option (50). Sonuga-Barke suggested 

that the difficulty in waiting for delayed rewards is caused by an alteration in the circuits 

that process rewards, and that it is independent of executive dysfunctions. He suggested 

that DAv is associated with thalamo-cortical-striatal circuit linking the anterior cingulate 

and orbitofrontal cortex to ventral striatum (nucleus accumbens). The amygdala is also 

implicated in the motivational significance of rewards (50).  

 

1.2.3 DUAL PATHWAY MODELS 

Muller and Zelazo noted an important distinction with regard to executive function (51). 

First, they differentiated pure cognitive processes, such as the ability to suppress automatic 

processes or prepotent responses and maintain task instructions or representations in 

working memory. They described these as “Cool EF processes” and related them to the 

dorsolateral prefrontal cortex (DLPC) and caudate nucleus. Second, they denominated “Hot 
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EF processes” those related to the orbital (OFC), anterior cingulate cortex and ventral 

striatum. Within these processes, they identified some of the functions required to resolve 

emotional conflicts or to appreciate the affective content in a specific situation. Muller and 

Zelazo proposed that ADHD should be considered a disorder of “cool functions.”  

In parallel, Sonuga-Barke formulated a dual pathway model of ADHD (52).  This 

model was intended to reconcile the two groups of processes (executive and motivational) 

previously mentioned in single-pathway models. Sonuga-Barke postulated that executive 

functions and delay aversion could be complementary rather than competing accounts of 

ADHD (see Fig.  2).  

 

 

Fig. 2.  The dual/pathway model (extracted from Sonuga-Barke 2003). 
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1.3 New neuropsychological perspectives based on basic neuroscience. 
 
1.3.1 INTEGRATING HOT AND COOL EXECUTIVE FUNCTIONS 

Building on previous models, Castellanos et al. suggested that ADHD could represent not 

only deficiencies in cool EF, but also in the regulation of cool EF by hot EF processes (53). 

This perspective was based on the seminal observations by Suzanne Haber of the anatomic 

pathways through which information flows in the non-human primate through the cortico-

striatal-thalamo-cortical circuits (54, 55). 

 

1.3.2 CORTICO-STRIATAL CIRCUITS  

Haber et al., divided the striatum into three different components: 1) ventro-medial striatum 

(VMS) divided into shell and core, 2) central striatum (CS) and 3) dorsolateral striatum 

(DLS), based on each region having its own cortical inputs and its own relationship to 

limbic, associative and motor cortex. While the efferent projections from the VMS go to the 

dorsal midbrain, projections from the DLS are limited to the ventrolateral substantia nigra 

(SN), and the CS is intermediate between VMS and DLS. The relationship of each of these 

regions with the midbrain varies because of their different nigrostriatal projections. The 

VMS receives limited projections from the midbrain, but it influences a wide range of 

dopamine neurons, whereas the DLS receives the largest amount of midbrain projections 

and it influences a limited midbrain region (55). 

One of the major findings of Haber et al. was that each striatal region contained 

three different components, a dorsal group of cells, a group of cells that lies within each 

reciprocal terminal field and a ventral component composed of the efferent terminals. 

These three components for each striatonigrostriatal (SNS) projection system occupy a 

different position within the midbrain. The VMS projects dorsomedially, the DLS projects 

ventromedially and the CS system projects between those two (54). 

Based on these observations, Haber et al. proposed a circuit in which information 

from the limbic system feeds into the motor system and affects motor outcomes through the 

three components mentioned before, suggesting that rather than a direct limbic-motor 

interface, information flows through several circuits prior to reaching the motor striatum. 

See Figure below: 

 



 
29 

Extracted from: Haber et al., J. Neurosci. 2000;20:2369-2382 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. DL-PFC, Dorsolateral prefrontal cortex; IC, internal capsule; OMPFC, orbital and 
medial prefrontal cortex; S, shell; SNc, substantia nigra, pars compacta; SNr, substantia nigra, 
pars reticulata; VTA, ventral tegmental area. 

 

The three different subdivisions of the striatum receive forebrain inputs from specific 

cortical regions. The amygdala, hippocampus and Brodmann cortical area 25 project to the 

shell of the nucleus accumbens; the dorsal prefrontal cortex projects to the central striatum 

and the premotor and motor cortex project to the dorsolateral striatum. The ventral striatal 

regions influence more dorsal striatal regions via spiraling SNS projections as follows:  

1. First loop: the midbrain projects from the shell to the ventral tegmental area (VTA) 

and ventromedial substantia nigra pars compacta (SNc) and from the VTA to the 

shell thus forming a closed loop (in red). 

2. Second loop: the ventromedial SNc projects to the nucleus accumbens core forming 

the first spiral projection (in orange). 

3. Third, fourth and fifth loops: from the nucleus accumbens core, projections go more 



 
30 

dorsally and continue through other pathways influencing more dorsal striatal 

regions (in yellow, green and blue). 

  

The establishment of a neuroscience-grounded neuropsychology also serves to highlight 

another circuit/network that has emerged from the work included in this thesis and which 

has the potential to serve as a unifying concept in models of ADHD pathophysiology. 

Specifically, authors have increasingly reported anatomic and functional abnormalities in 

ADHD in frontal and parietal regions that appear to be components of the dorsal attentional 

network (56, 57). Below the dorsal attentional network is described in more detail: 

 

DORSAL ATTENTIONAL NETWORK  

The bilateral dorsal attentional network (dAN) is constituted by two main regions: the 

intraparietal sulcus (IPs) and the conjunction of the precentral and superior frontal sulcus 

(frontal eye fields, FEF). This network mediates goal-directed, top-down processes during 

attentional functioning and interacts with a right-sided ventral system which is stimulus-

driven, bottom-up (56) (Fig. 4a).  

These two segregated neural systems control visual attention. Specifically, the 

dorsal network is more involved in the selection of sensory information and responses to 

stimuli, whereas the ventral network (temporoparietal and ventral frontal cortex) detect 

relevant sensory events, mostly when they are salient and unattended. In particular, as 

described by Corbetta and Shulman (2002), the two key regions of the dorsal attentional 

network are involved in four distinct roles in mediating specific top-down processes (Fig. 

4b). First, with regards to top-down control of spatial attention, the dAN regions along with 

the occipital cortex together perform the sensory analyses of cues. While the occipital 

cortex responds transiently to cues, the IPs and FEF show a more sustained response 

involved in the control of the location of attention. Second, during top-down “attention to 

different features of the object,” the FEF and IPs are also recruited. Different regions of the 

IPs are activated by different cues, suggesting that there is some specialization within the 

parietal cortex depending on the information that is attended (58). The parietal cortex is 

also involved in switching attention between two objects at the same location. Third, the 

dAN is also important for response selection. In particular, the IPs shows preparatory 
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activity that is selective for different effectors and the FEF are associated with preparatory 

activity observed prior to eye movement. Fourth, top-down “signals for task sets” refers to 

the linkage between detection of stimuli and response selection. This linkage is 

underpinned by the convergence of the regions that constitute the dAN. During responses, 

neurons in the IPs area respond more to eye movement preparation, whereas neurons in the 

posterior and medial region of the parietal cortex respond more to arm movement 

preparation (59).   
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            Fig 4. Interaction between dorsal and ventral attentional networks (extracted and modified from Corbetta and Shulman 

2002) 

In summary, the dorsolateral parietal attentional network is involved in top-down 

cognitive functions, such as selection of stimuli and of responses. The main role of this 

network is to link sensory representations that are relevant with motor processes and to 

dynamically control these links. As will be described below, this dorsal attentional network 

appears to be importantly implicated in persistent ADHD in adults.  

This section has focused on recent perspectives of neuropsychology grounded in 

neuroscience as opposed to classical psychology which has highlighted the complex loops 

and spirals of information linking limbic, cognitive, and motor circuits through the basal 

ganglia, on the one hand, and the dorsal attentional network, on the other. While these 

circuits and principles are presumed to not be exhaustive in ADHD, they provide the 

theoretical grounding for the observations reported in the papers to be discussed below.   

1.4 Neuroimaging and ADHD 

 

1.4.1 BRAIN IMAGING APPROACHES  

       1.4.1.1 Anatomic MRI Imaging 

1.4.1.1.1 Manual Tracing of Regions-of-Interest (ROI) 

In traditional morphometry, the volume of the whole brain or its sub-regions is measured 

by drawing regions of interest (ROIs) on brain image slices and then calculating the 

enclosed volume. The manual volumetric method can only be performed on predefined 

ROIs, therefore it is necessary to first define the anatomical borders of any given ROI. For 

the intra- and inter-rater variability to be measured for reliability purposes, more than one 

human tracer has to delineate the borders in a number of individual brains (60, 61). On one 

hand, this method has the advantage of high face validity (62). On the other hand, it is time-

consuming and does not allow segmentation between grey and white matter (62). 
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1.4.1.1.2 Voxel Based Morphometry  

An alternative procedure for measuring the size of brain structures is the automated method 

of segmentation known as voxel based morphometry (VBM). The use of this technique has 

increased recently. With this approach differences in regional volumes are investigated 

throughout the whole brain.  It involves a voxel-wise comparison of the local concentration 

of gray matter between two groups of subjects. The procedure is relatively simple and 

includes high resolution spatially normalization for the images of every subject into 

stereotactic space. Then a segmentation process of the gray matter, white matter and 

cerebrospinal fluid (CSF) from the spatially normalized images is needed. Finally the 

segments of grey matter are smoothed so that each voxel represents the average of itself 

and its neighbors (61). Afterwards, voxel-wise parametric statistical tests, which compare 

the smoothed gray-matter images from the two groups, are performed. For statistical 

purposes corrections for multiple comparisons are made using different statistical methods, 

such as using Gaussian random fields theory or the False Discovery Rate (62). 

 

 

 

1.4.1.1.3 Measurement of Cortical Thickness  

The cortex of the brain is a convoluted mantle with a two-dimensional structure. That is the 

main reason why many investigators desire to characterize cortical anatomy with its surface 

geometry in mind. For that purpose, measuring the thickness of the gray matter is one of 

the main ways of estimating the volume or density of neuronal cell bodies in a given region 

(63). Analysis of the cortex is a complex topic, and although there is some variation in 

techniques applied, this approach has advanced rapidly in the last few years (64).   

 

Cortical thickness is commonly assessed on the basis of the grey matter in segmented 

neuroimaging data, usually from the local or average distance between the white matter 

surface and the pial surface. In other cases, cortical thickness is calculated by averaging the 

distances between the white matter surface and its grey matter counterpart. Cortical 

thickness is relatively stable across a range of brain sizes, across or within species (64). The 

typical thickness of the cortical mantle in humans is between 2 and 5mm (64). With age, 
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the cortex thins at an approximate rate of 10um per year (65). In some brain disorders, 

deviation from this pattern of normative thinning appears to be diagnostically relevant, such 

as in Alzheimer´s disease (66) or in Williams syndrome (67). 

 

 1.4.1.2 Functional MRI Imaging 

             1.4.1.2.1 Task Based Functional Imaging  

Since 1990, functional MRI (fMRI) has been used to detect brain regions involved in a 

specific task, process or emotion. Functional MRI has dominated the neuroimaging field 

for the past two decades, due to its high sensitivity, low invasiveness and relatively easy 

application and availability (68). The approach of fMRI involves measuring changes in the 

regional blood flow (hemodynamic response) and its relation with a neural activity in the 

brain (69). 

The standard fMRI method only detects differences of brain activation between 

several conditions. In other words, the subject has to be asked to alternatively perform a 

task or be stimulated to trigger a process or emotion. These conditions are repeated and can 

be followed by periods of rest; this set of conditions is usually called fMRI, but can also be 

described as task-based functional imaging (69). The detection of brain regions related with 

the paradigm or task is based on the Blood Oxygenation Level Dependent (BOLD) effect. 

More specifically, local signals are detected when blood flow increases in specific regions 

after the performance of the experimental condition. This increase in blood flow occurs 

approximately 1 to 5 seconds after the onset of neural activity. This blood flow increase 

reaches a peak over 5-6 seconds and then falls back to baseline. These changes in the 

hemodynamic response allow investigators to analyze this regional activity and localize it 

(69). 

 

            1.4.1.2.2 Functional Imaging – Resting State  

  Resting state functional MRI (r-fMRI) is a novel and powerful method for measuring 

regional interactions that occur regardless of task performance. It is based on the 

complementary study of low frequency fluctuations (<0.1 Hz) in the BOLD signal recorded 

during resting state which reveals patterns of synchronization that delineate the intrinsic 

functional architecture of the brain (70-72). 
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These fluctuations have shown strong correlations at rest even in distant gray matter 

regions. The spatial patterns of R-fMRI correlations are stable, in that they are similar 

across multiple ‘resting’ states, such as eyes-open, eyes-closed, and fixation, and across 

individuals and sessions (73). The advantages of this technique include that it does not 

require performance of a specific task, which avoids the difficulty of designing or selecting 

experimental designs, it does not require that patients undergo training in a task, and is 

therefore particularly useful for developmental and clinical populations (74-81). 

 

 

1.4.2 NEUROIMAGING FINDINGS AND ADHD 

Neuroimaging methods applied to subjects with ADHD have increased rapidly in 

sophistication during the last decade. Although most of the neuroimaging studies in ADHD 

have reported differences in frontal regions, nowadays there is an increasing interest in 

exploring the brain more broadly. The ADHD field has shifted from solely focusing on 

potential differences in prefrontal regions toward the identification of neural 

substrates/circuits underpinning ADHD- relevant behaviours, wherever they may be located 

(82). 

 

 

 

1.4.2.1 Structural MRI Findings in ADHD 

Volumetric studies in ADHD have demonstrated that this disorder is associated with 

slightly but significantly smaller total brain volume (83), particularly in the prefrontal 

cortex, anterior and posterior cingulate cortex, cerebellum (84), caudate nucleus (85) and 

parietal regions (86-88). More recently, the limbic system (e.g., hippocampus, amygdala) 

(84) has also been implicated in the pathophysiology of ADHD.  

