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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, 10" 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 Conners Parent(24), and Teacher (25) Rating Scales-
Revised (CRS-R) 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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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)

e A et T et o

B P @ Fig. 1. Representation of simple cognitive
e il CALPFL. deficit model of attention deficit hyperactivity
: r disorder (Barkley 1997) and association with
frontal striatal circuitry (Alexander et al.
E\ ) = — 1990). Slashed C: refers to dysfunction in
ey E":'." cognitive processes; DLPFC: Dorsolateral
— l qb:ﬁ prefrontal cortex; NE: norepinephrine; DA:
2 | I 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).
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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:
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Extracted from: Haber et al., J. Neurosci. 2000;20:2369-2382

~ Ventral Ger

Fig. 3. DL-PFC, Dorsolateral prefrontal cortex; IC, internal capsule; OMPFC, orbital and
medial prefrontal cortex; S, shell; SNc, substantia nigra, pars compacta; SN, 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
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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).

8) The stmulus-dnven veniral frontopanctal
e - network 5 indicated m omange Darsal
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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
ROlIs, 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 Smm (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 dIPFC, 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

arcas.
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AIMS OF THE PROJECT
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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 conexion.”

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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METHODS AND RESULTS
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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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ReseARCH REPORTS

Ventro-Striatal Reductions Underpin Symptoms
of Hyperactivity and Impulsivity in
Attention-Deficit/Hyperactivity Disorder

Susanna Carmona, Erika Proal, Elseline A. Hoekzema, Juan-Domingo Gispert, Marisol Picado,

Irene Mareno, Juan Carlos Soliva, Anna Bielsa, Mariana Raovira, Joseph Hilferty, Antanio Bulbena,
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arypical pespoise 1o reinfofocments i childlren with AT 100,
In panicubar, one of the observations = 3 preater lendency of
chilitren with AIHID 1o choose smaller b immediale pewands
over larger bat dedayed ones 011=175 These Andings. alongside
cvideroe from andmal models (15-21), led some aubos o
sugghes tie prosence of 4 slamer and deeper delay-ol-reinforce:
il gradicid in AIKHD (78 Fistherirore, it has boen peoposed
ihat abmomalies in the reward medenism bead patiers o
experence delay avenion and, when delays bocome unayvoid-
abde, o presens sypeoms of hypeesdivity os a compensabony
irencheinisen (4, 22- 240, Inserestingdy, Fnckags across (&fferent spocies
bve pinpoired the mobe of e venerl gakitim 0 reifoocmen
mechansms. Specifically, it has been supgeeaed thar socunbens
s beues ke Koy vertmesiziaial pucleuskis nvolved in oodifying and
commpuating the value of mse rewards and therefore acis = a
dhriviinigg foece b porfom goal-direcied actkoes (25, 20)

Consequiently, cument accounts of ALHD postuline the exis-
fence of at least twor defferent bt mod mustually exchashoe AIH
erlophenolypes thase charmoenized by EF abnommalities, pre-
sumably peodiced by dysfunciions in DA-mesocortical branches;
and thimse charactenised by abnormalites. i rewsied s gement
priceaes, which ane thought fo meull from aleratons @ D4
maesedimabie ciroudts (7.9, Alihough the specilic melaton betaem
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Control Subjects ADsD ADMD-C ADRD-41 AD#EDA
n=43{7TE] n =43 T¥) m=25[5%] n=6&M%] LR LN
Age (Vears), Mesn (504, (Range] 11.43 {273} [6-18) VIL26 (199 [&-18] 1084 (18 [7-17 1033 (4 [7-18] VLT3 (1517 [9-16]
Haewdpdnaid, o (B R=iD=glL=] A=XD=BL=} A=10{D=5l=3 A=4CD=2L=0 A=1000=1,L=0
(CAP Father Inat, Mean (300 G097 (BT 9305 (7.1 ¥18 (7 B34
CAP Fatkwr H1, Maan {50 F0.38 8 W25 [BM MERA BT (108}
CAP Maother inat, Mean (500 93.39 (a9 9265 B 955 (18} .15
CAP Mother HA, Maan (500 LFRI R 1] LERNLL ] OIS (4.0 BEFANLY)
CAP Teacher Inak, Mean (50) GO.BS (9.} BAA [10.9) 93804 2.5 (5.5
CAP Teacher HA. Mean {501 arinLa BT 003 Ll FE g B4 (1241
Medicated Subjects, m %) 33 ) 0 () 5{13%) B P
Dase of MIFH [mgfgl, Mean 509 AT Ly BILIER B L 2520
Dinag Treacment Duswibon (Wesksl, 5195 (r2) 55 [B21) THA 55 T2
Meany (S0

Age of Firt Medication (Yrul, Mean (509 9.6 L) w4 D0E 94 05T LLRFA]

Thibi tatsbe ihairs dhinasgraphic an clinial data of

diicaighier (ACRHDY anc con ol wbiects a4 veell a5 for each off the ADHD ubmpes.

ttEntion-gehat Typenotivity
Cuantitaiiee warlables ane expressed by their mesn and ther S0, Cabegorical variabley are shown s the number of subjects belonging to sach category i) and

mﬂf!ﬂm in Hﬂlm with muuwm (Henicl values derved from Ohid Amention Prolserrs Roting
onky compubed for thote sbigrots that wens under medication af the time of the scanning s

WWM—M

Scoler are expressed i percentiles.

Typ sl - il

ADHD-L artension-defc Ty
keft-handed; CAP, mmmmmmmummm

et el Mot i —
senb ﬁhﬂmnmmmaNML
heyperactivityimpalshty; MPM, methyiphenidate:

Irmagfleg ), enaligrasr of st hydphenidate dhviced By chadien’s wight in klogiami,

“Statitical trend (p = D54}
Fignificant

difference between both values scoonding bo I Test compariden (o < 051

thise two circists and the differert ADHD subtypes il remains
umanswiered, onimal ond  mewolmoging shsdies seggest ot
alterations m mesolimbic cimowlis (especially in the ventral stria-
tm are related 1w yperactiveimpulsive symploms Bat not (o
sympoms of inattention (25, 27 29), Purthenmeaone, 8 recent bae b
ioml smudy pedormed on a bealthy popalation neposted  (hat
delay-disconnting gradient was nelated o hypenotiveinpulsive
traits (the higher ihe bevels of hypernciivity impulsivity, the
steeper the discount’ but uneelated io imigx of inateniion (299,

This nevrml cirouiiny underbying, renard-nelaied processing has
harcly bewn exploned, in contrast o mumerons sucies aimed ae
imvesdigating EF in ADHD childomn as well as dwir neurobbolog-
ical subwraies. The few existing fumctional studis investigating
rewarnd processing in ADHD have consistently found hypo-
adivation of the vwnirl stratom during ewand anticpation
{26 30 A1) Howesor, b0 date, nod o n?'qﬂr strsctural sty has
amalyzed venbro-striatal volume in ADHI children or s refation
1o yperactivey impulsive spmptoms.

The present study' applies a mamel regioo-cl-intenrest (RO
ancilysis Do st magnetis resonanoe g s o edumine
whether then ane yohemetne differenoes in the vnlral driaium of
ALRHD chilkben, We also i i s whietlcr the vohime of dis
Arsctiee i nolated 1o parent and weacher Fings of hyperacaivay
impislsivity and inamenson. Our ypothesis is shar e venne-
striataal veslarme of AIFHDY chileleen woubd be less duan that of dieir
matched comrol cases. In addition, we proskion ths vohinme o be
meggativcly refated 1o by peractive impulsive syinpbtis.

As 2 sevomdary goal, we also explore whother veniro-striital
v i mmodalaned By MITH exposune [dosege duration), becaise
evidencr imdicanes tha peyclosmulangs can alier the funaionaliny
132,34) ancd morphology of the veriral stratuem (3,33)

Methods and Materials

Eighey-four children/adolescents betwoen the ages of 6 and
18 wene recruited for the study. The experimental group in-
cluded 42 AID children o sccoring o DEM-IV-TR
orileria, The conbied growp comsisted of 42 unrelaed heslthy

chilldren, who were matched for gendier, age, and handedness on
a panicipant-by-panicipant basis. The study was approved by
the Hospital Universitar Vall dHelwon ethics oommiltes, and
parenial indormed consent was obinined from ol the pasticipants.
Sew Table 1 for a descripeion of 1the sample.