Specifically, in children, McAlonan et al., analyzing 28 children with ADHD and 31 

typically development matched subjects, reported significantly smaller grey matter volumes 

in  frontal cortex, globus pallidus, parietal cortex (Brodmann area (BA) 7, including 

precuneus), superior occipital cortex and cerebellum, independent of comorbidity (89). 
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Seidman et al. in a volumetric study of 24 adults with ADHD contrasted with 18 

comparisons, found smaller grey matter volumes in the prefrontal cortex and the anterior 

cingulate cortex. Adults with ADHD also showed a larger nucleus accumbens (NAcc), 

which is consistent with reward mechanism alterations in ADHD (90). 

 Complementary analyses of cortical thickness reveal overall decreased cortical 

thickness in children (91-94) and adults with ADHD with reductions in ACC, medial 

frontal regions and parieto-temporo-occipital cortex. Recently, Almeida et al. found cortical 

thinning in right frontal lobe of children, adolescents and adults with ADHD (95). 

In summary, volumetric studies in ADHD have extended not only to prefrontal 

regions but to limbic regions (amygdala and hippocampus) and basal ganglia (ventral 

striatum), as well as parietal cortex (specifically BA7) and superior occipital area. 

Nevertheless, although the number of studies of the anatomy of ADHD has increased, the 

tendency to publish underpowered studies with small sample sizes has continued because of 

the substantial costs of brain imaging. The preponderance of underpowered studies 

effectively increases the prevalence of Type I errors, which means that most results must be 

still be interpreted with caution.  

 

1.4.2.2 Functional – Task-based MRI Findings in ADHD 

The number and quality of fMRI studies in ADHD have been increasing as recently 

reviewed qualitative by Bush et al., (96), and quantitative by Dickstein et al. (97). The 

former was an overview of the main imaging techniques being used to study ADHD. The 

conclusions of that qualitative review were that there is a dysfunction of fronto-striatal 

circuitry in ADHD including the prefrontal cortex and the dorsal ACC and striatum.  

In light of these results, Dickstein applied a voxel-wise quantitative meta-analytic 

method, Activation Likelihood Estimation (98) to 17 functional MRI studies of ADHD. 

They reported statistically reduced activation for individuals with ADHD in ACC, inferior, 

medial and dlPFC, basal ganglia, thalamus, and portions of parietal cortex (p<0.05, whole 

brain corrected). Although this meta-analysis supported previous conclusions regarding 

dysfunction in prefrontal regions, it also implicated other circuits, such as thalamus, ventral 

striatum and parietal cortex (97). 
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In summary, although functional imaging is not yet able to provide diagnostically 

useful information in ADHD, recent progress suggests that clinical utility of imaging may 

eventually occur. In the meantime, imaging data is being used to test focused hypotheses 

regarding the neurobiological substrates of ADHD. Specifically in fMRI the main locus of 

dysfunctions that have been detected in ADHD are prefrontal and parietal regions and the 

cerebellar-striato-thalamo-cortical circuit. 

 

1.4.2.3 Functional – Resting State MRI Findings in ADHD 

Although resting state-fMRI is a very novel technique, several studies suggest that ADHD 

is characterized by abnormal patterns of functional connectivity (81, 99-103). For example, 

Castellanos et al., 2008, demonstrated significant decreases (p<.0004) in the functional 

connectivity between the dorsal anterior cingulate cortex (dACC) and 

precuneus/retrosplenial cortex (RSC) in subjects with ADHD. This initial application of 

resting state approaches to the examination of ADHD-related decreases in default network 

functional connectivity identified the dACC/RSC circuit as a potential novel locus of 

dysfunction in ADHD. Castellanos et al. also reported decreases in functional connectivity 

between the precuneus and other default network regions (e.g., ventromedial PFC and 

posterior cingulate) (81). Results from applying the resting state approach, although still 

preliminary, are suggesting that the physiopathology of ADHD may be underpinned by a 

dysfunction of connections between key regions rather than abnormalities in discrete brain 

areas. 
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AIMS 
 

Despite the use of different neuroimaging approaches by independent groups, there is 

increasing convergence of results in specific regions, which suggests that we are close to 

understanding the pathophysiological substrates of ADHD. Nowadays, researchers have 

begun to place more emphasis on the potential contributions of dysfunctions in brain 

circuits, rather than regional abnormalities alone. Therefore, the main goal of the present 

thesis is to examine the neural substrates of the pathophysiology of ADHD and their 

relation with relevant behaviors by applying different neuroimaging techniques.  

This thesis consists of three different studies (published papers) each with its own 

objective: 

Paper 1.”Ventro-striatal Reductions Underpin Symptoms of Hyperactivity and Impulsivity 

in Attention-Deficit/Hyperactivity Disorder.” 

Aim: To examine the ventral striatum of ADHD children compared with matched controls 

and to test whether the differences were associated with ratings of 

hyperactivity/impulsivity. 

Paper 2. “Brain Gray Matter Deficits at 33-Year Follow-Up in Adults with Attention-

Deficit/Hyperactivity Disorder Established in Childhood.” 

Aims:  

To test whether adults with a childhood diagnosis of ADHD, relative to comparisons, 

exhibit cortical thinning and decreased gray matter in specific regions; to assess whether 

anatomic differences are associated with current adult ADHD diagnosis by contrasting 

those with persistent ADHD versus ADHD in remission. 

Paper 3. “Actividad funcional cerebral en estado de reposo: redes en conexión.” 

Aim: To review the current literature on resting state fMRI and the main collaborative 

projects that are being assembled to take advantage of this approach. Specifically, this 

paper provides the first introduction to this relatively new field in Spanish, to inform 

investigators in Spain and Latin America about the promise and potential to start 

formulating hypotheses based on this approach as a way of investigating psychiatric 

disorders including ADHD. 
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STUDY 1 

Biological Psychiatry, 2009: “Ventro-striatal 

Reductions Underpin Symptoms of Hyperactivity and 

Impulsivity in Attention-Deficit/Hyperactivity 

Disorder” 

(Published) 
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STUDY 2 

Archives of General Psychiatry, 2011: “Brain Gray 

Matter Deficits at 33-Year Follow-Up in Adults with 

Attention-Deficit Hyperactivity Disorder Established 

in Childhood” 

(In press) 
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Abstract 

Context: Volumetric studies have reported relatively decreased cortical thickness and gray 

matter volumes in adults with Attention-Deficit/Hyperactivity Disorder (ADHD) whose 

childhood status was retrospectively recalled. We present the first prospective study 

combining cortical thickness and voxel-based morphometry (VBM) in adults diagnosed 

with ADHD in childhood.  

Objective:  In adults who had Combined Type ADHD in childhood, to 1) test whether they 

exhibit cortical thinning and decreased gray matter in regions hypothesized related to 

ADHD, and 2) test whether anatomic differences are associated with current ADHD 

diagnosis, including persistence versus remission.  

Design: Cross-sectional analysis embedded in a 33-year prospective follow-up at mean age 

41.  

Setting: Research outpatient center.  

Participants: ADHD probands were from a cohort of 207 6-12 year old Caucasian boys; 

male comparison subjects (n=178) had been free of ADHD in childhood. We obtained MRI 

scans in 59 probands and 80 comparisons (28% and 45% of original samples, respectively).  

Main Outcome Measure: Whole-brain VBM and vertex-wise cortical thickness analyses. 

Results: Cortex was significantly thinner in ADHD probands than comparisons in the 

dorsal attentional network and limbic areas (FDR<0.05, corrected). Additionally, gray 

matter was significantly decreased in probands in right caudate, right thalamus and bilateral 

cerebellar hemispheres. Probands with persistent ADHD (n=17) did not differ significantly 

from remitters (n=26) at FDR<0.05. At uncorrected p<0.05, remitters had thicker cortex 

relative to those with persistent ADHD in medial occipital cortex, insula, parahippocampus, 

and prefrontal regions.  
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Conclusions: We observed anatomic gray matter reductions in adults with childhood 

ADHD, regardless of current diagnosis. The most affected regions underpin top-down 

control of attention and regulation of emotion and motivation. Exploratory analyses suggest 

that diagnostic remission may result from compensatory maturation of prefrontal, 

cerebellar, and thalamic circuitry. 
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CONTEXT  

Volumetric studies in children with Attention-Deficit/Hyperactivity Disorder 

(ADHD) have consistently found global reductions of total brain volume with prefrontal 

cortex, anterior and posterior cingulate cortex, basal ganglia, cerebellum and parieto-

temporal regions particularly affected relative to typically developing subjects.1-4 These 

findings are consistent with a model of ADHD as a disorder of frontal-striatal-cerebellar 

circuitry. The diagnosis of ADHD requires onset in childhood, but persistence of ADHD 

into adulthood is now well documented.4, 5 This longitudinal course together with smaller 

brain volumes in children with ADHD has raised questions about brain development into 

adulthood. 

 A sparse literature on brain anatomy in adults with ADHD also reports decreased 

volumes in orbitofrontal cortex,6 anterior cingulate cortex (ACC),7, 8 dorsolateral prefrontal 

cortex (DLPFC),9 superior frontal cortex and cerebellum.10 Complementary analyses of 

cortical thickness11 reveal overall decreased cortical thickness in children11-14 and adults 

with ADHD with reductions in ACC, medial frontal regions and parieto-temporo-occipital 

cortex.12-14 Recently, Almeida et al.15 found cortical thinning in right frontal lobe of 

children, adolescents and adults with ADHD.  

Faute de mieux, investigations of structural brain abnormalities in adults have relied 

on adults’ retrospective recall of their childhood status.8, 9, 16-22 The documented 

inaccuracies of such reports23 highlight the advantage of assessing brain anatomy in 

individuals with established childhood-onset ADHD prospectively followed into adulthood. 

Additionally, clinical ADHD remits in a substantial proportion of individuals followed into 

adulthood,24, 25 but the neurobiology of remission has not been previously examined in 

middle adulthood.  
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We report cortical thickness and voxel-based morphometry (VBM) analyses on the 

largest sample to date of adults with childhood ADHD diagnoses (mean age 8) consistent 

with DSM-IV. Follow-up assessments occurred at mean ages 18, 25 and 41 (18FU, 25FU, 

and 41FU, respectively). At 18FU, a comparison group free of childhood ADHD, matched 

for age, sex, ethnicity, and childhood social class was recruited.26-30 Systematic diagnostic 

assessments at each follow-up were conducted by interviewers “blind” to past history and 

group membership. At 41FU, we conducted anatomic brain magnetic resonance imaging in 

probands with childhood ADHD and comparisons. We performed analyses based on 

childhood diagnosis as well as on current diagnostic status in adulthood. Primary aims were 

to: (1) test whether adults with a childhood diagnosis of Combined Type ADHD 

(probands), relative to comparisons, exhibit cortical thinning and decreased gray matter in 

regions hypothesized to be related to ADHD,12-14, 31 and (2) assess whether anatomic 

differences are associated with current ADHD diagnosis. 

METHODS 
 

PARTICIPANTS 
 

The ADHD group originally comprised 207 6 to 12 year-old Caucasian boys 

referred to a research clinic from 1970 to 1977 (mean age 8.3 years). Briefly, they were 

referred by schools because of behavioral problems, had elevated parent and teacher ratings 

of hyperactivity, IQ>85, and a diagnosis of Hyperkinetic Reaction of Childhood.32, 33 

Children with a pattern of aggressive or antisocial behavior were excluded to rule out 

comorbid conduct disorder. Further details of proband characteristics appear in previous 

publications.30, 34 These subjects were assessed at mean ages 18.4±1.3, 25.0±1.3, and 

41.2±2.7. Comparison male subjects (n=178) were recruited at 18FU. Medical center 



 
77 

pediatric charts were reviewed for children seen for routine physical exams from 1970-

1977 when they were 6 through 12 years-old, group-matched for probands’ race, childhood 

socioeconomic status and geographical residence. Parents of suitable children (by then 

adolescents) were called, informed of the study and, if interested, recruited, provided 

parents reported that no teacher had complained about their child’s behavior in elementary 

school. Refusal was low (circa 5%).   

ADULT-FOLLOW UP ASSESSMENT (41FU) 

On average 33 years after initial childhood diagnosis, clinical data were obtained on 

135 male probands (65% of original sample, 69% of those living) and 136 male 

comparisons (76% of 178 recruited in adolescence, 77% of those living). Major DSM-IV 

disorders, as well as multiple aspects of function, were assessed for the interval between 

25FU and 41FU by trained clinicians “blind” to all antecedent data. A special interview, 

Assessment of Adult Attention Deficit Hyperactivity Disorder,_  was developed for 

diagnosing DSM-IV ADHD in adults (see eMethods and eInstrument). Current ADHD was 

defined as meeting DSM-IV criteria during the preceding six months. Participants were 

invited to take part in an anatomical MRI study. Due to refusals and MRI exclusions (see 

Table 1), we obtained MRI scans in 59 ADHD probands and 80 comparisons. Nearly all 

probands (n=57; 97% of those scanned) were treated with methylphenidate in childhood 

between ages 6 and 12, for an average of 2.2 years.35 (See Author e-Table 1 for further 

details of childhood medication treatment, including thioridazine.30) All participants 

provided written informed consent as approved by the NYU School of Medicine 

Institutional Review Board. 

To test whether cortical thickness differed as a function of current ADHD, we 

subdivided probands into three subgroups: 1) those who met diagnostic criteria for DSM-
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IV ADHD at 41FU (“persistents” n=17, including seven Predominantly Inattentive, six 

Predominantly Hyperactive/Impulsive, and four Combined Type); 2) those who did not 

(“remitters” n=26); and 3) those diagnosed with ADHD Not Otherwise Specified (“ADHD-

NOS” n= 16; see eMethods). Comparisons were dichotomized into subjects who did not 

meet criteria for any type of ADHD (“non-ADHD comparisons” n=57) and those who were 

diagnosed with ADHD-NOS (“comparisons with ADHD” n=23). Although all probands 

and all comparisons were included in initial vertex-wise and VBM analyses, subgroup 

analyses focused on current diagnostic status. Accordingly, probands and comparisons with 

current ADHD-NOS, which is not well-defined and did not differ between groups (27% 

and 29%, respectively), were excluded from subgroup analyses. 

 
IMAGING 

 
Anatomic T1-weighted images were obtained on a 3T Siemens Trio with an 8-

channel Siemens head coil (41 scans; 20 ADHD probands, 21 comparisons) and a 3T 

Siemens Allegra with a Siemens single channel head coil (98 scans; 39 ADHD probands, 

59 comparisons; proportions did not differ significantly across scanners, (!(1)
2=0.96, 

p=0.33) with the following parameters: TR=2100ms; flip angle=12; slice 

thickness=1.5mm; inversion time=1100ms; matrix=192x256; FOV=172.5mm. The only 

parameter that differed was TE, which was 3.87ms on the Trio and 3.90ms on the Allegra. 

Structural MRI scans were preprocessed through the fully automated CIVET-MNI 

pipeline.36-39 The initial preprocessing step was to mask MRI native images using an 

automated brain extraction method.40 Data were corrected for non-uniformity artifacts and 

registered to stereotaxic space (MNI152) using a 9-parameter linear transformation. Voxel-
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wise tissue type classification was performed using a neural network classifier followed by 

a partial volume estimation step.38, 41  

For VBM, the classified tissue maps were blurred with a Gaussian kernel of 10mm 

full width at half-maximum. Cortical thickness measures were assessed using a fully 

automated algorithm which defines the distances between a set of vertices at the white 

matter (WM) surface and then expands outward to find the intersection with GM in order to 

generate surface meshes that represent WM and GM interfaces.42 A total of 40,962 linked 

vertices were calculated per hemisphere. Each individual cortical thickness map was 

blurred using a 30mm surface-based diffusion-smoothing kernel to reduce noise while 

preserving anatomical location, as this method produces less volumetric blurring than the 

equivalent Gaussian kernel.43  

 

STATISTICAL ANALYSES 

Global cortical thickness 

We obtained a single global cortical thickness value for each subject by averaging 

across all 81,924 vertices. Linear regression models controlled for age at time of scan and 

scanner model (Trio vs. Allegra).  

 

Vertex-wise and voxel-based morphometry analyses 

Following the study aims, group analyses tested for regional differences in cortical 

thickness and GM density between (1) all adults with a childhood diagnosis of Combined 

Type ADHD and all comparisons; (2a) persistents versus non-ADHD comparisons; (2b) 

remitters versus non-ADHD comparisons; and (2c) persistents versus remitters. For each 

comparison, we regressed cortical thickness at each of 81,924 vertices or whole-brain GM 
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density on group, controlling for age at time of scan and scanner model. The software 

package ‘mni.cortical.statistics’ (Brain Imaging Centre of the Montreal Neurological 

Institute) for the R environment44 was used for cortical thickness analyses and the FMRIB 

Software Library (FSL, www.fmrib.ox.ac.uk) tool Feat, for VBM. Results were thresholded 

using a false discovery rate (FDR) of 0.05.45, 46 Maps of t-statistics for group effects on 

cortical thickness at each vertex or GM density at each voxel were projected onto an 

average brain template revealing clusters that differed significantly between groups. We 

retained clusters comprising at least 50 contiguous vertices for cortical thickness47 and five 

voxels for VBM. 

 

Region-based analyses of cortical thickness and voxel-based morphometry 

To test whether childhood or current ADHD was associated with significant 

differences in specific regions, we performed post-hoc region-of-interest (ROI)-based 

analyses. For each participant, we computed mean cortical thickness or GM density within 

each cluster exhibiting significant (FDR<0.05) group differences in primary analyses by 

averaging across all vertices or voxels within each cluster. We then compared the 

diagnostic subgroups of probands (persistents, remitters) and the comparisons without 

current ADHD, Bonferroni corrected for the number of clusters. For completeness, Author 

e-Table 2  contains means and SD for the subgroups with current ADHD-NOS.  

 

Exploratory analyses of cortical thickness 

To further investigate primary hypotheses for which no FDR<0.05 vertices were 

found, we reexamined subgroup differences heuristically using an uncorrected p<0.05 
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threshold with a cluster threshold of 50 vertices.47 Because of significant between-group 

differences in IQ, we confirmed cortical thickness results by also adjusting for IQ.  

 

RESULTS 

Table 1 summarizes the derivation of the sample. A larger proportion of 

comparisons (45% of originally enrolled participants) than probands (29%) had analyzable 

MRI scans. This discrepancy reflects a significantly higher rate of unavoidable factors in 

probands (27%) (i.e., deaths, incarcerations and MRI exclusions) than in comparisons 

(12%) (!2
(1)=12.08, p<0.001). By contrast, rates of refusal, failure to schedule or to locate 

subjects did not differ significantly (45% of probands versus 43% of comparisons). 

Accordingly, results are based on anatomic images from 59 ADHD probands and 80 

comparisons.  

We compared diagnoses and demographic information at 18FU of subjects who 

were scanned and those who were not (data available for 57/59 probands and all 

comparisons; see Author e-Table 3). Within both proband and comparison groups, 

individuals scanned and those not scanned did not differ significantly on prevalence of 

ADHD, Antisocial Personality Disorder, mood or anxiety disorders, any DSM-III 

disorders, age at referral, IQ, socioeconomic status, or Teacher Conners Hyperactivity 

Factor score. However, scanned probands had significantly higher rates of alcohol 

substance use disorder (SUD), non-alcohol SUD, and any SUD than probands who were 

not scanned (Author e-Table 3)  

DEMOGRAPHICS 

Probands and comparisons did not differ significantly in age at scan, or in lifetime 

prevalence of substance abuse or dependence (see Table 1). As expected, probands and 
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comparisons differed significantly in IQ in childhood and 41FU assessments. See Author e-

Table 5 for demographics of subgroups based on current diagnosis. Current substance use 

and comorbid diagnoses are presented in Author e-Table 5.   

GLOBAL CORTICAL THICKNESS 

Surface-wide, mean cortical thickness was significantly lower in probands (n=59) 

than comparisons (n=80) (mean ± SD 3.18±0.11mm and 3.24±0.11mm, respectively; 

p<0.001 in regression controlling for age and scanner; Cohen’s d=0.54). At 41FU, 

probands with persistent ADHD differed significantly from non-ADHD comparisons 

(3.14±0.13mm and 3.25±0.10mm, respectively; p=0.0005; d=1.02). The remitters 

(3.20±0.11mm) also differed from non-ADHD comparisons in overall cortical thickness 

(p=0.04, d=0.48). However, persistents and remitters did not differ significantly (p=0.10, 

d=0.51). 

VERTEX-WISE ANALYSES OF CORTICAL THICKNESS 

Figure 1A displays the multiple clusters of vertices (detailed in Table 2) for which 

the cortex was significantly thinner (surface-wide FDR<0.05) in ADHD probands; the 

largest cluster extended from right precuneus to precentral gyrus. Other right hemisphere 

clusters were located in inferior parietal lobe, temporal pole, and insula. Left hemisphere 

clusters were located in superior frontal gyrus/frontal pole, precentral gyrus, insula, 

temporal pole, and cuneus. There was no instance in which cortical thickness was 

significantly increased in probands. As shown in eFigure1 and Author e-Table 6, after 

covarying for IQ (in addition to scanner and age), significant cluster centers remained 

largely unchanged in location, but the clusters were less extensive.  

In order to assess associations with current ADHD diagnosis, we performed vertex-

wise comparisons among the different diagnostic subgroups. The 17 individuals with 
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persistent ADHD differed significantly from the 57 non-ADHD comparisons in most but 

not all the regions identified in the initial inclusive analyses (see Table 2 and Figure 1B). 

Additionally, this analysis revealed thinner cortex related to persistent ADHD in the left 

medial occipital cortex and right subgenual ACC. Using FDR<0.05, remitters (n=26) did 

not differ significantly from non-ADHD comparisons; persistents and remitters also did not 

differ in any region at this threshold. There were no vertices at which cortical thickness was 

significantly associated with lifetime or current substance abuse diagnoses, dimensional 

measures of substance abuse, lifetime smoking history, or thioridazine treatment, nor were 

there any significant interactions between group and scanner for any cortical or VBM 

measures. 

 

 

REGION-BASED ANALYSES OF CORTICAL THICKNESS 

To examine potential differences associated with remission from childhood ADHD, 

we focused on the clusters in which ADHD probands exhibited significantly thinner cortex 

than comparisons (FDR<0.05). Both remitters and persistents had thinner cortex than non-

ADHD comparisons, with medium to large effect sizes. Average effect sizes between 

persistents and non-ADHD comparisons (d=0.73) were larger than for remitters (d=0.52), 

although all confidence intervals overlapped (not shown); persistents and remitters did not 

differ significantly from each other in any cluster at FDR<0.05 (see Table 2). 

EXPLORATORY VERTEX-WISE ANALYSES 

When vertex-wise results were thresholded at p<0.05 (uncorrected), we observed 

thinner cortex for persistents versus remitters in insula, bilateral temporal cortex including 

right temporal pole and in left occipital Brodmann area (BA) 19, orbitofrontal cortex and 
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medial ACC (see Figure 2, Author e-Table 7). There were no regions exceeding our cluster 

size threshold of 50 vertices in which remitters exhibited thinner cortex than those with 

persistent ADHD. 

EXPLORATORY REGION-BASED ANALYSES 

In the clusters that differentiated persistents from remitters in exploratory vertex-

wise analyses, persistents differed markedly from non-ADHD comparisons (average 

d=0.75), whereas remitters did not (average d=0.03; t(9)=8.26, p<0.0001). Relative to 

comparisons, remitters had (non-significantly) greater cortical thickness in left superior 

temporal gyrus extending to insula and orbitofrontal cortex, left parahippocampus, left 

ACC, and left medial occipital cortex (see Author e-Table 7). 

 

 

VOXEL-BASED MORPHOMETRY 

As shown in Table 3 and Figure 3, GM density was significantly greater 

(FDR<0.05) for comparisons than for probands in many of the same regions identified 

through cortical thickness analyses as well as in subcortical regions inaccessible to cortex-

based measures. Figure 4 displays decreased GM in probands in right caudate, right 

thalamus and bilateral cerebellar hemispheres. VBM analyses of diagnostic subgroups or of 

medication treatment in childhood with methylphenidate or thioridazine did not yield 

significant results even with more lenient thresholds (FDR"0.2).  

COMMENT  

In a prospective 33-year longitudinal follow-up of 59 probands (mean age 41 years) 

with established ADHD in childhood and 80 prospectively enrolled non-ADHD 

comparisons, we found an overall significant reduction in mean cortical thickness in 
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probands. Beyond this global difference, the greatest cortical thinning associated with 

childhood ADHD was located in bilateral parietal lobes, temporal poles, insula, precentral 

gyri, frontal poles, and right precuneus. No cortical region was significantly thicker in 

probands than comparisons. Although less sensitive,48 VBM also revealed significantly 

decreased GM in probands versus comparisons in right precentral, bilateral parietal, left 

temporal, and right cuneus. Additionally, VBM detected decreased GM in probands in 

caudate, thalamus and cerebellar hemispheres.  

With respect to current adult diagnosis, probands with persistent ADHD differed 

most from non-ADHD comparisons in the same cortical regions identified in our primary 

analyses, as well as in additional clusters in left medial occipital cortex and subgenual 

ACC. Probands with remitted ADHD did not differ significantly from persistents when 

analyses were corrected for full-brain comparisons. In exploratory uncorrected analyses, 

probands with persistent ADHD exhibited reduced cortical thickness relative to remitters in 

bilateral medial occipital lobes, temporal lobes extending to insula, and left 

parahippocampus.   

 Our results extend prior volumetric and cortical thickness findings in ADHD. First, 

consistent with decreased total cerebral volume in ADHD,2-4 our observation of reduced 

global cortical thickness in probands with ADHD confirms prior reports.13, 14, 20 

Furthermore, although we found less frontal and prefrontal cortical thinning in ADHD than 

others,12-15, 20, 49 we confirmed thinner cortical mantle in occipito-parietal,12, 13, 20 temporal 

cortex and precentral regions13, 14 in ADHD. In subcortical analyses, we also confirmed 

anatomic abnormalities in caudate,3, 50, 51 thalamus52, 53 and cerebellum3 in ADHD. 

Studies of cortical thickness in adults with ADHD have focused on specific regions 

associated with executive function and attentional control.54, 55 Makris et al.9 selected nine 
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parcellation units (from 48) per hemisphere and found thinner cortex related to ADHD in 

prefrontal and cingulate cortex and inferior parietal lobe, albeit without correcting for 

multiple comparisons.9 A cross-sectional study of children, adolescents and adults found 

that individuals with ADHD, regardless of age, had significantly thinner right superior 

frontal cortex than controls.15 In the adults with ADHD, the specific reduction, with 

correction for multiple comparisons limited to the frontal lobe, was localized to BA9. In 

contrast, we did not find group differences in much of prefrontal cortex but found 

widespread cortical thinning in bilateral parietal-temporal cortex. We found similar results 

in analyses that included all participants as well as in those limited to probands with 

persistent ADHD versus non-ADHD comparisons. The latter contrasts are comparable to 

studies in adults that define group membership by current diagnostic status.15, 20  

Studies of cortical thickness in children with ADHD are more numerous than those 

in adults,12-14, 33, 47, 56, 57 and typically have examined the entire cerebrum, although nearly 

all (except14) report results uncorrected for multiple comparisons. Thinner cortex has been 

reported in children with ADHD in prefrontal and precentral regions12, 14 parietal and 

temporal lobes12, 13 and inferior frontal gyrus bilaterally.58 In our main analyses, we applied 

FDR full-brain correction for multiple comparisons, and observed significant differences 

whether groups were defined by initial childhood history or by current adult diagnoses. We 

speculate that the robustness of our results reflects having established the diagnosis of 

ADHD in childhood as well as our medium to large sample sizes.  

Broadly, our results implicate disruptions in large-scale neural systems involved in 

the regulation of both attention and emotion in adults with childhood ADHD. We found 

convincing converging anatomic evidence implicating the dorsal attentional network55 and 

distributed regions within limbic circuits that were thinner in ADHD probands than in 
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comparisons. Similar findings were obtained when we contrasted probands with persistent 

ADHD versus comparisons without ADHD. However, we failed to observe hypothesized 

group differences in prefrontal regions.1, 3 Below we discuss our main findings and non-

findings in turn.  