T abiffierern raners (B ancd IND, iead 10 growsp indonmmction,
munitally drew vertro-striatal pegions in oomiml shioes. The BOL was
delineated in MRIcro (hiip: wowes splyse edud comal rorden
mrir hitmlk by applying provioesly esaablisled criteria (400, In
slfition, ol brain volume CTEV) was estimatod wigh the scgimen-
tation algorithmmes of SPM2 g wosow Gl oo ac.uk/spmc),

Befone HOH dielimicsibon, oacers pasdcipaied in o irading
period prosibed by an expert pewrondiologia (05, Aler
Imindng, ruiers individually consgrocted 30 ventro-striatal BOls
The imier-raser relabiliny, as caboulsiond by means of the inraclass
cofnclation cocificiont, slowed o high agrecment beiween riens
I = silbwolube dgrecmont = 930 Additionally, we pedormed
an analysis of spatlal ndiabiligy Gnterseovion/inson’s, obizining an
average RO overlap of A1 (370

The original measimement of e RO was divided by tlse THY,
alming 10 consikler not only absolute values of the ventral
skniatum (VSirk boi alss reliive valies with pespoct oo okl
imirmcranial vehome (V5o TV,

W perfomed independent sanaple 1 lests and computed
Coben's o effec siee bo assess venbo-streal volume differonoes
betwernen the contmol and the ADHID goup.

In sibdajon, Speaman’s corelations were caloulated o eval-
e U association Betwoen Ve TEY volume and the clindcal
scopes For the subscales of hyperaciiviey impilsivity and mrenon-
o, as extracted from repons by moshers, fathers, ancd iemchens.

Finally, 1o assess whesher there wene significant volumetric
differenoes resulring from phammacological staius, we computed
independent sample § tests comparing 1) medicated with un-
medicubed putients; 2) medicaled patients wigh thedir respedive
matched control subgecs; and 3) unapedscased paticats with thelre
commesponding matched contml subjeas, Additonal cormelations
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Figare 1. Viokametric differences in the rght and left veraral sorisum be-
mwmmqmu:nrﬂm

Exves bary nepeesent the SEML VSIn THY, vod

Tor Eotal Buain wolurme.

{ wentral

between Y8R THY volume and pharmacologicn] indeoes (dios:
and clurstaon ) wene exanvined for e same nesson.

e also Supplement | for husther details about this section as
wedl as sdlizional iess evaluaeing volumetric differcnoes aomss
ATV subuypecs

Results

The § west compatissns revealed tha ADHD children had
lowet WSar violumses than healiby sched comod subjecs (all
= 1L These differcncrs remadined sgnifacant anes THY
cotrection—YRE T (all po= 000, Owr sqdy indicaned thae
ADHIY subjpects shovaed 3 reduobon of 20,0650 rom 10054% 0
A28 and 35 58% Cirom 10800 o 59,7560 in the right and kel
VEETHY, respectively, theneby prixlocing a bilateral deoresse of
2500 (feomn P2 T6% 1oe 39 Bk All this effeo sine ooefTicienis
were lange, ranging from 72 1o 101 (Figure 1, Table 2)

Cowrelational analysis showed a significant negative associa-
tion between childeen's right VS0 THY solume and their moih-
on’ malings of yperactivity, mmpalsiviey (e = = 5035 B o= 03)
(Figune 21 We alio observed a negative sssociation, albeit not
statistically significan, between rght VSecTHY volime arsl the

5, Carencmna of
0.3 -
B Lormbeed
&y e bt
L] o © pameree
a5 =

] 10 w 0
Mather HI scores

Figure 1. Conelations between the nelative volame of the: right ventral
sirlasum (WEar/THV) and chinical ratirgs of hypersctivityimpulshity [HI) ac-
cording 1o the mother. For hstratve puposes we doplayed separate
wyeribel for each subspe group.

ratgngs of hyperacky/ impulsivity provided by the children's
Tathers (r= —_327; p = 0590,

The £ iests pevealed no significant differences between med-
jeated and unmedicated patients i any of fhe volumetic meas
sares, However, these tests indicated o grend tosand neduced befi
ventns-atriatal volume in the medicated groop as oompaened with
e unmedicubed groap (= 660, To funher assess the elfect of
medication, we sepambely comprred venbro-striatal volame be-
tween the 33 medicated paticnis. and their matclsed comrol

Tabsds 2. Group C; f Vintso- Steistel Vilureds

Corarod Subjects ADHD

o= &L+ 500 a=dl = 50) L8 ] C195% Effect Sire
. Wher MEAT 02N 18064 (58330 4N o] MINT-a5.002 L)
L rsir T 9] (B8] TELGH (F1.50) imne <03l U TET-55 0019 B
BiL. Viar 403 F 13003 MREG (VIR 4535 <00 TLINI-181 039 o0
R Wb TRV 225104 BS a5 10 ol B4~ 0% EF|
L WETEN 27 L0B4] 165 |06 3456 el - G L
BIL w5 T A5 L171) 300 Ed <00 -0 Bl

This tablie Faes the results of 1 test comparisond batween 81

actrity disceder [ADHD) childen

erdion-cefeihype
and their matched control subjects. Both abwolkie and relative volumes are displayed. Guantitative warkables ane
expuressed by theis mesn value in cubse millimeters and thes S0, Efect sives are caltulated by Cohen's d index
l:l,nul‘wml.ulﬁu mnl?uudﬂtmmum L Wair, abachite volums of ket vl

strigturrs B WEsh, abnolute

T, totad beain volume; B VELTEY. relatne volume

o righvt wenzral sorlafuen; L. VSenTEV, relaiive valume of lef veriral striaiuen, BIL W50 TEV, relative velume of bilibersl

weriiral siristum.
wiww sobp.ongyjournal
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subjects ax well as hetween the nine unmedicaied patierts and
Huir matched control subjects. All previows findings wiere: mein.
med in the s of medicated subjects all ps 006 Group
comparisons for the unmedicated subjects poicted in the same
dirextion. Both, rght amd lef Y3 THY were numerscally ne-
duced; lowover, Haese reducdions ondy nesdied satistical symif-
bunce when congparing the bilateml VS T nlex (p o= 040,
This blsterl devrease seems to be mainly produced by smaller
right venimestristol solume (RS THV po= 0880 (aee Tables 2,
§und 4 in Supplement 23

Fimally, we did mott find any significant comrelation between
the dumation or the dose ol pharmacologsal resiment amd
ventro-siriatal volame (all fo> 2600

See Supplemie 2 for suliype comgansons as well as other
dhetails sl this section.

Discussion

In socorcance with our bvpoiheses, realis indicaie tha
AR children have o volumetric reducion in e veniml pon of
the stmtum, which s sssociated with Inperctive impualsive
sympioms. These findings match those of animal mindels of
ADHT an well o5 lesdon studies (18], Por instence, it has been
repaortedd that, after damage 1o the accumbens nucled, mis beloe
i@ mone ive muanmer——as infemed by the animals pref-
erende 1o choee sl immediate over binge/delayed mwand—
and develop moie hyperactiviey (25, In addition, a receni
neurnansiomical study hased on surface defosmation. maps
repowried that boys with ADHIEY show volumetric compressions in
differern siviatal regions, among them 3 tegion likely o come-
spond 1o our measure of the right venirml siratom {3590