First, we found widespread thinner cortex and decreased GM density in bilateral 

parietal and precentral regions, overlapping areas of the dorsal attentional network. The 

bilateral dorsal network, which mediates goal-directed, top-down executive control 

processes, interacts with a right-sided ventral system (stimulus-driven, bottom-up) during 

attentional functioning,1, 55 particularly in redirecting attention. The core areas constituting 

the dorsal attentional network include the intraparietal sulcus and the conjunction of the 

precentral and superior frontal sulcus (frontal eye fields)55 which were particularly affected 

in the ADHD probands. Strikingly, we also observed significantly thinner cortex in 

precuneus and superior parietal lobe, which along with the dorsal network core regions are 

implicated in top-down processing of shifting of attention.59 These findings are consistent 

with studies of ADHD that report abnormal patterns of activation in parietal regions52 

during working memory,60-62 attentional63-65 or response inhibition tasks.66, 67  

We also found occipital cortical thinning in probands with persistent ADHD versus 

non-ADHD comparisons. Occipital cortex has been recently found to interact with the 

dorsal network in maintaining attention59 and in suppressing responses to irrelevant 

stimuli.68, 69 Individuals with ADHD are easily distracted when required to ignore 

extraneous signals.70, 71 Top-down control deficits when responding to irrelevant stimuli are 

associated with impaired working memory.72, 73 Abnormal activation of occipital cortex has 

been found in youth74 and adults75-77 with ADHD during working memory tasks. Similarly, 

in a meta-analysis of functional imaging studies, children and adolescents with ADHD 
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showed activation decreases in left middle occipital gyrus (BA19) compared to controls.52 

Additionally, a recent VBM study in adults with ADHD found significant bilateral 

reduction of GM volume only in early visual cortex.78 

Our VBM analysis revealed cerebellar, thalamic and striatal GM deficits in ADHD. 

Cerebellar involvement in ADHD is well-established, with findings in children reported 

mostly in the vermis,1-4, 79 and in the hemispheres in adults, as in this sample.60, 80, 81 Early 

anatomical studies of ADHD did not specifically examine thalamic nuclei, although 

thalamic hypoactivation emerged in an unbiased meta-analysis.52 Recently, several studies 

have identified thalamic abnormalities in children/adolescents53, 82 and adults with 

ADHD.83, 84 

Second, our analyses revealed thinner cortex in probands, and particularly those 

with persistent ADHD, across multiple limbic regions such as temporal poles (BA38), 

insula (BA13) and subgenual ACC (BA25). The insula and ACC play important roles in 

sensorimotor, emotional and cognitive function.85, 86 Specifically, subgenual ACC is 

implicated in emotional processing and pain perception.87 In humans, subgenual ACC is 

functionally connected with multiple limbic regions including temporal poles88 and 

insula.89 In turn, the insula, along with participating in performance of demanding tasks,90 

is clearly also related to affective processing.91 Abnormal activations in insula and 

subgenual ACC were reported in a meta-analysis of ADHD functional imaging.52   

Cortical thickness studies in ADHD have downplayed findings in the temporal pole, 

which have been reported but not discussed.12-14 The temporal pole (BA38) is classified as 

a paralimbic region, based on its interconnections with both amygdala and orbitofrontal 

cortex, and is implicated in social and emotional processes.92 Altered activation in temporal 

pole is associated with deficits in face recognition93-100 and mentalizing, i.e., theory of 
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mind.101-104 The temporal poles have been proposed as a channel for the integration of 

emotion and perception, playing an important role in both emotional and social functions.92  

Our findings are consistent with pathophysiological models of ADHD highlighting 

not only cognitive executive functions (“cool” processes) but also emotion/motivational 

deficits (“hot” processes).105 Anatomic “spiraling” circuits begin with emotion/motivation 

pathways which influence “cool” cognitive processes, which in turn control motor 

responses.106 We observed thinner cortex in regions subserving both emotional regulation 

(temporal pole, insula, parahippocampus and subgenual ACC) and top-down attentional 

regulation (dorsal attentional network and medial occipital cortex). Further, our exploratory 

analyses suggest that thinner cortex and diminished gray matter in the dorsal attentional 

network and limbic relay regions is related to the trait of having had ADHD in childhood, 

regardless of current diagnostic status. 

Third, the lack of proband-comparison differences in prefrontal cortex or ACC was 

unexpected.8, 9, 17, 20, 21 To better understand possible differences between persistents and 

remitters, we performed uncorrected exploratory analyses. In regions in which we found 

suggestive differences, we observed remarkable congruence between remitters and controls 

in left superior temporal gyrus, ACC, parahippocampus, and occipital cortical thickness as 

well as in thalamus and cerebellum gray matter density. We cannot rule out that remitters 

may have differed from persistents in these regions since childhood, but the most 

parsimonious explanation is offered by the hypothesis that remission entails compensatory 

processes12, 107 underpinned by prefrontal cortical maturation. While we found supporting 

evidence for ACC and orbitofrontal involvement in diagnostic remission of ADHD, our 

data also suggest superior temporal, medial occipital and thalamo-cerebellar involvement in 

remission.  
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Our findings must be interpreted in light of several limitations. First, despite our 

prospective longitudinal design, we examined brain imaging data only cross-sectionally in 

middle adulthood. Nevertheless, this is the largest sample of children with ADHD followed 

into adulthood, obviating the unreliability of retrospective recall of childhood symptoms. 

Additionally, we report on the largest sample to date of adults with confirmed childhood 

ADHD who had remitted. We were able to analyze imaging data from only 28% of initially 

diagnosed probands with ADHD and 45% of comparison subjects. However, these 

probands and comparisons did not differ from the original sample, and the probands studied 

did not differ significantly from those excluded on nearly all clinical and demographic 

variables, except for significantly higher rates of substance use disorders at 18FU in 

scanned probands. Nevertheless, we did not observe significant relationships between brain 

anatomic measures and substance use disorders. Finally, as is generally the case, our 

probands had significantly lower IQ than comparisons both in childhood/adolescence and 

adulthood. The issue of whether to covary for IQ in disorders such as ADHD is not 

settled.108 As shown in eFigure1 and Author e-Table 7, our principal findings of persistent 

differences in brain anatomy survived covarying for IQ even with conservative full-brain 

correction.   

We were surprised by the rate of ADHD-NOS diagnosed in comparisons, which 

was comparable to the rate in probands. We speculate that secular changes in the general 

public’s awareness of ADHD may have contributed. While we cannot rule out instrument-

related error (see eInstrument), using similar approaches did not yield high rates of ADHD 

symptoms in comparisons in two previous “blind” assessments.24, 26 Nevertheless, analyses 

excluding ADHD-NOS did not alter results appreciably.  
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Subjects were limited to Caucasian males, since the number of originally diagnosed 

females with ADHD was too small for meaningful statistical comparisons. Thus our results 

may not generalize to ADHD in women or to other racial or ethnic groups. However, this 

constraint avoided potential confounds from possible sex, ethnic, or socioeconomic 

differences. Exclusion of conduct disorder comorbidity (see eText) in childhood also 

averted confusion as to the origin of the deficits found in cortical thickness or GM density.  

We cannot comment on cortical thickness or GM density in ADHD in the absence 

of medication treatment, as all but four of the scanned probands were treated with 

methylphenidate as children. We also did not detect significant effects of childhood 

treatment with stimulants or thioridazine in cortical thickness or VBM analyses. Medication 

treatment has been reported to affect cortical thickness47 although the durability of such 

effects is unknown, and treatment had been discontinued for all subjects for several 

decades.  

For logistical reasons, we used two scanners. Fortunately, scans were approximately 

counterbalanced across probands and comparisons, and there were no significant main 

effects or interactions related to scanner type. Secondary analyses (see eFigure2) also 

showed that we obtained comparable results when we examined only the 98 scans obtained 

on the Allegra scanner. Finally, the analyses presented here were limited to cortical 

thickness and VBM; ongoing analyses will examine white matter structure using diffusion 

tensor imaging.  

 
In conclusion, in this first study of childhood ADHD prospectively examined in 

adulthood, we found thinner overall cortex in probands with childhood ADHD that was 

even more pronounced in those with persistent ADHD. Beyond this global effect, we also 
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detected significant reductions in cortex thickness in parietal, temporal and posterior frontal 

regions corresponding to the dorsal attentional network and limbic areas. These findings 

were largely echoed by VBM, which additionally highlighted decreased GM in caudate. 

These regions underpin top-down control of attention and the regulation of emotion and 

motivation and were comparably diminished in probands with remitted ADHD or persistent 

ADHD. Thus these differences seem to primarily reflect the childhood diagnosis of ADHD. 

By contrast, remitters tended to differ from persistents in medial occipital cortex, temporal 

pole, insula, orbitofrontal cortex, parahippocampus, frontal pole, and subcortically in 

cerebellum and thalamus. This supports the suggestion that symptom amelioration and 

diagnostic remission may result in part from compensatory maturation of frontal–thalamic–

cerebellar circuits.107, 109  
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Table and Figure Legends 

 
 

Table 1. Derivation of MRI Sample and Demographics 

* All ADHD probands and comparisons: Caucasian 

**Hollingshead and Redlich (1958) scale, based on the participant’s education and occupation.  

†Highest Grade Completed  

WAIS: Wechsler Adult Intelligence Scale. Obtained for 39 (66%) of the 59 Probands and all Comparisons. 

WASI: Wechsler Abbreviated Scale of Intelligence. Obtained on 54 (92%) of the 59 Probands and 73 (91%) of 

the 80 Comparisons. 

***Completed by the “blind” clinician that conducted the mental status and diagnostic assessments.  

 

Table 2. Cortical Thickness Values for Significant Clusters for Subgroups Defined by Current ADHD 

Diagnostic Status in Mid-Adulthood.  

Results for regions which survived FDR<0.05 and extent > 50 vertices in analyses of the entire sample (Figure 

1a).  

Non-ADHD Controls: comparisons who did not meet criteria for any type of ADHD at 41FU longitudinal 

assessment; ES: Effect Size; BA: Brodmann area; L.: Left; Sup.: Superior; Temp.: Temporal; G.: Gyrus; R.: 

Right; Inf.: Inferior. P-values surviving Bonferroni correction for multiple comparisons or ES>.50 are indicated 

in bold. 

 

Table 3.  Grey Matter Density within Clusters for Subgroups Defined by Current ADHD Diagnostic 

Status in Mid-Adulthood.  

Results for regions which survived FDR<0.05 and extent > 5 voxels in analyses of the entire sample (Figures 3 

and 4). Non-ADHD Controls: comparisons who did not meet criteria for any type of ADHD at 41FU 

longitudinal assessment; ES: Effect Size; BA: Brodmann area; L: Left; Sup: Superior; Temp: Temporal; G: 

Gyrus; R: Right; Inf: Inferior. OFC: Orbitofrontal cortex; P-values surviving Bonferroni correction for multiple 

comparisons or ES>.50 are indicated in bold.  

 

 

 

Figure 1.   

(A) t-map of the significant cortical thinning in probands with ADHD (n=59) compared to comparisons 

(n=80). (B) t-map of the significant cortical thinning in probands with persistent ADHD (n=17) compared to 

non-ADHD comparisons (n=57). False Discovery Rate (FDR) threshold depends on the data and is different 

for the right and left hemispheres. Here the t-statistics at the lowest FDR threshold are projected across each 

hemisphere for each comparison. 
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Figure 2.   

Exploratory uncorrected analyses (p<0.05) reveal regions in which remitted probands (n=27) exhibit thicker 

cortex than probands with persistent ADHD (n=17). See Author e-Table 7 for peaks and coordinates of 

clusters. 

 

Figure 3. 

Comparisons (N=80) exhibit greater gray matter density (left) and cortical thickness (right) in the bilateral 

dorsal attentional network than probands (n=59) with childhood combined type ADHD. Images are in 

radiological convention, right is left and left is right.  

 

Figure 4. 

Voxel-based morphometry reveals that comparisons (N=80) exhibit significantly greater gray matter density 

(FDR <0.05) in right ventral caudate, right thalamus, bilateral cerebellum than probands (n=59) with childhood 

combined type ADHD. Images are in radiological convention, right is left and left is right. 

 

  

ADHD             
Male 

Proband
s             

N (%) 

Male 
Comparisons              

N (%) 

INITIAL SAMPLE 

207 (100) 178 (100) 

    

Unable to locate 21 (10) 20 (11)    

Deceased 15 (7) 5 (3)    
Incarcerated 6 (3) 1 (1)    
Refused MRI 43 (21) 34 (19)    

Not evaluated prior to termination of funding 29 (14) 22 (12)    
         

SUBTOTAL-AVAILABLE FOR SCAN 93 (45) 96 (54)    
MRI Exclusions:        

Size (too large for scanner) 17 (8) 6 (3)    
Claustrophobic 7 (3) 3 (2)    
Metal contraindications 3 (2) 1 (1)    
Failed scan quality criteria 7 (3) 6 (3)    

TOTAL NUMBER WITH USABLE DATA 59 (29) 80 (45)    

         
DEMOGRAPHICS* Mean (SD) Mean (SD) t P (2-tailed) 

Age at Follow-Up (Years)  41.1 (2.7) 41.3 (3.1) 0.51 0.61 

Socioeconomic Status** at Follow-Up 3.37 (1.1) 2.48 (1.0) 5.01 0.001 
Educational Attainment† 13.5 (2.4) 15.6 (2.3) 5.31 0.001 

WAIS Full Scale IQ at 18FU 104(13) 113(13) 3.58 0.001 
WASI Full Scale IQ at 41FU 101 (13) 110 (15) 3.42 0.001 
Global Assessment Scale Rating*** 63.4 (12.5) 71.4 (10.5) 4.05 0-001 

     

Table 1. Derivation of MRI Sample and Demographics 
* All ADHD probands and comparisons: Caucasian 
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**Hollingshead and Redlich (1958) scale, based on the participant’s education and occupation.  
†Highest Grade Completed  
WAIS: Wechsler Adult Intelligence Scale. Obtained for 39 (66%) of the 59 Probands and all Comparisons. 
WASI: Wechsler Abbreviated Scale of Intelligence. Obtained on 54 (92%) of the 59 Probands and 73 (91%) of 
the 80 Comparisons. 
***Completed by the “blind” clinician that conducted the mental status and diagnostic assessments 
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Table 2. Cortical Thickness Values for Significant Clusters for Subgroups Defined by Current ADHD Diagnostic Status in Mid-Adulthood. 
Results for regions which survived FDR<0.05 and extent > 50 vertices in analyses of the entire sample (Figure 1a). Non-ADHD Controls: 
comparisons who did not meet criteria for any type of ADHD at 41FU longitudinal assessment; ES: Effect Size; BA: Brodmann area; L.: Left; Sup.: 
Superior; Temp.: Temporal; G.: Gyrus; R.: Right; Inf.: Inferior. P-values surviving Bonferroni correction for multiple comparisons or ES>.50 are 
indicated in bold 
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Table 3.  Grey Matter Density within Clusters for Subgroups Defined by Current ADHD Diagnostic Status in Mid-Adulthood.  
Results for regions which survived FDR<0.05 and extent > 5 voxels in analyses of the entire sample (Figures 3 and 4). Non-ADHD Controls: 
comparisons who did not meet criteria for any type of ADHD at 41FU longitudinal assessment; ES: Effect Size; BA: Brodmann area; L: Left; Sup: 
Superior; Temp: Temporal; G: Gyrus; R: Right; Inf: Inferior. OFC: Orbitofrontal cortex; P-values surviving Bonferroni correction for multiple 
comparisons or ES>.50 are indicated in bold.  
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Figures1 and Figure 2 
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Figure 3. 
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Figure 4. 
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Supplementary material 

 
eMethods 
Diagnostic Assessments 
Subjects were administered semi-structured interviews by clinicians (Ph.D. clinical psychologists or 
advanced-level clinical psychology doctoral students) who completed a rigorous training program supervised 
by Salvatore Mannuzza, Ph.D., and who demonstrated high reliability on all major disorders of interest on the 
following instruments. Our diagnostic assessments combined standard instruments and a detailed examination 
of ADHD symptoms. Axis I DSM-IV disorders such as Mood, Anxiety, and Psychotic Disorders were 
assessed with the Structured Clinical Interview for DSM-IV-TR Axis I Disorders, Non-Patient Edition 
(SCID-I/NP).1 Because of the importance of characterizing substance use and abuse in detail, we incorporated 
relevant sections from the Psychiatric Research Interview for Substance and Mental Disorders Version 6.0 
(PRISM).2 We designed a novel component for this study which specifically assesses ADHD symptoms, the 
Assessment of Adult Attention-Deficit/Hyperactivity Disorder (AAA; Mannuzza, Klein, Castellanos, 
unpublished; see eInstrument, below).  
 
All interviewers were blind to subject group (probands, controls), past history (i.e., data from previous follow-
ups, and from childhood), and study hypotheses. Interviewers wrote comprehensive clinical narratives that 
were reviewed for diagnostic accuracy and completeness. Based on 75 interviews diagnosed independently by 
Dr. Mannuzza from audio recorded interviews and narratives, chance-corrected reliability kappas were as 
follows: ADHD: 0.95 (ranging from 0.88 to 1.00, depending on the DSM-IV subtype); Antisocial Personality 
Disorder: 0.84; Alcohol Substance Use Disorder: 0.96; non-alcohol Substance Use Disorder: 0.97; Mood 
Disorders: 0.79; Anxiety Disorders: 0.96; and any DSM-IV disorder: 0.92.  
 
Neurological Disorders 
At follow-up all participants were queried about intervening medical or neurological disorders, and none 
reported traumatic or other brain injury. At study enrollment, probands were evaluated neurologically and 
neurological disorders were explicit exclusions. Further, at FU41 (the most recent wave of data collection), 
Probands and Comparisons did not differ significantly in rates of neurological conditions in adulthood 
(convulsive disorders, repeated headaches, etc. – data not shown). 
 
ADHD Not Otherwise Specified (ADHD-NOS) 
Subjects diagnosed as having ADHD-NOS did not meet full DSM-IV criteria but they had to meet the 
impairment criterion and the exclusion criteria. For example, if a subject reported experiencing 4 of 9 
clinically impairing, inattentive behaviors that were creating problems at home and at work, and that were not 
explained by another disorder, the diagnosis of ADHD-NOS was applied.  
 
ADHD in Remission 
To receive a diagnosis of ADHD-NOS, subjects had to fulfill the DSM-IV ADHD Impairment Criterion. If 
they did not (i.e., if their ADHD behaviors did not impair their functioning), then they were considered 
remitted. So, for example, a person reporting difficulty sustaining attention at work "occasionally," and that 
his wife "sometimes" remarked that he wasn't paying attention, but that these behaviors did not have negative 
functional impact (e.g., they did not represent a major problem at work, never substantially affected the 
subject's occupational performance, didn't result in repeated arguments with his wife), would be considered 
remitted if he also denied impairment related to all other ADHD behaviors (distractibility, disorganization, 
forgetting, etc.).  In summary, remitters were defined by the absence of clinically significant impairment 
while ADHD-NOS was defined by the presence of clinically significant impairment without meeting full 
DSM-IV-TR criteria.  
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59 probands was r=-0.02, p=0.85. By contrast, the CTRS includes 4 items that correspond to DSM-IV CD 
behaviors:  destructive, steals, lies, and truancy. The mean (SD) of these items for the 59 probands with MRI 
data was 0.60 (.56), i.e., between Not at all and Just a little. This supports that CD symptoms were extremely 
low in the probands recruited into the study. The Pearson correlation between CD ratings and mean cortical 
thickness in the 59 probands was r=0.10 p=0.42. Thus, we did not find evidence in support of either surrogate 
measures of ODD or CD as likely origins of our principal results. 
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eTable 1. Childhood treatment of the 59 ADHD male probands with anatomic MRI data at 
adult follow-up at mean age 41 (41FU) 
 

 
Cumulative Number of Days Treated  
with Indicated Medication 
[not necessarily consecutive days] 
 

 
 
Medication 

Number of 
Subjects 
Treated 
with 
Medication 
N(%) Mean Median SD Mini- 

Mum 
Maxi- 
mum 

Methylphenidate  55 (93) 789.9 613 640.2 9 2486 
Dextroamphetamine  10 (17) 300.7 176 353.6 22 1202 
Pemoline  3 (5) 205.0 222 44.0 155 238 
Any of Above* 55 (93) 855.7 735 660.1 9 2486 
Imipramine  10 (17) 186.4 109.5 182.4 71 664 
Thioridazine  34 (58) 242.1 149 203.5 3 682 
*All the individuals who were treated with 
dextroamphetamine or pemoline were also treated 
with methylphenidate 
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eTable 2. Grey matter density and cortical thickness within clusters 
for subgroups of controls with ADHD-NOS and probands with 
ADHD-NOS at 41FU  

Regions 

Controls with 
ADHD-NOS              

(n=23) 

Probands with 
ADHD-NOS         

(n=16) 
  mean SD mean SD 

Grey matter density clusters     
L Sup Parietal  (BA7) 0.42 0.04 0.41 0.05 
L Cerebellum 0.55 0.15 0.51 0.08 
L Inf Cerebellum  0.41 0.17 0.34 0.13 
L Middle Temporal gyrus (BA21) 0.37 0.09 0.38 0.08 
L Temporo-occipital (BA37) 0.57 0.09 0.57 0.08 
Brainstem extending to Cerebellum 0.32 0.14 0.27 0.08 
L Temporal-parahippocampal (BA35) 0.74 0.07 0.72 0.06 
L Frontal pole  (BA10) 0.45 0.06 0.43 0.07 
R Parietal Postcentral (BA3) extending to 
BA6 0.40 0.05 0.40 0.05 
R Cerebellum 0.49 0.19 0.46 0.1 
R Thalamus 0.72 0.11 0.71 0.1 
R Occipital, Cuneus  (BA18/19) 0.65 0.07 0.65 0.06 
R Sup Frontal gyrus (BA10) 0.47 0.06 0.45 0.05 
R Frontal lobe  (BA6) 0.47 0.09 0.44 0.09 
R Middle Frontal gyrus (BA10) extending to 
Orbitofrontal cortex (BA11) 0.49 0.07 0.47 0.06 
R Temporal Fusiform  (BA36) 0.64 0.07 0.64 0.07 
R Caudate 0.52 0.11 0.48 0.11 
R Middle Temporal (BA21) extending to 
(BA38) 0.55 0.07 0.54 0.08 
R Middle Temporal (BA21) extending to 
(BA38) 0.51 0.07 0.49 0.08 
Anterior Cingulate/limbic(BA24) 0.80 0.05 0.78 0.04 

Cortical thickness clusters (mm)    
L Sup Parietal (BA7) 2.95 0.18 2.85 0.17 
L Precentral G (BA6) 3.34 0.16 3.26 0.15 
L Sup Temp G (BA38) 3.73 0.23 3.60 0.23 
L Frontal Pole (BA10) 3.19 0.22 3.06 0.18 
L Cuneus (BA19) 2.79 0.15 2.65 0.17 
L Precuneus (BA31) 3.28 0.20 3.23 0.19 
R Precuneus (BA7) 3.18 0.20 3.12 0.13 
R Inf Parietal (BA40) 3.01 0.17 2.91 0.18 
R Sup Temp G (BA38) 3.87 0.29 3.62 0.25 
R Temporal G extending to Insula (BA13)  3.79 0.22 3.69 0.24 
R Precentral G (BA6) 3.38 0.21 3.27 0.19 
R Frontal Pole (BA10) 3.38 0.15 3.28 0.17 
R Middle Frontal G (BA9) 3.41 0.25 3.19 0.18 
R Occipital (BA19) 2.98 0.19 2.86 0.19 
R Occipital (BA18) 2.75 0.15 2.69 0.21 
BA: Brodmann area; L: Left; R: Right; Sup: Superior; Inf: Inferior 
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eTable3 
Participants with vs. without Anatomic MRIs 

 
STAGE 1 CONTRASTS-   

ALL SUBJECTS WITH DATA AT Late Adolescent ASSESSMENT AT Mean Age 18 [18FU] 
 
 

 
Classification of All Male Subjects 

 
Assessments 
 

Probands 
(n = 207) 

N 

Controls 
(n = 178) 

N 
 
MRI Completed,  
18FU Diagnostic Data Obtained 

 
 

59 

 
 

81 
 
MRI Not Completed, 
18FU Diagnostic Data Obtained 

 
 

136 

 
 

97 
 
SUBTOTAL 

 
195 

 
178** 

 
MRI Completed, 
No 18FU Data Obtained  

 
 

2 

 
 

0 
 
MRI Not Completed, 
No 18FU Data Obtained 

 
 

10* 

 
 

0 
  
 
*7 of these Probands did not have any follow-up data (18FU, 25FU, or 41FU) 
 
**All 178 Controls were recruited at 18FU 
 
 
The following Stage 1 Contrasts were based on the 195 Male Probands and 178 Male Controls with 
18FU data. Analyses in eTable3 include 2 Probands and 1 Control who were scanned at 41FU but 
whose data did not pass quality control criteria.  
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eTable3a 
Ongoing (at 18FU) Diagnostic Status of Probands 

 
 

Definite Only 
 

 
Probable or Definite 

 
 
Ongoing (at 18FU) 
DSM-III  
Late Adolescent 
Diagnoses 

 
Probands 

w/MRIs 
(n=59) 
N (%) 

 

 
Probands 
w/o MRIs 
(n=136) 
N (%) 

 
p 

(2-
tailed) 

 
Probands 

w/MRIs 
(n=59) 
N (%) 

 
Probands 
w/o MRIs 
(n=136) 
N (%) 

 
p 

(2-
tailed) 

Antisocial Personality/ 
Conduct Disorder 

 
15 (25) 

 
36 (27) 

 
.88 

 
20 (34) 

 
39 (29) 

 
.47 

 
Alcohol SUD* 

 
7 (12) 

 
3 (2) 

 
.005 

 
8 (14) 

 
6 (4) 

 
.02 

 
Non-Alcohol SUD** 

 
11 (19) 

 
10 (7) 

 
.02 

 
13 (22) 

 
12 (9) 

 
.01 

 
 Any SUD** 

 
15 (25) 

 
11 (8) 

 
.001 

 
16 (27) 

 
16 (12) 

 
.01 

 
Any Mood Disorder 

 
0 

 
0 

 
- - - 

 
1 (2) 

 
2 (2) 

 
.91 

 
Any Anxiety Disorder 

 
0 

 
1 (1) 

 
.51 

 
0 

 
1 (1) 

 
.51 

 
Any DSM-III Dis.*** 

 
22 (37) 

 
40 (29) 

 
.28 

 
26 (44) 

 
45 (33) 

 
.14 

*SUD = Substance Use Disorder  
**Excluding Nicotine Dependence 
***Excluding Attention Deficit Disorder (rates shown in eTable3c and eTable3d) 
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eTable3b 
Ongoing (at 18FU) Diagnostic Status of Controls 

 
 

Definite Only 
 

 
Probable or Definite 

 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
Diagnoses 

 
Controls 
w/MRIs 
(n=81) 
N (%) 

 

 
Controls 
w/o MRIs 

(n=97) 
N (%) 

 
p 

(2-
tailed) 

 
Controls 
w/MRIs 
(n=81) 
N (%) 

 
Controls 
w/o MRIs 

(n=97) 
N (%) 

 
p 

(2-
tailed) 

Antisocial Personality/ 
Conduct Disorder 

 
5 (6) 

 
7 (7) 

 
.78 

 
6 (7) 

 
8 (8) 

 
.84 

 
Alcohol SUD* 

 
3 (4) 

 
5 (5) 

 
.64 

 
5 (6) 

 
7 (7) 

 
.78 

 
Non-Alcohol SUD** 

 
2 (3) 

 
1 (1) 

 
.46 

 
3 (4) 

 
1 (1) 

 
.23 

 
         Any SUD** 

 
4 (5) 

 
6 (6) 

 
.72 

 
6 (7) 

 
8 (8) 

 
.84 

 
Any Mood Disorder 

 
0 

 
2 (2) 

 
.19 

 
1 (1) 

 
3 (3) 

 
.41 

 
Any Anxiety Disorder 

 
3 (4) 

 
0 

 
.06 

 
3 (4) 

 
0 

 
.06 

 
Any DSM-III Dis.*** 

 
10 (12) 

 
12 (12) 

 
.99 

 
16 (20) 

 
15 (16) 