We did modt Firsd oony signvilicant differencoe between medicmed
unel unmexlicated chilkdnen or fmd 2 signifcone assocision be-
rween the volime of the veniml sriatiem and the dose or ihe
duration of pharmacological teatnment. However, we noticed
Ui e kel venbro-sratal vobume of the mediceed patients was
slightly, yot not significarly, decreased as companed with the
unmedicaied pationts. This was an utexpocied  observation,
given that animal stucies suggest the opposite pamerm. In partic-
ular, these studios have repoted inctcased density of synaptic
spimes 49 and inoreased number of suspic contaces (351 inhe
nuchaas scoumbens afier chronde MPH exposure. Inothe curreni
sample. onby nine subjects with heterogeneous subiypes digno-
abs were MPH-nadve 3t the thime of the s, Thesefone, funher
sudics with brger and more homogeneous samples of MiPH-
nahe patients are needed 10 drow solid condusions shaout the
clfeat of MM medication on the volume of this region. Never-
tclesa, when we compansd unmedicabed ADHD sabjects with
thair meatclwed compol subjeas, we olseroed a significant pedue-
thon of bilaeral vemro-siriatal volume, which seems 10 be
prodduced mostly by decreases 0 ihe right volene. This finding

that the peduce] vemm-straal volume ks misre loely o
he a featare of the illness mther than merely the resuhs of MPH
CXPUHLITE,

To owr kneewledge, this is the firss sudy that specifically
examines the volume of the ventral stristum in ADHI children.
Oinly o seructural stucly performed by Seidman o ol volumetr.
cally anabyired this sructume in adult patients C6kl The aubors
obmerved, in contrast ooour nesulls, an increse of the venbm-
sdrizatal volurme. However, in Seidman's study, volumetric me-
sures wene nof corrected for TEY, and group differences did oot
reach the level of significance caablisled 1y the authors foe

explorilony andlyscs,

BEROL PEYCHIATRY 2009:60:972-077 975

Ill:illfﬁnﬂhnmmplmdhrcﬂyrurmhliﬂtlhnl:d
Sedmuan, hecause of sample and mathododogioal disoepancies.
Conceming sample dscrepancics, the main difference s in ibe
age of the subjects; whereas Seidman studied aduli paiients, we
focused on ADHD children/adolescents. This imtmduces an
mporant confounding factor. especially because it has been
obscried thal many brain abwormalities thought 10 chanoerize
ADHIY resailt frosm delays in brain poiurtion miber than oom-
phcte dievialsons from mormal beain momphology O In additson,
it has been reponcd that chronic MPH administrstion can
prodisoe structuril chamges in e veniml strisium (46,455 b s
therefure conceivable that the increesed veniroestriztal volume
repaorted by Scidman was cassed by brain plosticisy mechanisms,
fikely relatee o bong-term paychostimulant exposun:. Although
analbyses in our simpde did o show any significant cornelation
bctwioen tie duration of pharmacolegical ireatment amd ventro-
siriatal v, longinudinal studics might be usefal to funher
mvestigite this possibility, Concerming methodological differ-
oiices, dhie st relevinl discrepancy s the RO segmemation
bl ‘W used a wanaial approach, whereas Seidman used o
setmautomatic one, Mamial RO segrsentaiions have their sdvan.
e el dissdhaarmtages as comparsd with the semdsusomatic
RO segrrieniations. On the oo hand, mamies] methods have the
weskness of being very time-consaming and potentially present-
ing high variahility of the measuremsnt (this later problom was
partially solved in o sudy by sboining bhigh indexes of
reliahilingh. Om the cther hand, the main stheamage of manual
RO analyses s that they have enharced ansiomical valelicy,
because they allow exandration of the moages without the
norraliziton processes that ane inBerent in ol autoenatic and
seminubmmatic Measres.

The laemmre provides several reasons w expect ihat ihe
veraral strann s relaed 10 AIVHD paithophysiology, For in-
stupce, animal medels of AHD highbght the imporance of
DiA-mesolimbic circulis—partioulary, the offenents 1o the venaral
siriabuamy (18 200, The veniral stiam b o mogor fonget of me-
solimbnc-T3% projections from the vendral tegmenial arco and
plays o key rd:hrmtmmwmlnlkhrcdmrdu Itis
ko that ventral tegmental area dog A ne
fire afier the dedivery of unexpeciod rewank and thar, Lr.nh-
process of leaming, he of these neurons tansfens o
the cuess that signal the rewasds (02— i) Consequently, curment
accciants of ADHD suggeest that thes aryploal mesponse o ein-
forcemenis observed in AITHI pationts siesns froem abromaalites
in the firing paiiern of DA-mesolimbic cclls (79,45%470 In
particular, these models peopesed that either 3 generalied
hypodopaminernge ndion (791 or o specific failune n the
tramsler of DA sipnaling (670 might underlie the peeference of
these petients for immediale mewands.

In acddition, besion studies luve reponed that damage inthe
accumibens aoclel decrsises the ability of ms o wait for lge
rewards, Interestingly, these besions neg enldy lead mis bowand
mpulsive behaviors but also wwand inoeased  becomoios
detiviey (250,

Actually, fusctions] magnetic resonance maging studies have
dbready obscred reduosd vontro-ssmatal scivation during e
wand procossing, in both adules (30413 and children (243 with
ADHIL Indeed. ewo of these sodes also found 3 negative
corelation bobween ventmestiatal sotivason and hyperacive
inmpulsive sympoms £24, 30

Takien sogether, these lindings sl led us io hypothesize ihai
the volume of the vental striatum would negatively correlae
with the ratings of byperactivity wmpalsivity. We found, in accor-

woarw sobpoongpaumal
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ilmmow with previoos predictiens, o negative assaociation hetween
right vemtro-simatal volamies aml mothens' mting of ypemctiviey,
impuilsiviey, Inberestingly, the vohome of this reglon was exclia:
sively correlated winh the subscale of hypersctivity ngibsity
Tt o with the salscale of inaeniion. Howeves, we musd stress
that the conclusions dertved oo the cormelational amalysis
waniol be extended o the contiod sirgple, becouse we lsck
ratiigs of hypermaoivay impulsiviey or nanention for this group

Tor spalywe ot fndings in greater depil,. we perdonmed
explomiory analysis comparing the volume of the vepiral sirg-
tum pomss e different AIHD sulsypes. Alihough ihe sl
rrursheey ool sishygocts in 1Iu,-'."|.'|.-P|,-rp|,1Iw,-.1|nru,|lmu.~ ard the iroien-
e subiypes culls inbo question the validiny of the analysis, our
sty suygest that venoe-striatal reduciions ane paiculardy mele-
wvani in the pathophysiology of npemscive impubsive and oom:
hined seheypes (see Hesulis section in Sopplemsend 20 Fanber
shimbies with larger samphs ane encoumped 10 assss the mele
vanee of ventro-sirital reductions aonsss the different sulitypees.

In sunmmary, our shudy repons vengro-striatal volsimetoc ne-
ductions in ADAD children that sevm o be sspecially linked o
ke syrmpeoms of hyperoctivieyimpualsivity. These lindings sup-
poit revenl explicative models of AINHIX, which stiess the
melevance of rewand lriin cieouiis 0 e pathogenesis of 1he
isordder.

This mesperrch wws augpoiend I e Coend O XRPSCLR00
from the Centmo parmi of Dysarmdlo: Teonoddgico foefecatmial. A
CONACYT Grenndt fum by Consgo Nl oe Clencla
Trocnodogie ¢ Mevican CGovernmendd amd oo Formacider e Pro-
Sl iirersitario Gt froar the Afhristeno de Silicocion y
et Eparrind Croevroromendd sapporteel Eridae Pl aund Bves
Iare Moglzevan, mespechiny

AN enasthave egwrt me Sivurveaficnd finnncund isderests o fridion-
Merl corgWicty of fteness.
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Participants

Participants with ADHD were referred by the “Served de Paidopsiquiatria ™ the
Vall d Hebron Hospital and controls were recruted from the community. Subsamples of
the subject groups used in the present research have been included in two previous studics
(1.2}