 
.45 

*SUD = Substance Use Disorder  
**Excluding Nicotine Dependence 
***Excluding Attention Deficit Disorder (rates shown in eTable3c and eTable3d) 
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eTable3c 
Ongoing (at 18FU) Attention Deficit Disorder in Probands 

 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
ADD Symptoms 
and Diagnosis 
 

 
Probands 
with MRIs 

(n=59) 
 
 

N (%) 
 

 
Probands 

without MRIs 
(n=136) 

 
 

N (%) 

 
p 

(2-tailed) 

 
Definite 
Attention Deficit Disorder 
with/without Hyperactivity 
 

 
 

21 (36) 

 
 

50 (37) 

 
 

.88 

 
Clinically Significant 

 

 
Inattention 

 
30 (51) 

 
64 (47) 

 
.63 

 
Impulsivity 

 
30 (51) 

 
67 (49) 

 
.84 

 
Hyperactivity 

 
24 (41) 

 
47 (35) 

 
.42 
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eTable3d 
Ongoing (at 18FU) Attention Deficit Disorder in Controls 

 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
ADD Symptoms 
and Diagnosis 
 

 
Controls 

with MRIs 
(n=81) 

 
 

N (%) 
 

 
Controls 

without MRIs 
(n=97) 

 
 

N (%) 

 
p 

(2-tailed) 

 
Definite 
Attention Deficit Disorder 
with/without Hyperactivity 
 

 
 

3 (4) 

 
 

2 (2) 

 
 

.51 

 
Clinically Significant 

 

 
Inattention 

 
7 (9) 

 
10 (10) 

 
.71 

 
Impulsivity 

 
7 (9) 

 
11 (11) 

 
.55 

 
Hyperactivity 

 
7 (9) 

 
5 (5) 

 
.36 
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eTable3e 
Childhood Characteristics of Probands 

 
 
Variable 

 
Probands 
with MRIs 

(n=59) 
 
 

Mean (SD) 
 

 
Probands 

without MRIs 
(n=136) 

 
 

Mean (SD) 

 
p 

(2-tailed) 

 
Age at Referral (months) 

 
99.4 (20.4) 

 
100.8 (19.4) 

 
.63 

 
SES at Referral* 

 
3.3 (0.9) 

 
3.2 (1.1) 

 
.49 

 
WISC Full Scale IQ 

 
105.6 (12.4) 

 
103.5 (11.8) 

 
.26 

 
Conners Hyperactivity Factor** 

 
2.2 (0.5) 

 
2.1 (0.4) 

 
.39 

*Hollingshead & Redlich, (1958) based on parent education and occupation (1-Upper class to 5-
Lower class) 
**Based on the Conners Teacher Rating Scale (0-Not at all to 3-Very much) 
 



 
119 

STAGE 2 CONTRASTS-   
SUBJECTS KNOWN TO BE DECEASED 

AT 41FU REMOVED 
 

At follow-up at mean age 41 (41FU), 15 Probands and 5 Controls were known to be deceased.  
However, 1 of these Probands had not participated in any of the follow-ups (18FU, 25FU, or 41FU).  
Therefore, the following Stage 2 Contrasts were based on 181 Male Probands (i.e., 195 minus 14) 
and 173 Male Controls (i.e., 178 minus 5) who were not known to be deceased at 41FU, and who 
had 18FU data. Analyses include 2 Probands and 1 Control who were scanned at 41FU but whose 
data did not pass quality control criteria.  

 
eTable3f 

Ongoing (at 18FU) Diagnostic Status of Probands 
Not Known to be Deceased at 41FU 

 
 

Definite Only 
 

 
Probable or Definite 

 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
Diagnoses 

 
Probands 

w/MRIs 
(n=59) 
N (%) 

 

 
Probands 
w/o MRIs 
(n=122) 
N (%) 

 
p 

(2-
tailed) 

 
Probands 

w/MRIs 
(n=59) 
N (%) 

 
Probands 
w/o MRIs 
(n=122) 
N (%) 

 
p 

(2-
tailed) 

Antisocial Personality/ 
Conduct Disorder 

 
15 (25) 

 
32 (26) 

 
.91 

 
20 (34) 

 
35 (29) 

 
.48 

 
Alcohol SUD* 

 
7 (12) 

 
2 (2) 

 
.003 

 
8 (14) 

 
5 (4) 

 
.02 

 
Non-Alcohol SUD** 

 
11 (19) 

 
9 (7) 

 
.02 

 
13 (22) 

 
11 (9) 

 
.02 

 
     Any SUD** 

 
15 (25) 

 
10 (8) 

 
.002 

 
16 (27) 

 
15 (12) 

 
.01 

 
Any Mood Disorder 

 
0 

 
0 

 
- - - 

 
1 (2) 

 
2 (2) 

 
.98 

 
Any Anxiety Disorder 

 
0 

 
1 (1) 

 
.49 

 
0 

 
1 (1) 

 
.49 

 
Any DSM-III Dis.*** 

 
22 (37) 

 
36 (30) 

 
.29 

 
26 (44) 

 
40 (33) 

 
.14 

 
*SUD = Substance Use Disorder  
**Excluding Nicotine Dependence 
***Excluding Attention Deficit Disorder (rates shown in eTable3h and eTable3i) 
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eTable3g 

Ongoing (at 18FU) Diagnostic Status of Controls 
Not Known to be Deceased at 41FU 

 
 

Definite Only 
 

 
Probable or Definite 

 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
Diagnoses 

 
Controls 
w/MRIs 
(n=81) 
N (%) 

 

 
Controls 
w/o MRIs 

(n=92) 
N (%) 

 
p 

(2-
tailed) 

 
Controls 
w/MRIs 
(n=81) 
N (%) 

 
Controls 
w/o MRIs 

(n=92) 
N (%) 

 
p 

(2-
tailed) 

Antisocial Personality/ 
Conduct Disorder 

 
5 (6) 

 
5 (5) 

 
.84 

 
6 (7) 

 
6 (7) 

 
.82 

 
Alcohol SUD* 

 
3 (4) 

 
4 (4) 

 
.83 

 
5 (6) 

 
5 (5) 

 
.84 

 
Non-Alcohol SUD** 

 
2 (3) 

 
1 (1) 

 
.49 

 
3 (4) 

 
1 (1) 

 
.25 

 
     Any SUD** 

 
4 (5) 

 
5 (5) 

 
.88 

 
6 (7) 

 
6 (7) 

 
.82 

 
Any Mood Disorder 

 
0 

 
1 (1) 

 
.35 

 
1 (1) 

 
2 (2) 

 
.64 

 
Any Anxiety Disorder 

 
3 (4) 

 
0 

 
.06 

 
3 (4) 

 
0 

 
.06 

 
Any DSM-III Dis.*** 

 
10 (12) 

 
9 (10) 

 
.59 

 
16 (20) 

 
12 (13) 

 
.23 

*SUD = Substance Use Disorder  
**Excluding Nicotine Dependence 
***Excluding Attention Deficit Disorder (rates shown in eTable3h and eTable3i) 
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eTable3h 
Ongoing (at 18FU) Attention Deficit Disorder in Probands 

Not Known to be Deceased at 41FU 
 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
ADD Symptoms 
and Diagnosis 
 

 
Probands 
with MRIs 

(n=59) 
 
 

N (%) 
 

 
Probands 

without MRIs 
(n=122) 

 
 

N (%) 

 
p 

(2-tailed) 

 
Definite 
Attention Deficit Disorder 
with/without Hyperactivity 
 

 
 

21 (36) 

 
 

43 (35) 

 
 

.96 

 
Clinically Significant 

 

 
Inattention 

 
30 (51) 

 
57 (47) 

 
.60 

 
Impulsivity 

 
30 (51) 

 
60 (49) 

 
.83 

 
Hyperactivity 

 
24 (41) 

 
41 (34) 

 
.35 
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eTable3i 
Ongoing (at 18FU) Attention Deficit Disorder in Controls 

Not Known to be Deceased at 41FU 
 
 
Ongoing (at 18FU) 
DSM-III 
Late Adolescent 
ADD Symptoms 
and Diagnosis 
 

 
Controls 

with MRIs 
(n=81) 

 
 

N (%) 
 

 
Controls 

without MRIs 
(n=92) 

 
 

N (%) 

 
p 

(2-tailed) 

 
Definite 
Attention Deficit Disorder 
with/without Hyperactivity 
 

 
 

3 (4) 

 
 

2 (2) 

 
 

.55 

 
Clinically Significant 

 

 
Inattention 

 
7 (9) 

 
9 (10) 

 
.80 

 
Impulsivity 

 
7 (9) 

 
10 (11) 

 
.62 

 
Hyperactivity 

 
7 (9) 

 
5 (5) 

 
.41 

 



 
123 

 
 

eTable3j 
Childhood (Time 1) Characteristics of Probands 

Not Known to be Deceased at 41FU 
 
 
Variable 

 
Probands 
with MRIs 

(n=59) 
 
 

Mean (SD) 
 

 
Probands 

without MRIs 
(n=122) 

 
 

Mean (SD) 

 
p 

(2-tailed) 

 
Age at Referral (months) 

 
99.4 (20.4) 

 
101.1 (19.7) 

 
.58 

 
SES at Referral* 

 
3.3 (0.9) 

 
3.2 (1.1) 

 
.41 

 
WISC Full Scale IQ 

 
105.6 (12.4) 

 
103.0 (11.6) 

 
.17 

 
Conners Hyperactivity Factor** 

 
2.2 (0.5) 

 
2.1 (0.4) 

 
.41 

*Hollingshead & Redlich, (1958) based on parent education and occupation (1-Upper class to 5-
Lower class) 
**Based on the Conners Teacher Rating Scale (0-Not at all to 3-Very much) 
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eTable 4. Demographic characteristics of the 139 ADHD probands and non-ADHD 
male controls with analyzable anatomic MRI data at 41FU 

Adult Variable 

Probands 
without 
ADHD 

(remitters)       
(n = 26) 

Probands 
with 

Persistent 
ADHD             

(n = 17) 

Probands 
with ADHD 

NOS           
(n = 16) 

Non-ADHD 
Controls         
(n = 57) 

Controls 
with ADHD  

NOS           
(n = 23) 

F 
p                 

(two-
tailed) 

  Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)     
Age at Follow-Up 
(Years) 41.0 (2.5) 41.2 (2.7) 41.0 (3.0) 41.3 (3.0) 41.5 (3.5) 0.12 0.98 
Socioeconomic 
Status* at 41FU 3.2 (1.1) A 3.7 (1.2)B,C 3.4 (1.0)D 2.4 (1.1) A,B,D 2.7 (.9)C 7.1 0 
Educational 
Attainment** 13.9 (2.8)E 13.7 (2.1) F 12.7 (2.1)G,H 15.7 (2.2) E,F,G 15.4 (2.4)H 7.78 0 
WASI*** Full Scale 
IQ 104.2 (11.8) 100.7 (13.4) 97.1 (14.7)I 111.9 (12.7) I 104.8 (18.6) 4.56 0.002 
Global Assessment 
Scale Rating**** 67.5 (14.9) 61.5 (8.9)J 58.8 (9.7)K 73.5 (10.5) J,K,L 65.9 (8.3)L 8.23 0 

Hollingshead and Redlich (1958) scale, based on the participant’s education and occupation.  This 
5-point scale ranges from 1-upper social class to 5-lower social class.  
**Highest Grade Completed (12- high school, 16- 4 years of college, etc.) 
***Wechsler Abbreviated Scale of Intelligence. WASIs were only obtained on 74 (92%) of the 80 
Controls. 
****The Global Assessment Scale was completed by the “blind” clinician that conducted the 
diagnostic assessment.  
Pairwise comparisons using Tukey’s HSD 
A pairwise comparison significant (p = .024) 
B pairwise comparison significant (p <.001) 
C pairwise comparison significant (p = .028) 
D pairwise comparison significant (p = .006) 
E pairwise comparison significant (p = .008) 
F pairwise comparison significant (p = .014) 
G pairwise comparison significant (p <.001) 
H pairwise comparison significant (p = .006) 
I pairwise comparison significant (p = .003) 
J pairwise comparison significant (p = .001) 
K pairwise comparison significant (p <.001) 
L pairwise comparison significant (p =.042) 
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eTable 5. Comorbidity of adult mental disorders among the 59 ADHD male 
probands and the 80 non-ADHD male comparisons with analyzable anatomic 
MRI data at 41FU 
 
 
Ongoing DSM-IV Disorder (Past 6 Months) 

 
Probands 
(n = 59) 
N (%) 

 
Comparisons 

(n = 80) 
N (%) 

 
!2 

 
 

 
p  

(2 tailed) 
 

Attention Deficit Hyperactivity Disorder  
Full DSM-IV-TR Criteria* 17 (29) 0 26.26 .001 
Not Otherwise Specified (NOS)  16 (27) 23 (29) 0.04 .83 
Either of Above 33 (56) 23 (29) 10.43 .001 
Antisocial Personality Disorder 9 (15) 0 13.05 .001 
Substance Use Disorder  
Alcohol 2 (3) 14 (18) 6.64 .01 
Non-Alcohol** 9 (15) 6 (8) 2.12 .15 
Either of Above** 11 (19) 16 (20) .04 .84 
Mood Disorder 5 (8) 7 (9) 0.00 -- 
Anxiety Disorder 8 (14) 4 (5) 3.15 .12 
ANY DSM-IV DISORDER*** 26 (44) 27 (34) 1.53 .22 
*Inattentive, Hyperactive-Impulsive, or Combined 
**excluding Nicotine Dependence 
***excluding ADHD and Nicotine Dependence 
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eTable 6. Significant (FDR 0.05) cortical thickness clusters without or with adjustment for IQ  
in inclusive analyses. See Figure 1 and eFigure1.   

Without IQ as covariate With IQ as covariate 

Region 
MNI 

coordinates vertices # Region 
MNI 

coordinates vertices # 
L Sup Parietal 
(BA7) -26, -55, 68                 4,290 

L Sup Parietal 
(BA7) -25, -55, 68 827 

L Precentral G 
(BA6) -35, 37, 36                784 

L Precentral G 
(BA6) -45, -13, 53 115 

L Sup Temp G 
(BA38) -54, 10, -22         915 

L Sup Temp G 
(BA38) -54, 10, 22 108 

L Frontal Pole 
(BA10)  -31, 62, -6         638 

L Frontal Pole 
(BA10)  -31, 62, -6         179 

L Cuneus (BA19) -13,  -91, 35       618     
L Precuneus 
(BA31)  -6, -65, 30      62     
R Precuneus 
(BA7) 10, -73, 51           1148     

R Inf Parietal 
(BA40) 49, -40, 50  4836 

R Inf Parietal 
(BA40) 
extending to 
BA6 49, -40, 50  2,693 

R Sup Temp G 
(BA38) 30, 15, -40  1141 

R Sup Temp G 
(BA38) 30, 15, -40  374 

R Temporal G 
extending to 
Insula (BA13)  48, -1, -3      315     
R Precentral G 
(BA6) 58, 0, 36    315     
R Frontal Pole 
(BA10) 27, 47, 32               98     
R Middle Frontal 
G (BA9) 25, 47, -14               130     
R Occipital (BA19) 27, -87, 26       210     
R Occipital (BA18) 10, -80, 10        94       

L: Left; BA: Brodmann area; G: Gyrus; Sup: Superior; R: Right; Inf: Inferior 
 
 
 
 
 
 
 
 
 



 
 

eTable7. Cortical thickness within clusters differentiating remitters vs. persistents in uncorrected vertex-wise analyses 

Regions 
MNI X, Y, Z    

(No. of 
vertices) 

Non-ADHD 
Controls        

(n=57) 

Probands  w/ 
Persistent 

ADHD              
(n=17) 

Remitted 
Probands          

(n=26) 

Non-ADHD 
Controls               

vs. Persistents 

Non-ADHD 
Controls               

vs.  Remitters 
Remitters vs. 
Persistents 

    mean SD mean SD mean SD p ES p ES p ES 

L Sup Temporal 
(BA38) extending to 
Insula (BA13) and 
Orbitofrontal (BA11) 

-43,10, -19    
(635) 3.94 0.37 3.64 0.30 3.96 0.33 0.004 0.83 0.787 -0.06 0.003 1.00 

L Parahippocampus 
-27, -5, -28            

(246) 3.94 0.28 3.76 0.25 4.01 0.25 0.025 0.63 0.229 -0.29 0.003 0.98 

L Anterior Cingulate 
-6, 18, 40             

(142) 3.70 0.19 3.67 0.18 3.75 0.23 0.588 0.15 0.240 -0.28 0.213 0.40 

L Occipital (BA17/18) 
-15, -69, 23             

(1881) 3.04 0.14 2.89 0.11 3.04 0.12 0.0001 1.12 0.996 0.00 0.0003 1.23 
R Temporo-insular 
(BA13) 

37, 10, 9    
(319) 4.03 0.22 3.81 0.27 3.98 0.28 0.001 0.96 0.360 0.22 0.055 0.62 

R Frontal Pole (BA10) 
22, 51, -15     

(315) 3.35 0.20 3.18 0.18 3.32 0.17 0.002 0.89 0.497 0.16 0.013 0.81 
R Temporal Pole 
(BA38), extending to 
Insula 

47, 9, -12             
(978) 3.91 0.23 3.64 0.29 3.86 0.20 0.0002 1.10 0.406 0.20 0.004 0.94 

R Occipital 
(BA17/18/19) 

 25, -68, -11     
(2111) 3.30 0.13 3.21 0.14 3.31 0.11 0.015 0.69 0.851 -0.04 0.015 0.79 

R Precentral (BA6) 
53, 2, 41   

(130) 3.26 0.16 3.08 0.26 3.21 0.18 0.001 0.97 0.141 0.35 0.072 0.58 
R Occipital/parietal 
(BA19) 

32, -78, 30  
(78) 2.98 0.20 2.94 0.28 2.97 0.22 0.448 0.21 0.782 0.07 0.672 0.13 

L: Left; BA: Brodmann area; Sup: Superior; R: Right  
P-values surviving Bonferroni correction for multiple comparisons or ES>.50 are indicated in bold. 
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DISCUSSION 

 
 

The main goal of the present thesis was to examine the neural substrates of the pathophysiology 

of ADHD and their relation with relevant behaviors by applying a range of different 

neuroimaging techniques. The new perspective of researchers in the ADHD field is that the 

physiopathology of the disorder may be underpinned by abnormal connections among several 

regions (circuits) rather than discrete regional abnormalities. This is the perspective that forms 

the basis for the two different empirical studies I conducted in individuals with ADHD applying 

three different anatomical MRI techniques. Also included is a synthetic published review that 

highlights the importance of a novel neuroimaging approach that is expected to further advance 

this field.  

The two different empirical studies (Paper 1 and Paper 2) were performed to analyze 

brain anatomy of individuals with ADHD. The first compared children/adolescents with ADHD 

to controls. The second was focused on adults with a childhood diagnosis of ADHD versus 

controls. Additionally, this study of adults also distinguished subgroups based on adult 

diagnostic status: those who no longer met criteria for ADHD (remitters) and those who 

continued to meet DSM-IV criteria as adults (persistents). Below I explain the main 

contributions of each of the four papers presented in this dissertation. 

The first experimental project (Paper 1) was the first study to analyze the volume of the 

ventral striatum using the fully manual traditional approach of hand-tracing. Although the 

technique of hand-tracing ROI is time consuming and requires great care to maintain reliability, 

it is considered the gold-standard method, as it is more precise than semi-automated or fully 

automated methods. We found that ventral striatum volumes were diminished by approximately 

26% in children with ADHD compared to controls (an effect size exceeding 0.8SD). This is the 

largest effect reported in the ADHD literature for an anatomic volumetric difference. Further, 

obtaining volumes of the ventral striatum allowed us to relate those ventral striatum volumes to 

hyperactivity/impulsivity symptoms; we found a significant negative correlation between 

symptoms and ventral striatal volume.  
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The second empirical project (Paper 2, in press) has many unique features. First, it is the 

only study that combines two different anatomic approaches (VBM and cortical thickness) (104) 

in adults with ADHD. Second, this sample has been clinically followed up for 33 years, on 

average. One of the advantages of such a prospective design is that we did not have to rely on 

retrospective diagnostic recall regarding childhood ADHD symptoms and diagnoses. Finally, by 

studying individuals at an average age of 41, we were able to examine brain abnormalities 

related with diagnoses in adulthood, particularly in contrasting ADHD remission and 

persistence. Finally, this is the largest study in the literature on adults with ADHD and controls.  

The third component of this dissertation (Paper 3) is a review of the most novel approach 

to functional imaging - resting state fMRI. The purpose of the review was to inform clinical 

investigators about the extraordinary value of this research tool as a way of investigating the 

pathophysiology of neuropsychiatric conditions broadly, including diagnoses such as ADHD. 

The paper announces the formation of open communities of scientists, including the Spanish 

Resting State Network and the International Neuroimaging Data-sharing Initiative (INDI), that 

have been formed to facilitate dissemination of information about resting state fMRI and the 

phenomenon of open data sharing that is becoming the norm in the resting-state fMRI 

community. In particular, INDI released sets of anatomic and resting state fMRI data from 285 

children (ages 7-21) with ADHD and 491 healthy controls. See 

http://fcon_1000.projects.nitrc.org/indi/adhd200/ .This data release is the basis of an 

international competition to diagnose ADHD on the basis of brain imaging data that is expected 

to reveal new information regarding the pathophysiology of this disorder.  

The general findings of the present dissertation are two-fold. First, in a large sample of 

children and adolescents with ADHD, we found a striking volumetric reduction in the ventral 

striatum, a region critically involved in reward processes that is a key relay in cortical-striatal-

thalamo-cortical circuits. Second, in adults diagnosed with ADHD in childhood, we found 

reduced cortical thickness and VBM gray matter volume in parietal and motor regions. Most of 

these differences were independent of current adult diagnoses status. In other words, these 

differences were largely found in both individuals with persistent ADHD and in those who were 

in remission. By contrast, reward-related regions were diminished in probands with persistent 

ADHD compared to controls. Thus differences in reward-related circuitry (ventral striatum in 

children, orbitofrontal cortex, parahippocampus, thalamus, and frontal pole in adults) were 
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associated with current diagnosis of ADHD, whereas frontal-parietal motor cortex differences in 

adults with ADHD seem to reflect the trait of having had ADHD in childhood.  

 It is worth noting that although the two empirical studies were designed and executed in 

completely different manners, the results are internally consistent in highlighting two particular 

networks/circuits in ADHD. We focus on these two circuits in turn below. They are the dorsal 

attentional network, on one hand, and the limbic reward-related circuit described by Haber, on 

the other.   

In the following paragraphs I discuss these main empirical findings in relation to the 

basic neuroscience models that have been described along with their possible implications for 

understanding the physiopathology underpinning the different ADHD relevant-behaviors. 

 

The Dorsal Attentional Network 
 

In Paper 2, our results highlighted abnormalities in regions related to the dorsal 

attentional network (Fig. 5A & 5B) (56). This network mediates goal-directed, top-down 

executive control processes and interacts during visual attentional functioning, particularly in 

reorienting attention, with a right-sided ventral system which is stimulus-driven (see Fig. 4A in 

red). The intraparietal sulcus (BA40) and the frontal eye fields (BA6) are the main regions 

involved in attention shifting and controlling spatial attention (56). 

We found volumetric reductions in parietal and precentral regions, i.e., in the dorsal 

attentional network, in the adult sample diagnosed with ADHD in childhood relative to the 

comparison group. Similarly, in cortical thickness analyses we detected widespread cortical 

thinning in parieto-occipital and motor regions (Fig. 5B). These differences remained 

comparable when we subdivided our ADHD sample into persistent and remitter subgroups. This 

suggests that abnormalities in these parieto-occipital and motor regions are ascribable to the trait 

of having ADHD in childhood rather than current adult diagnosis status. Other cortical thickness 

studies have also revealed reductions in parieto-temporo-occipital cortex (93, 94, 105). 
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Fig. 5 

 

ADHD imaging studies have also found abnormalities in parietal, occipital and 

precentral regions associated with ADHD using traditional functional imaging. For example, 

Dickstein et al., applying a meta-analytic method, gathered results from 16 different functional 

imaging studies that compared ADHD subjects with controls during the performance of 

executive and response inhibition tasks. Bilateral parietal regions (BA7, BA40), medial occipital 

cortex (BA19) and motor regions (BA 6) were some of the main areas in which controls 

demonstrated significantly greater probability of activation relative to ADHD subjects. More 

recent studies have shown greater activation of the parietal cortex of ADHD patients during a 

response inhibition task (106, 107). In addition, abnormal patterns of parietal activity have been 

reported during working memory (108-110) and attentional tasks (111-113).  

 Another affected region in our sample was the precuneus (BA7), which also has been 

observed as interacting with the intraparietal sulcus and the frontal eye fields in shifting 

attention in response to instructions from symbolic cues (114). The precuneus and the 

intraparietal sulcus are functionally and anatomically segregated, which suggests that they have 

complementary roles in shifting and maintaining attention (115). The process of shifting 

attention to unattended stimuli (stimuli-driven orientation) is often measured by response to 

unexpected stimuli tasks which was thought to be exclusively related to the ventral attentional 

system. Previous work has tended to confuse two different processes: expectation and 

reorientation (58). The stimuli-driven reorienting function is usually studied by applying the 
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“oddball task” (116) in which subjects have to perceive an unusual stimulus (the “oddball”) in a 

series of familiar stimuli. This task is associated with activation of the right temporal-parietal 

junction (TPJ) and the ventral frontal cortex, key regions of the ventral attentional network (56). 

Oddball tasks have been used to analyze attentional processing in ADHD, as individuals with 

ADHD commit more commission errors and have slower or more variable reaction times 

compared with controls (117, 118). Such difficulties during performance of oddball tasks in 

ADHD are associated with aberrations in attention system areas beyond the ventral attentional 

regions. Other involved areas include superior and inferior parietal (119, 120), precuneus, 

thalamus (119), superior temporal cortex (121), cingulate and basal ganglia (120, 121). In our 

sample of adults, which did not include task-based approaches, voxel based morphometry 

analyses corroborated differences in subcortical regions such as thalamus and caudate in adults 

with childhood ADHD compared to controls. Specifically, abnormalities in the thalamus were 

more extensive in individuals with persistent ADHD in adulthood. 

 The differentiation between the dorsal and ventral attentional networks is a relatively 

recent development (57). One of the most perceptive studies examined whether the ventral 

network is the only one underpinning the two subprocesses of “attention shifting” (i.e., 

expectation and reorientation) or whether each of those is underpinned by different neural 

circuits. This ingenious study was performed in healthy subjects using fMRI during both a 

specific task and rest (122). Shulman et al. manipulated the probability of salient visual cues and 

examined fMRI during two different epochs: 1) while visual cues shifted attention away from 

the stimulus, and 2) while subjects maintained their attention on a stream of visual stimuli. They 

also analyzed resting state functional connectivity to determine whether regions that showed 

specific task modulations formed consistent networks. Results revealed three different 

networks: the ventral attentional (TPJ and ventral prefrontal cortex), the basal ganglia/fronto-

insular network and the dorsal attentional network. The first two networks were related to 

shifting attention, the first when the cue was expected, and the second when it was unexpected. 

Moreover, resting state results showed that these two circuits are not connected, i.e., that they 

act separately. The dorsal attentional network was activated for unexpected and expected shifts 

and also in the presence of spatially selective modulations, indicating its role in shifting spatial 

attention. “Shift regions” may enable spatially selective sustained regions (i.e., the intraparietal 

sulcus) to suppress visual areas (i.e., occipital cortex) that would otherwise respond to irrelevant 
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signals during task performance (123). Occipital cortex has been recently found to interact with 

the dorsal network in maintaining attention (122) and in suppressing responses to irrelevant 

stimuli (124, 125).  

This inclusion of the occipital cortex in models of regions modulation attention is 

interesting because we found occipital cortical thinning in probands with persistent ADHD 

versus non-ADHD comparisons. Previously, the occipital cortex was not considered to be 

relevant to ADHD, even though many neuroimaging studies in ADHD have found differences 

in this area (specifically middle occipital BA18, BA19). However, such results have typically 

been reported in tables or figures but not discussed (97, 126-128). A recent exception is a VBM 

study in adults with ADHD which found reductions only in bilateral early visual cortex volume 

(129). 