Through chinical interviews (3], a psychiainst and o psychologist disgnosed and
classified ADHD participants into the three ADHD subtypes (hyperactive/impulsive,
inattentive, and combined), according o DSM-IV TR critenia (4). Only those receiving o
consensus diagnosis were eligible for the siudy. The Child Attention Prablem (CAP) miing
scale (5 was also adminisiened to the pareni= and teachers of the ADHD children, in order
1o obtain an index of clinical seventy. Clinical scores were not availuble for all the ADHD
children, since not all returned the questionnaires. Cormelition analyses with clinical rtings
were, therefore, performed only for those subjects with forms filled out by their parents and
teachers, that is the 34 subjects (20 combined, 5 hypernctive/impulsive and 9 inattentive)
with forms from the father and a teacher, and the 33 subjects {20 combined, 4
hyperactive/impulsive and 9 innttentivie) with the form from the mother. Exclusion criterin
for the sample consisted of: comorbidity with other psychiaric disorders (including
dyslexia, anxiety, depression and ADHD in the case of control subjects) as measured by
DICA-IY TR (3} and binh complications {such as perinmal anoxia or less than 34 weeks of
gestation), Five of the ADHD patients (4 of the combined subtype and 1 of the
hyperactive/impulsive subtype) also met criterin for oppositional defiont disorder (0D

diagnosis, 5 for conduct disorder (CDY) (4 of the combined subtype and 1 of the
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hyperactiveimpulsive sublype) and one of the hyperactiveimpaulsive children met criteria
for both ODD and CD. All of them were receving medication at the time of the scanning.
The intelligence coefMicient (10) was measured using the Wechsler Intelligence Scale for
Children (WISC=IT1) (6). The ADHD children ook the fll test, while the 10s of the comtrol
cases were estimated on the basia of vocabulory and block design subscales. Those
participants with an estimated 10) below 20 were excluded from the sudy,

MR acquisition

Structural MRI data were scquired using a 1.5-T scanner (Signa, General Eleetric,
Milwaukee, USA) Tl-weighted, 3D axial images were obained using a fast spoiled
gradient echo pulse sequence. Imaging parameters were as follows: repetition time, 13.2ms;
echo time, 4.2 ms; flip angle, 157; number of excitations, 1; matrix size, 256x256x60; voxel

size, 0.94x0, 945 2mm

Image processing

First, images underwent visual inspection to ensure quality. The scanned sample of
42 children with ADHD and 42 control children was denived from a total of 105 subjects
who wiere considered cligible for our study. However, we discarded the images of 25
subjects (17 ADHD and B controls) because of image anifacts (basically produced by
movement) or matched imbalance betwesn the ADHD and controls subjects {(differences in
age, gender or handedness). Before ROD delineation, we oriented the images into
standardized head positions on the basis of AC-PC landmarks, Two different raters, blind 1o
group information, manually delineated ventro-striatal volume in coronal slices. The RO

wis delineated by applying previously established eriteria (7). Landmarks were as follows:
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1) the posierior limit of ihe veniral striatum {VStr) was esiablished as the most caudal slice
anterior o the anterior commisurc: 2) a Ine perpendicular to the intemal capsule demarked
V8ir regions, starting at the moest inferior and exiernal point of the lateral ventricle: 3) the
anterior limit was sev as the most rostral slice before external capsule separated the caudme
from the putamen; 4) paraolfactory gyrus deliminated the inferior and medial landmarka of
VSir, On average the VSir was measured on 4 slices (sa=0,90), The volume of the ROI was
obained by muluplying the number of voxels penaining 1o the ROI by the size of the voxel
i each of the three dimensions. Visualization and delimitation of the images were
performed with MRlcro software (hup:Cwowvw, sphse edu/comdronden/ mncre ml), In
pddition, wotal breain volume (TBVY) was estimated using the segmentation algorithims of
SPM2 (Wellcome Department of Cognitive Neurology, London, UK;
hagpeSwewew Bl o el oe uk/span'), sccording to the steps deseribed below. First, we ereated
4 sample specific template, as well as the grav maner (GM), white matter {(WM) and
cerchrospingl Muid (CSF) o priord, based on images of both ADHD children and control
children, Second, the 3D images were segmented into three compartments (GM, WM and
CSF). Third, the volume of GM, WM and CSF in cubic millimeters (mm”) was calculated
by multiplying the nmunber of voxels of each of the compariments by the size of the voxel.
Finiilly, TBY was obtained by summing GM and WM. We did not include the CSF in the
TBY computation given the poor estimation obtained using the standard SPM segmentation

ot es,

Starisiical analysis
Statistical analyses were performed with the SPSS 16.0 package. RO measures in

voxels were transformed into mm’ by muliplying the number of voxels considered 1o
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penain to the RO by the size of the voxel in cach of the three coordinates (X, Y and Z),
The ROT {VSir) was then divided by the 1otal brain volume (VSinTBV), aiming to take inio
consideration nod only absolute values but also relative values with respect 1o 1013l
intracranial volume,

Spearman’s correlations were caleulated to assess the association between
VSInTBY volume and the clinmical scores for the subscales of hyvperactivity/impulsivity and
inattention as computed from repons by mothers, fathers and 1eachers, Correlational
analyses were performed for the whole ADHD sample as well as for the combined subtvpe.
Since clinical ratings are exiracted from qualitative measurements, their scores were rank
ordered within the whole ADHD sample.

Besides the statistical analysis reported in the main article, we also performed
supplementary fests aimed af outlining the volume of the ventral stristum across the three
ADHD subtypes. In particular, we applied an analysis of covariance (ANCOVA) o the
ADHD zample, in which the diagnostic subtype was introduced as g between subjects fixed
factor, and age and gender ax covariates. Moreover, we performed independent sample 1-
test comparisons between the three sublypes and their matched controls. Thit is, children in
the ADHD groups (combined, hypersctive/impulsive and inattentive) were exclusively
compared with those healthy children that, during the sampling, were individually selected
to match gender, age amd laterality criterin. This analysis offered us an altemative approach
to examing subtype differences and provided us with an estimation of how ¢ach of the
subtypes differs from healthy matched controls, Funbermore, subtvpe analyses were also
recalculated for the medicated subsample. We did not repeat the analyses for the un-
medicated subjects given the small number of patients pertaining to each of the subtypes (5

combined, | hypersctive/impulsive and 3 inattentive), We should emphasize that all the
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results derived from subtype comparisons should be mterpreted with coution, given the

simall member of subjects belonging to the hyperactive/impulsive and the inattentive groups.

Finally, in order 1o test whether volumetne reductions were generlised throughout
the entire stiatum or specific 1o the ventral portion, we performed mean comparisons of
caudate mucleus volume and repeated correlational analyses i a subsample of subjects, The
candate mocleus is, 1o date, the siriatal region that has been the most extensively connected
with ADHD (8). This nucleus, together with the putamen, forms the dorsal stnatum. The
virlumes of the caudate nucleus (which inghaded the head and the body) were ebtained from
o previous siudy using a subset of the present sample (1), In particular, 53 subjects (22
ADHD and 31 controls) of the current sample wene also used in the Trémols ef al. study.
However, the final sample in which we performed these companisons was reduced to 42
subjects (21 control subjects and 21 ADHD children (10 combined, 4
hyperactive/impulsive and 7 inattentive)) in order o match the control and ADHD children
for gender, age and handedness. For comparmtive reasons, t-test comparisons of VS TBY
wene ialso repeated for the same subsample of subjects.