In summary our results suggest that the dorsal attentional network is implicated in the 

physiopathology of ADHD, regardless of adult diagnosis status. Although investigators refer to 

the core regions of the dorsal attentional network as if they were homogeneous elements (e.g., 

intraparietal sulcus or frontal eye fields), each contains multiple functional subcomponents 

(130-132) and we found that ADHD individuals had decreases in both such functional 

subcomponents. These findings suggest that dysfunction in dorsal attentional regions underpin 

the trait of childhood ADHD, representing the substrate for dysfunction in voluntary top-down 

orienting and in directing attention (132). 

 
Limbic Reward-related Circuitry  

Reward is a key component of learning, shaping appropriate responses to stimuli and  

developing goal-directed behaviors (133). Because of associated difficulties in individuals with 

ADHD ascribable to such processes, ADHD investigators have focused attention on brain areas 

related to reward-related processes (134-137). 

The cortico-basal ganglia system is known as the reward network. The nucleus 

accumbens (NAcc) has long been considered the center of this system, based on 

pharmacological, behavioral and physiological studies (138-143). Particularly in ADHD, the 

NAcc has been reported as a key region implicated in the reward/motivation deficits 

hypothesized to be involved in the disorder (135, 137, 144, 145). Although few structural 

neuroimaging studies have reported abnormalities in this region (90), several functional imaging 
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studies have found dysfunction in NAcc activation during reward processing tasks in ADHD 

(136, 137, 146, 147).  

The first experimental study of the present thesis (paper 1), showed that children with 

ADHD have a robust bilateral volumetric reduction in the ventral striatum (NAcc) compared to 

healthy matched controls. These differences remained statistically significant after correcting 

for total brain volume (Fig. 6B). 

The NAcc is key component of the “cortico-striato-nigro-striatal” circuit proposed by 

Haber in 2000. In the cortico-striato-nigro-striatal circuit (Fig. 6A), the NAcc receives 

projections from limbic regions, projects to the ventral tegmental area (VTA) and to the 

substantia nigra pars compacta (SNc) and receives back projections from these two regions. 

While projections from the VTA return to the NAcc shell, the SNc projects to the NAcc core 

(55).  

 

Fig. 6. 
 

Although formerly it was thought that only the dopamine system originating in the VTA 

was involved in motivation and addiction (148), it is now clear that both VTA and SNc play 

important roles (148). In order to test this pathway in individuals with ADHD, Volkow et al., 

applying positron emission tomography, measured synaptic dopamine markers in the 

accumbens regions (149). They found a disruption of this pathway in subjects with ADHD 

compared with healthy adults. They also found a negative correlation between the reduction of 
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dopamine synaptic markers and inattention symptoms. This relationship suggests that 

dopaminergic disruption may mediate clinical symptoms, because this specific pathway plays an 

important role in learning stimuli reward associations (149). 

We also found a significant negative association between right ventral striatum volume 

and mothers’ ratings of hyperactivity/impulsivity. We also observed a negative association, 

albeit not significant, between right ventral striatum volume and fathers’ ratings. In rats, damage 

to the nucleus accumbens causes impulsive behaviors consisting of choosing small/immediate 

rewards rather than larger/delayed rewards as well as an increase in motor hyperactivity (150, 

151).  

In summary, NAcc abnormalities likely underpin ADHD. These results are particularly 

relevant in light of recent mechanistic models of ADHD, which highlight the importance of 

reward circuitry in the pathophysiology of ADHD, particularly in those individuals with 

hyperactivity/impulsivity symptoms (134).  

However, even though the NAcc has been considered the central region for reward 

processing, recent animal and human studies have demonstrated that regions that are implicated 

in reward are more extensive (133, 152, 153). The key additional regions of the reward pathway 

include the anterior cingulate cortex, orbitofrontal cortex, ventral pallidum and midbrain 

dopamine neurons. Other modulatory regions include the dorsal prefrontal cortex, amygdala, 

hippocampus, thalamus and lateral habenular nucleus (133) (Fig. 7A).  

In the second empirical project (Paper 2) we did not find differences in the ventral 

striatum of adults with ADHD, although we found abnormalities in regions that act together 

with the ventral striatum and regulate the reward circuitry (133) (Fig. 7B). 

For example we observed grey matter decreases in caudate volume of adults who were 

diagnosed with ADHD in childhood. The caudate nucleus is also involved in reward-based 

learning and receives input from the dorsal prefrontal cortex (154, 155). Also the caudate 

nucleus, specifically the part that is adjacent to the ventricle, receives projections from the 

ventromedial PFC (vmPFC), which in turn sends focal projections to the NAcc, including the 

shell (152).     
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       Fig. 7 A.Ventral striatum send projections to ventral pallidum and to the ventral tegmental area. The VP projects back to prefrontal 
regions through the thalamus (medial dorsal nucleus). Other regions regulate the reward circuit; including hippocampus, amygdala, lateral 
habenular nucleus and brainstem structures. 
Amy=amygdala; dACC=dorsal anterior cingulate cortex; dPFC=dorsal prefrontal cortex; Hipp=hippocampus; LHb=lateral habenula; 
hypo=hypothalamus; OFC=orbital frontal cortex; PPT=pedunculopontine nucleus; S=shell, SNc=substantia nigra, pars compacta; 
STN=subthalamic nucleus.; Thal=thalamus; VP=ventral pallidum; VTA=ventral tegmental area; vmPFC=ventral medial prefrontal cortex. 
B. On the top, cortical thickness exploratory differences (p<.05, uncorrected) between ADHD remitters and ADHD persistents. On the 
bottom voxel based morphometry analyses are shown; the effect size of the difference in the thalamus between remitters and persistents was 
0.60. 

 
 

In exploratory analyses, uncorrected results suggested differences between ADHD 

remitters and ADHD persistents, and remarkable congruence between ADHD remitters and 

controls in regions implicated in the reward circuitry such as orbitofrontal cortex, ACC, 

parahippocampus, thalamus and frontal pole (Fig. 7B). 

Specifically, there are projections from the medial area of the frontal pole (BA10) to the 

ventral striatum. Studies using tracer injections have shown that this frontal area (BA10) 

overlaps with inputs from vmPFC (156) suggesting that both vmPFC and frontal area BA10 

terminate in the NAcc (133). Furthermore, the hippocampal formation projects to a limited area 

of the VS. The main terminal is located in the most medial and ventral parts of the VS and 

essentially confined to the NAcc shell. These inputs overlap with those received from amygdala 
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and vmPFC. The existence of these convergent fibers makes the VS, mainly the NAcc, a key 

region for processing emotional and motivational information (133). 

The thalamus is another important component of the reward circuit. This region is the 

last link for information returning to the cortex and does not pass information passively, but 

rather regulates several connections with the cortex. The thalamus receives input from the deep 

layers and projects the inputs received from the basal ganglia, to the superficial, middle and 

deep layers of the cortex. Basal ganglia projections to the thalamus go to different thalamic 

subnuclei, and each thalamic subnucleus receives inputs from different cortical areas. 

Specifically the medial dorsal thalamus, implicated in the reward circuit, has reciprocal 

connections with the lateral and orbitofrontal cortex and nonreciprocal connections from medial 

prefrontal areas (157). The thalamus not only relays information back to the cortex, but is an 

important center of integration of pathways that underpin the ability to modulate behaviors 

(157). 

Regarding our results, we cannot rule out that remitters may have differed from 

persistents in the regions implicated in reward process since childhood, but the most 

parsimonious explanation is offered by the hypothesis that remission entails compensatory 

processes (93, 158) underpinned by prefrontal cortical maturation. Therefore, our data suggest 

that regions that are underpinning the reward circuit are involved in the remission of the 

disorder. 
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CONCLUSION 
 

 

For achieving goals, an individual must combine an appropriate behavioral response to 

external stimuli, motivation and appropriate response to reward cues. In other words, that 

process requires a mixture of three actions: appreciation of the possibility of reward, planning 

and motor control (133). Those functions do not work in isolation. Rather, pathways such as 

reward and dorsal attentional network must interact with each other. Through these interactive 

circuits, reward information can be channeled through cognitive and motor pathways (133). The 

modification of goal-directed behaviors requires continual processing of complex chains of 

events and requires the feed forward organization of striato-nigra-striatal and thalamo-cortical 

connections (133). In this way, information can be channeled from limbic regions to cognitive 

areas (dorsal attentional network), allowing the individual to respond appropriately to cues 

(122). 

Our data allows us to suggest an overall integrative hypothesis that dysfunction in the 

reward circuit, which was particularly prominent in children and adolescents with ADHD and in 

the adults with persistent ADHD, reflects ongoing symptoms of ADHD (Fig. 8). By contrast, 

abnormalities in the top-down control dorsal attentional network seem to be related to the trait 

of having had ADHD in childhood, as the abnormalities were comparable in adults who had 

remitted or who had persistent ADHD (Fig. 8). Confirmation of these hypotheses will likely 

involve functional imaging approaches as well as the anatomic studies described in this thesis. 

Although such studies are not included, Paper 3 provides an explanation and rationale for one 

type of functional imaging study, obtained without a specific task, i.e., during rest.  
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Fig. 8 Neural model underpinning ADHD physiopathology (proposed by Erika Proal on the basis of the data contained in the present thesis 
and based on the neuroanatomical models formulated by Corbetta and Shulman 2000 and Haber and Schultz 2010).   
dACC=dorsal anterior cingulate cortex; dPFC=dorsal prefrontal cortex; vmPFC=ventromedial prefrontal cortex; OFC=orbitofrontal cortex; 
NAcc=nucleus accumbens, SNc=substantia nigra, pars compacta; VTA=ventral tegmental area; IPs=Intraparietal sulcus; FEF=frontal eye fields. 
 

 

Future Directions - Functional Imaging in ADHD  

Traditional functional imaging studies are being conducted in ADHD at an ever increasing rate. 

However, task-based fMRI studies have numerous inherent challenges which go far beyond the 

selection of a given task that will be robust to differential age and ability levels and to practice 

or strategy effects. The diversity and inconsistency of findings has been difficult to condense in 

other than broad terms (97). As a result, investigators have begun to place greater emphasis on 

the potential contributions of abnormalities in connectivity between regions, rather than regional 

abnormalities alone. In ADHD, studies of white matter volume and integrity have suggested 

decreases in structural connectivity (83). Awareness of ADHD as a dysconnection syndrome 

has been accelerated by the recent emergence of “resting state” fMRI. While this growing 

literature will not be reviewed here, the technique of resting state imaging, which can be 
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performed across multiple imaging centers and aggregated, has the potential to lead to the 

collection of large-scale collaborative samples needed to examine the complexity of the brain 

with sufficient statistical power. Paper 3 describes the rationale and potential of this imaging 

approach and the formation of the Spanish Resting State Network as a means of facilitating the 

diffusion of this novel and powerful new method.   
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y Neurocirugía de México me dio la clave, y él tal vez sin ni siquiera darse cuenta de lo que 
había despertado en mí. Tenía que irme al extranjero, tenía que adquirir conocimientos que me 
dieran la oportunidad de aportar algo diferente y necesario a mi regreso a México. Tome la 
decisión y tres meses después con la beca que me habían  otorgado y mis maletas en mano me 
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Y así fue, después de largas horas de platica con ellas y pedir consejos a Oscar, Susana, 
Ana, Elseline, decidí que me encontraba entre dos opciones, una era irme por 6 meses a 
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de mi proyecto, tuve el gran privilegio de encontrar a una persona que después de admirarlo a la 
distancia y a través de sus escritos, se convirtió en mi guía profesional, mi mentor y maestro del 
alma: F. Xavier Castellanos. Creyó en mí desde el primer día que nos conocimos, tuve la suerte 
de trabajar con él juntos en un mismo proyecto. Xavier es un apasionado de su trabajo, me 
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mi hermano a los que les dedico completamente esta tesis por ser mis mejores ejemplos de vida. 
Me han apoyado en cada paso que he decidido dar, siempre recordándome que la vida esta llena 
de cambios y que hay que recibirlos con los brazos abiertos porque los cambios bien pensados 
son símbolo de crecimiento. Se cierra este capítulo, pero se suma a los nuevos que 
vendrán…Gracias de nuevo a todos los que fueron parte de esta gran etapa, por compartir cada 
instante conmigo y por creer en mí…. 
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own project, which always felt like a privilege for which I will always be grateful, and which 
served as the basis for my Master’s thesis. I have to confess that I never dreamed that this 
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and from that moment we began to dream! And I mean we, because I didn’t do it by myself 
there were moments when Susanna Carmona, my thesis advisor, and I put all out attention on 
this project and worked together with all our strength to make it a success. Entire days would 
turn into working throughout the night, eating cookies of all types while we watched from the 
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nucleus accumbens and ADHD in English! Susanna taught me her passion for this work, and for 
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the importance that science can have. She always warned me, research becomes an addiction! 
And that’s what has happened. From the beginning, I admired that despite her youth, she is such 
a dedicated, passionate, intelligent good person who became my model.  
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could rely on people like Ana Moreno, who has become one of my best friends, who with a 
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the U.S., once again starting anew and leaving behind all I had created in Spain). So I decided to 
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person who has become my teacher, my mentor, and even my spiritual guide, F. Xavier 
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Castellanos. He believed in me from the first day we met, and it has been my great good fortune 
to work closely with him on this project. Xavier is passionate about his work, but he brings a 
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colleagues, and how to join them to achieve great things. I want to thank him and dedicate a 
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for trusting in me every moment and for being even now more than a mentor, the best of 
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Mar Álvarez, and Samuele Cortese, together, we made our shared office into a place in which 
we could discharge our frustrations. And as the only “Latin” lab members, we would go out 
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All that is left to say is that each step of this process was unique and wonderful. To have 
lived in Barcelona and NY, to work with such amazing people… and as I write these words, to 
be back in my Mexico, a few months after having decided that the next best step was to return. 
While this dissertation is now completed, and I still am working on several projects with NYU 
colleagues, I am aware of my sadness at having left behind the lives I build in those worlds, but 
at the same time I am filled with excitement at being able to bring back what I have learned, as I 
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and take on new challenges. So this chapter is now done, but it will be followed by others to 
come… I thank once more all those who were part of this great adventure, for sharing every 
moment with me, and for believing in me….  
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