A pevafue below 0,03 was considened statistically significam for all tesis,
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Toval Brain Valume

The TBY measure, which incledes gray matter and white matter, was shightly
lower in ADHD subjects in companison to controls. However, this decrease did not
significantly differ between groups (controls: mean=1133.3 mn; S0=131.8 mm’;
ADHD: mean=1106.3 mm’; SD=97.1 mm’; mean diff=26.97; IC 95% from -23.27 1o

77.22 mm’; p value=0.289),

Subtype Analyses

According to the ANCOWV A analysis, there were no significant differences
between the ADHD subtyvpes, neither for absolute volumes, nor for relative volumes
(all p=0.385), However, I-test comparisons between each subtype and their matched
controls indicated that absolute volumes were bilaterally reduced in the combined
(r<=0.001 ) and hypersctive/impulsive children (p=0.0016) but not in inattentive
children (p=0.176). With regard to relative volumes, bilateral reductions only reach
significance for the combined subtype (p=0.001), but not in the hyperactiveimpulsive
{(p=01.066) or the inattentive (p=0.205) subtypes. Interestingly, the effect-size
coefficients show that mean differences, in both absolute and relative volumes, are
especially prominent in children of the hyperactive/impulsive subtype (Cohens
d=1.68 for bilateral VSir, and 1.19 for bilateral VSir/TBY), are less accentuated in the
combined subtype (Cohen’s d=1.06 for bilateral VSir, and 0.98 for bilateral
V8 TBY), and are nearly absent in children of the inattentive subtype (Cohen's

d=0.60 for bilateral V5ir, and 0.56 for bilateral VSTBY). Detailed data about the
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ventro-striatal volume t-1est comparisons between each subtype and their matched

control are presented below (see also supplemental table 1),
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ADHD, sttention-deficivhyperactivity disorder; M-ctrls, matched controls;
ADHD-C, anention-deficithyperactivity disorder - combined subtype; ADHD-H/I,
attention-deficit (hyperactivity disorder — hyperactive/impulsive subtype; ADHD-I,
attention-deficithyperactivity disorder - inatientive sublype: R, VSir, absolule volume
of right ventral striatum; L. V5tr, absolute volume of left ventral striatum; BIL. VS,
absolute volume of bilateral ventral strintum; TBV, total brain volume; B. VS TBY,
relative volume of right ventral strigtum; L.VSinTEY, relative volume of left ventral
stratumy, BIL. VS TBY, relative volume of bilateral ventral striatum.

This table shows the results of -iest comparisons between groups as well as
between subtypes and their maiched controls, Both absolute and relative volumes are
displayed. Values in boldface refer to significant differcnces between samples.
Cruantitative vanables are expressed by their mean value in cubic millimeters and their
standard deviation (SD). Effect sizes are calculated by Cohen's o index.
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Cambimed subtype and matched control comparisans

Ventro-striatal volume was found to be lower in the combined sublype as
eompared to its matched control group (all p< 0,007). Reductions were observed in
both relative and absolute volumes. With regard to relative values, we found a
bilateral VS TBY reduction of 27.15% (from 11.41 to 42.9), This reduction was due
to a decrease of 27.62% (from 10.30 1o 44,98) and 26.66% (from 7.66 10 45.72) in the
right VSirTBY and left VStrTBY respectively. It is worth mentioning that all the

differences were large in size (Cohen’s o ranging from L8 to 1.06).

Hyperactivedimpulsive subivpe and matehed control comparizans

In the case of the hyperactivity impulsive subtype, significant reductions wiere
restricied 1o absoluie values, Although decreases in relative volumes did not reach
significance (p=0.066 for bilateral VS TBY), the size of the differences are larger

than those obtained for the rest of the comparnisons (all Cohens” o coefficients =1.05).

Tearteniive subivene and marched coniral compartson

There were no significant differences in ventro-striatal measures between
inattentive children and matched controls either for absolute volumes or for relative
measures, Furthermore, effect sizes of the volumetric differences were relatively

small {Cohen's o rangimg from 0.4 1o 0L66)

The Effect of Medication an Ventro=Striatal Volome

Ciroup analyses comparing medicated to un-medicated ADHD children as well
as the medicated and the un-medicated ADHD groups to their respective matehed
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control groups, are reported in the main manuscript. For detailed information about
these analyses see supplemental tables 2, 3 and 4.

The ANCOWA analysis revealed no significant difference between subltypes in
the medicated sample (all p=0.34), Independent sample t-1es1s show that only the
difference between the combined subtype and its matched controls reached
significance (combined vs. matched controls all p<0.011; hyperactive/impulsive vs.
matched controls all p=0.058; and inatentive vs. matched controls all p=0.197:; see

supplemental table 2),

Supplemental Table 2. Ventro-striatal comparisons between medicated and

un-madicated ADHD children
Modicaied  Un-medicated T P S Eftect
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BiL- VRN AMBARIOT.00)  MOD{11GBE} 1485 0145 2208110 1548M  O5A
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Abbreviations as above.

This table shows the results of t-test comparisons between medicated and un-
medicated ADHD children, Both absolute and relative volumes are displayed,
Cruantitative variablex are expressed by their mean value in cubic millimeters and their
standard deviation (S12), Effect sizes are calculated by Cohen's o index,
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Supplemental Tabie 3. Group and sublyps companisons of ventro-siriatal volumes for the medicated

subsample
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Abbreviations as above,

This table shows the results of 1-test comparisons between groups as well as
between subtypes and their matched controls only for the medicated subsample. Both
abzolute and relative volumes are displayed. Values in boldface refer to significan
differences between samples. Quantitative variables are expressed by their mean value
in cubic millimeters and their sandard deviation (S0). Effect sizes are calculated by
Cohen’s o index.
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Bupplemental Table 4. Group comparison of ventro-siriatal volume for the
un-madicated subsampls
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Abbreviations as above,

This tahle shows the results of t-test comparisons between un-medicated
ADHD patients and their matched controls, Both absolute and relative volumes are
displaved. Values m boldface refer to significant differences between samples.
Quantitative variables are expressed by their mean value in cubic millimeters and their
standard deviation (503). Effect sizes are calculated by Cohen's o index.

Group Comparisens of Vemtral Striciem and Candate Volunnes

We found no significant differences in the volumes of the caudate nucle
between ADHD patients and their maiched healthy subjects (all p=0.282 for CdUTBY
comparisons) but we did find significant differences in all the ventro-striatal measures
for these subject groups (all p<0.036 for V50 TBY comparisons). Regarding
correlationnl analyses, no significant associations were found between the caudate
volumes and the mtings of hyperactivity/impulsivity or inattention (smaller p value
=(1.0% for the correlation between mothers” scores of hyperactivity/impulsivity and
right CdvTBY (r=-0.426)). However, the negative association among the symploms
of hvperactivity/impulsivity and right VSinTBY remains significant (7—=-0.577,
=001 for mothers' scores and r=-0.4%1, p=0.032 for fathers’ scores)h. In sum, these
findings suggest that the ventro-stnatal reductions reported in the paper are not solely

the result of a generalized decrcase of the striatal region,
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Carmona «f al

Table 5. of varntro-strintsl and caudate volumas
Conirols. ADHD T [ Effect
i21) i21) vohe  value cioen 2o
]
R WEaiTEY 02358 0.4TE 2170 0.038 COMIGLOIZEE DT
LvswTEY 02457 01788 2041 0OOT DOEONTRONIIET 06D
BiL. Y THY 04812 03511 2736 0,000 OOO0SH e 0ZMET  DB4
R CduTiy 23857 20713 1060 0282 OMSIOEMT 02D
L. CduTaY 1 S50 20200 L2700 0.7ES 080X 008
BL. CauTEY 21637 20887 0,503 0618 -0.3498800.5818 'R ]
Abbreviations as above,

This table shows the results of 1-test comparisons between ADHD patients and
their matched controls for the ventral striatum and the dorsal stristum. Both absolute
and relative volumes are displayed. Values in boldface refier to significant differences
between samples. Quantitative variables are expressed by their mean value in cubic
millimeiers and their standard devimtion (SD). Effect sizes are caleulaied by Cohen’s of
index.
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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 OQutcome 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<O0.05, 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.'™ 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.* > 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,’ anterior cingulate cortex (ACC),”® dorsolateral prefrontal
cortex (DLPFC),” superior frontal cortex and cerebellum.'® Complementary analyses of

11-14

cortical thickness'' reveal overall decreased cortical thickness in children and adults

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

12-14
cortex.

Recently, Almeida et al."”> 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

% 162 The documented

on adults’ retrospective recall of their childhood status.®
inaccuracies of such reports” 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,”* ** 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.?®° 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

12-14 .
-1 and (2) assess whether anatomic

regions hypothesized to be related to ADHD,
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.’* **
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

30, 34

publications. 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
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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 elnstrument). 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.” (See Author e-Table 1 for further
details of childhood medication treatment, including thioridazine.’®) 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-
77



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, ()g(l)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

339 The initial preprocessing step was to mask MRI native images using an

pipeline.
automated brain extraction method.*” 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.”®*!

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.” 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.*”

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 (2¢) 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 environment** 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.* *°

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 thickness®’ 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.*” Because of significant between-group

differences in 1Q, we confirmed cortical thickness results by also adjusting for 1Q.

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%) (x2(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 eFigurel and Author e-Table 6, after
covarying for 1Q (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«=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,” 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,** our observation of reduced
global cortical thickness in probands with ADHD confirms prior reports.'> '* 2
Furthermore, although we found less frontal and prefrontal cortical thinning in ADHD than

12-15, 20, 49

others, we confirmed thinner cortical mantle in occipito-parietal,'® > *° temporal

cortex and precentral regions'> '*

in ADHD. In subcortical analyses, we also confirmed
anatomic abnormalities in caudate,” "' thalamus * >* and cerebellum® in ADHD.

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

associated with executive function and attentional control.’* >> Makris et al.’ 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.” 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.” 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.'>*°

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

12-14, 33, 47, 56, 57

in adults, and typically have examined the entire cerebrum, although nearly

all (except'®) report results uncorrected for multiple comparisons. Thinner cortex has been

12, 14

reported in children with ADHD in prefrontal and precentral regions parietal and

1213 and inferior frontal gyrus bilaterally.”® In our main analyses, we applied

temporal lobes
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 network™ 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.” * 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,"” >° 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)’> 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.”® These findings are consistent

with studies of ADHD that report abnormal patterns of activation in parietal regions>

60-62 163-65 66, 67

during working memory, attentiona or response inhibition tasks.

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 attention’> and in suppressing responses to irrelevant

68, 69

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

70,71

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

associated with impaired working memory.”> > Abnormal activation of occipital cortex has

75-77

been found in youth” and adults”>”” 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.>
Additionally, a recent VBM study in adults with ADHD found significant bilateral
reduction of GM volume only in early visual cortex.”®

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

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

1-4, 79 60, 80, 81

mostly in the vermis, and in the hemispheres in adults, as in this sample. Early
anatomical studies of ADHD did not specifically examine thalamic nuclei, although
thalamic hypoactivation emerged in an unbiased meta-analysis.’> Recently, several studies

82 and adults with

have identified thalamic abnormalities in children/adolescents™
ADHD.*>™

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.*> % Specifically, subgenual ACC is
implicated in emotional processing and pain perception.®” In humans, subgenual ACC is
functionally connected with multiple limbic regions including temporal poles®™ and
insula.” In turn, the insula, along with participating in performance of demanding tasks,”
is clearly also related to affective processing.”’ Abnormal activations in insula and
subgenual ACC were reported in a meta-analysis of ADHD functional imaging.>>

Cortical thickness studies in ADHD have downplayed findings in the temporal pole,
which have been reported but not discussed.'*'* 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.”” Altered activation in temporal

93-100

pole is associated with deficits in face recognition and mentalizing, i.e., theory of
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mind.'”"'™ 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.”*

Our findings are consistent with pathophysiological models of ADHD highlighting
not only cognitive executive functions (“cool” processes) but also emotion/motivational
deficits (“hot” processes).'” Anatomic “spiraling” circuits begin with emotion/motivation
pathways which influence “cool” cognitive processes, which in turn control motor
responses.'”® 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

d.® % 172021 To better understand possible differences between persistents and

unexpecte
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
processes'> '*7 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.'” As shown in eFigurel and Author e-Table 7, our principal findings of persistent
differences in brain anatomy survived covarying for 1Q 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 elnstrument), using similar approaches did not yield high rates of ADHD

24,26

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

excluding ADHD-NOS did not alter results appreciably.

90



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 thickness®’ 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.!?” 1%
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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.

tHighest 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
la).

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 Male
s Comparisons
N (%) N (%)
207 (100) 178 (100)
INITIAL SAMPLE
Unable to locate 21(10) 20 (1)
Deceased 15(7) 5()
Incarcerated 6(3) (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 Attainmentt 13.5(2.4) 15.6 (2.3) 5.31 0.001
WAIS Full Scale 1Q at 18FU 104(13) 113(13) 3.58 0.001
WASI Full Scale 1Q 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.

tHighest Grade Completed

WALIS: 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

Probands w/ Non-ADHD
MNIX, Y, Z Non-ADHD Persistent Remitted Controls Non-ADHD Remitters
(No. of Controls ADHD Probands VS. Controls VS.
Regions vertices) (n=57) (n=17) (n=26) Persistents | vs. Remitters | Persistents
mean SD mean SD mean SD p ES p ES p ES
L Sup Parietal -26,-55, 68
(BA7) (4,290) 297 0.13 2.85 0.17 2.86| 0.13| 0.004 | 0.83 | 0.000 | 0.88 | 0.978 | 0.01
L Precentral G -35,37, 36
(BA6) (784) 3.35] 0.13 3.26 0.15 3.26| 0.16| 0.022 | 0.65 | 0.006 | 0.67 | 0.917 | -0.03
L Sup Temp G -54,10,-22
(BA38) (915) 3.80| 0.19 3.60 0.23 3.66| 0.19] 0.001 | 0.98 | 0.002 | 0.75 | 0.401 | 0.26
L Frontal Pole -31,62,-6
(BA10) (638) 3.23| 0.18 3.06 0.18 3.11| 0.23| 0.001 | 0.96 | 0.010 | 0.62 | 0.453 | 0.24
-13, -91,35
L Cuneus (BA19) (618) 2.78 | 0.20 2.65 0.17 2.73] 0.16] 0.025 | 0.63 | 0.325 | 0.23 | 0.134 | 0.48
L Precuneus -6, -65, 30
(BA31) (62) 3.35[ 0.20 3.23 0.19 3.26| 0.15| 0.028 | 0.62 | 0.029 | 0.53 | 0.630 | 0.15
R. Precuneus 10,-73,51
(BA7) (1148) 3.23| 0.16 3.12 0.13 3.15| 0.15| 0.010 | 0.73 | 0.040 | 0.49 | 0.430 | 0.25
R Inf Parietal 49, -40, 50
(BA40) (4836) 3.03| 0.14 291 0.18 293| 0.14| 0.007 | 0.77 | 0.002 | 0.74 | 0.828 | 0.07
R Sup Temp G 30, 15, -40
(BA38) (1141) 3.87 | 0.27 3.62 0.25 3.75| 0.22] 0.001 | 096 | 0.044 | 0.48 | 0.080 | 0.56
R Temporal G
extending to 48,-1,-3
Insula (BA13) (315) 3.81| 0.21 3.69 0.24 3.72| 0.21] 0.049 | 0.55 | 0.053 | 046 | 0.747 | 0.10
R Precentral G 58,0, 36
(BA6) (315) 341| 0.15 3.27 0.19 335| 0.18| 0.003 | 0.86 | 0.109 | 0.38 | 0.207 | 0.40
R Frontal Pole 27,47,32
(BA10) (98) 3.37| 0.16 3.28 0.17 3.27 | 0.18] 0.057 | 0.53 | 0.021 | 0.56 | 0.907 | -0.04
R Middle Frontal 25,47,-14
G (BA9) (130) 3.36 | 0.20 3.19 0.18 333| 0.17] 0.002 | 090 | 0497 | 0.16 | 0.011 | 0.83
R Occipital 27,-87, 26
(BA19) (210) 296 | 0.20 2.86 0.19 2.87| 0.19] 0.095 | 047 | 0.079 | 042 | 0.862 | 0.05
R Occipital 10, -80, 10
(BA18) (94) 2.79 | 0.20 2.69 0.21 271 019 0.079 | 049 | 0.080 | 0.42 | 0.776 | 0.09

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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(BA24)

N ADHD Probands Probands
i on - Persistent Remitters Non-ADHD Non-ADHD Remitters
Regions Maximum  MNI Peak c(‘::f;gis ADHD ADHD Controls Controls vs.
Z-scores (No. of - (n=17) (n=26) VS, VS. P-ADHD
voxels) P-ADHD Remitters
mean SD mean SD mean SD P ES p ES P ES
-28,-58, 66
L Sup Parietal 5.3 (1747) 0.42 0.04 039 0.03 0.39 0.05 0.003 0.86 0.001 0.78 0.993 0
(BA7)
4.01 '14%%')'34 057 015 051 014 056 016 0146 041 0821 005 0279 0.34
L Cerebellum
3.44 -32, ':12'-58 0.41 0.17 0.28 0.15 0.34 0.18 0.009 0.74 0.116 038 027 035
L Inf Cerebellum (41)
3.32 48, é(z) 42 0.39 0.1 0.33 0.1 0.34 0.11 0.048 0.56 0.088 041 0.682 0.13
L Middle Temp G (BA21) (2)
. -50,-42,-22
L Temp-occipital 3.5 17 0.6 0.08 0.55 0.09 0.54 0.07 0.024 0.64 0.002 0.78 0.724 -0.1
(BA37) an
. . 0,-44,-48
Brainstem extending to 3.37 16 0.36 0.14 0.3 0.12 0.32 0.11 0.1 046 0.148 035 0.653 0.14
Cerebellum (16)
3.33 341022 575 006 073 006 072 007 0117 044 0027 053 0727 -0.1
L Temp-parahippocampal : (13) . . : . : . . : . . . e
(BA35)
3.31 -16,52,32 0.45 0.05 043 0.06 0.43 0.06 0.062 0.52 0.035 0.51 0972 0.01
L Frontal pole . ©) . . . . . . . . . § . .
(BA10)
48,-18, 56
R Parietal Postcentral 4.7 (1196) 0.41 0.04 037 0.04 0.38 0.05 0 1.04 0.003 0.72 0444 0.24
(BA3) extending to BA6
3.84 32'('26305')'38 0.51 0.17 044 0.14 0.53 0.17 0.146 041 0581 -0.1 0.078 0.56
R Cerebellum
4,-8,12
3.94 170 0.73 0.1 0.7 0.09 0.74 0.07 0.202 036 0.541 -0.2 0.065 0.59
R Thalamus (170)
R Occipital, Cuneus 3.88 2 '1726236 0.67 0.05 0.63 0.06 0.65 0.05 0.005 0.79 0.082 0.42 0.2 0.41
(BA18/19) (122
4.25 120612 047 006 045 004 046 005 0261 031 0398 02 0696 0.2
R Sup Frontal G (BA10) (68)
12,-12,78
R Frontal lobe 3.66 32 0.46 0.11 041 0.11 0.45 0.14 0.107 045 075 0.08 0319 031
(BA6) (32)
3.41 24,38,-18 0.51 0.06  0.45 0.05 0.47 0.06 0.001 096 0.005 0.69 0434 0.25
R Middle Frontal G (BA10) ) (23) ) ) ) ) ) ) ) ) ) ' ) )
extending to OFC (BA11)
RT Fusif 34,-34,-26
emp Fusiform 3.23 13 0.63 0.08 0.58 0.05 0.6 0.07 0.014 0.69 0.062 045 0423 0.25
(BA36) (13)
8,20,-2
33 0.51 0.09 049 0.07 0.48 0.1 041 023 018 032 0.715 -0.1
R Caudate (5)
3.16 52,6,-32 0.55 0.06  0.52 0.05 0.51 0.08 0.063 0.52 0.009 0.63 0.614 0.2
R Middle Temp (BA21) : (5) ) ) ) ) ) ) ) ' ) e
extending to (BA38)
46, 8,-42
R Middle Temp (BA21) 5.3 ) 0.52 0.06 0.51 0.08 0.51 0.05 0557 0.16 0561 0.14 0.894 0.04
extending to (BA38)
0,44,-10
Anterior Cingulate/limbic 3.53 (20) 0.82 0.04 0.79 0.04 0.81 0.04 0.016 0.68 0.248 0.28 0.246 0.37

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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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).! 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).> 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 elnstrument, 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)

Number of

Subjects Cumulative Number of Days Treated
Medication Treated with Indicated Medication

with [not necessarily consecutive days]

Medication

N(%) Mean Median  SD Mini- Maxi-

Mum mum

Methylphenidate 55(93) 789.9 613 640.2 9 2486
Dextroamphetamine 10 (17) 300.7 176 353.6 22 1202
Pemoline 3(9 205.0 222 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

Controls with  Probands with
ADHD-NOS ADHD-NOS
Regions (n=23) (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 (BAG) 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 (BAG) 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

Probands Controls

Assessments (n =207) (n=178)
N 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-II
Late Adolescent Probands | Probands p Probands | Probands p
Diagnoses w/MRIs w/o MRIs (2- w/MRIs w/o MRlIs (2-
(n=59) (n=136) tailed) (n=59) (n=136) tailed)
N (%) N (%) N (%) N (%)
Antisocial Personality/
Conduct Disorder 15 (25) 36 (27) .88 20 (34) 39 (29) A7
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 Controls Controls P Controls | Controls P
Diagnoses w/MRIs w/o MRIs (2- w/MRIs w/o MRIs (2-
(n=81) (n=97) tailed) (n=81) (n=97) tailed)
N (%) N (%) N (%) N (%)
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) Probands Probands p
DSM-II with MRIs without MRIs (2-tailed)
Late Adolescent (n=59) (n=136)
ADD Symptoms
and Diagnosis

N (%) N (%)
Definite
Attention Deficit Disorder 21 (36) 50 (37) .88
with/without Hyperactivity
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) Controls Controls p
DSM-II with MRIs without MRIs (2-tailed)
Late Adolescent (n=81) (n=97)
ADD Symptoms
and Diagnosis

N (%) N (%)
Definite
Attention Deficit Disorder 3 (4) 2(2) .51
with/without Hyperactivity
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 Probands o]
with MRIs without MRIs (2-tailed)
(n=59) (n=136)
Mean (SD) Mean (SD)
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 1Q 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)
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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-II
Late Adolescent Probands | Probands p Probands | Probands p
Diagnoses w/MRIs w/o MRIs (2- w/MRIs w/o MRIs (2-
(n=59) (n=122) tailed) (n=59) (n=122) tailed)
N (%) N (%) N (%) N (%)
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 Controls Controls P Controls | Controls P
Diagnoses w/MRIs w/o MRIs (2- w/MRIs w/o MRIs (2-
(n=81) (n=92) tailed) (n=81) (n=92) tailed)
N (%) N (%) N (%) N (%)
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) Probands Probands p
DSM-II with MRIs without MRIs (2-tailed)
Late Adolescent (n=59) (n=122)
ADD Symptoms
and Diagnosis

N (%) N (%)
Definite
Attention Deficit Disorder 21 (36) 43 (35) .96
with/without Hyperactivity
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) Controls Controls p
DSM-II with MRIs without MRIs (2-tailed)
Late Adolescent (n=81) (n=92)
ADD Symptoms
and Diagnosis

N (%) N (%)
Definite
Attention Deficit Disorder 3 (4) 2(2) .55
with/without Hyperactivity
Clinically Significant
Inattention 7 (9) 9 (10) .80
Impulsivity 7(9) 10 (11) .62
Hyperactivity 7(9) 5 (5) 41
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eTable3;j
Childhood (Time 1) Characteristics of Probands
Not Known to be Deceased at 41FU

Variable Probands Probands o]
with MRIs without MRIs (2-tailed)
(n=59) (n=122)
Mean (SD) Mean (SD)
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 1Q 105.6 (12.4) 103.0 (11.6) A7
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

Probands Probands

. . Probands
without with . Non-ADHD . p
Adult Variable ADHD  Persistent W'taggHD Controls ~ WIthADHD o o
(remitters) ADHD (n = 16) (n =57) tailed)
(n = 26) (n=17)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Age at Follow-Up
(Years) 41.0(25) 412(27) 41.0(3.0) 41.3 (3.0) 0.12 0.98
Socioeconomic
Status* at 41FU 32(1.1)"  37(1.2%° 34(1.0° 24 (1.1)""° 7.1 0
Educational
Attainment** 139 (2.8)° 13.7(2.1)F 127 2.1)°%" 157 (2.2)F"° 7.78 0
WASI*** Full Scale
IQ 104.2 (11.8) 100.7 (13.4) 97.1 (14.7) 111.9(12.7)' 104.8 (18.6) 4.56 0.002
Global Assessment
Scale Rating**** 67.5(14.9) 61.5(8.9° 58.8(9.7)¢ 73.5(10.5)”" 659 (8.3)" 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)
pairwise comparison significant (p <.001)
pairwise comparison significant (p = .028)
pairwise comparison significant (p = .006)
pairwise comparison significant (p = .008)
pairwise comparison significant (p =.014)
pairwise comparison significant (p <.001)
pairwise comparison significant (p =.006)
pairwise comparison significant (p =.003)
pairwise comparison significant (p =.001)
pairwise comparison significant (p <.001)
pairwise comparison significant (p =.042)

= T O T m g QW
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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

Probands Comparisons X2 p

Ongoing DSM-IV Disorder (Past 6 Months) (n =59) (n =80) (2 tailed)
N (%) N (%)

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) 212 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 A2
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

MNI MNI
Region coordinates  vertices # Region coordinates vertices #
L Sup Parietal L Sup Parietal
(BAT) -26, -55, 68 4,290 (BAT) -25, -55, 68 827
L Precentral G L Precentral G
(BAB) -35, 37, 36 784 (BAB) -45, -13, 53 115
L Sup Temp G L Sup Temp G
(BA38) -54, 10, -22 915 (BA38) -54,10, 22 108
L Frontal Pole L Frontal Pole
(BA10) -31, 62, -6 638 (BA10) -31, 62, -6 179
L Cuneus (BA19) -13, -91, 35 618
L Precuneus
(BA31) -6, -65, 30 62
R Precuneus
(BAT) 10, -73, 51 1148
R Inf Parietal
(BA40)
R Inf Parietal extending to
(BA40) 49, -40, 50 4836 BAG6 49, -40, 50 2,693
R Sup Temp G R Sup Temp G
(BA38) 30, 15, -40 1141 (BA38) 30, 15, -40 374
R Temporal G
extending to
Insula (BA13) 48, -1, -3 315
R Precentral G
(BAB) 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
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eTable7. Cortical thickness within clusters differentiating remitters vs. persistents in uncorrected vertex-wise analyses

Probands w/

MNI X, Y, Z Non-ADHD Persistent Remitted Non-ADHD Non-ADHD Remitters vs
Regions (No. of Controls Probands Controls Controls . :
! _ ADHD _ . - Persistents
vertices) (n=57) (n=17) (n=26) vs. Persistents | vs. Remitters
mean | SD | mean SD mean SD p ES p ES p ES
L Sup Temporal
(BA38) extending to
Insula (BA13) and -43,10, -19
Orbitofrontal (BA11) (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
-27, -5, -28
L Parahippocampus (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
-6, 18, 40
L Anterior Cingulate (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
-15, -69, 23
L Occipital (BA17/18) (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 37,10, 9
(BA13) (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
22,51,-15
R Frontal Pole (BA10) (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 47,9, -12
Insula (978) 391| 0.23 3.64 0.29 3.86 0.20| 0.0002| 1.10| 0.406 0.20 0.004 | 0.94
R Occipital 25, -68, -11
(BA17/18/19) (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
53, 2, 41
R Precentral (BA6) (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 32,-78, 30
(BA19) (78) 298| 0.20 2.94 0.28 297 0.22 0.448 | 0.21] 0.782 0.07 0.672 | 0.13

L: Left; BA: Brodmann area; Sup:
P-values surviving Bonferroni correction for multiple comparisons or ES>.50 are indicated in bold.

Superior; R: Right
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Supplementary figures

The upper maps show the same vertex-wise results (FDR<0.05) of the contrast
between comparisons (n=80) and probands (n=59) shown in main text Figure 1
without covarying 1Q; the lower maps show the results of including full-scale 1Q at

41FU as a covariate.

Right

Ventral
Not including 1Q as covariate

3.4

’ FDR 0.05
eFigure1 Ventral IQ as covariate

S

9

t-statistics
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Upper row maps show results from combining data across two scanners. The lower maps show results
obtained from the Allegra only. In both cases, FDR 0.05 has been applied.

‘Scannar Trio + Scanner Allegra {n=139)
Comparisons (n=80) = Probands [n=58]

t-statistics

eFigure2 FORO0S
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Actividad funcional cerebral en estado de reposo:

redes en conexion

Erika Proal, Mar Abvarez-Segura, Marla de la glesia-Vayd, Lk Marti-Bonmati, . Xavier Casteilancs,

¥ &l Spanish Resing State Network [SRSN)

Resurmen. Fl andiisi de |a conectividad fonconal mediante resonsmeia magnética funoonal (RMI) puede llevarse 3 cabo
duramir L realizacide de una tarea, la percepcidn de en estirads o en estado de rpoo. En tales cacs, o edudio de fa
safial de baja frecuencia Bn & aotiodad cerebral 3 traveés del confraste BOUD en estado de repiio ha revelado pabiones de
actividad Cortacal sincionizadcd, o que ha permitido descnbir [ anqudentura lendiondl mtiingecs del cenebing humaso, La
eomasidad clentifca inemacional dapone de recursos. companidos gue coninBulrdn mediante sste aadiivh ds BMI en
eflado de reposa 4 la oblencidn de dugndsticos y alamienlod mds pradiod y vartadad &0 & campo de L4 neurcoen-
tias, Recieniemente, el Spannh Rewting State Network [SASN] e ha aunado a esbe pioyecto colaborativo avando una
eviruciura de hmumimhwmmmhmu qgrupes. de imvesligackin en neurciencias (hitpc/f

warar, nilre oG/ penjectyuan)

Palabras clave. Actividad inlrirmeca corebral. Conetimdad funtional. Eslado de reposa. Flutluadone de baja lreouesta.
Auctuadionss spontdness. 104 Redes en conemicn. BM fonconal.

Intreducion

La posibilidad dae madir la activided funcional an el
carabro mediante la ssfial prodecida por los cam-
bins dependienies del nlvel de axiganacidn sangui-
nea {contrasts BOLD) ha coméertida a la resonancia
magnética funcional (RN ) en ena kerramienta il
BN Aeurociencia cognitiva. Gracias a la RN 58 han
podido ientificar asociaciones antre la activaciin
y/o desactivacidn de dreas cerebrabes irenle & dite-
renbed estimulod o nespuesias diranie la réalixacidn
de lareas cognitivas espaciicas [1). En los (ltimos
aftos etz investigacidn sobee ln sctbvidad evocade
b gido migy productiva pars destacar lod edementod
nEuTORRIES as0ciados con & luncionamignto cere-
bral (especificidad tuncional),

50 sabe que la energla consumida por |3 actividad
neuronal generads durante La realizackin de taress
&% mnor del 5% e toda 13 enérgla emplesda pod &
cerehro [2]. Por ella, la mayor parte de nuesiro co-
nocimienio acerca del funcionamiento cambral pro-
vigne del estudio de sctividades que Gonsumen poca
cantidad de energie. Durante mucho tiempo, en &
campo de la neursimagen s considerd la actividad
de tondo no refacionada con la ejecucidn de taneas
cognitivas (actividad inirinseca o esponidnes) coma
ruldo alestorio de muy baja fracuencia, por 1o cusl
st axcluis y 9¢ desaprovechaba, Se ha comprobada

www neurologa oo Rey Neutol 2001, 52 Mgl 11 53790

que estas activacienes no son aleatarias, sing gue
e84dn Blen estruciuradas y organizadas [34]. Varios
esiudios han demosirado qua estas Nuctuaciones in-
trinsecas y espontdness son importaniss para cono-
céd la congctivided funcional carebral

La actividad intrinseca cerebral estd presents &n
todo cerebro y puede estudiarse an cualgisiera con-
dicidn. Resulta inberesante evaluaria durante el esta-
do de reposa, o sea, sin imponar ninguna 1area es-
pecilics mis alld del reposo y la quietud durania los
minubos g lards b adguisscitn, Como se discullnd
posteriormenin, la idea de estudiar la actividad es-
pontanga a trevés de la safal BOLD en esfado de re-
posa brinda imporiamies implicaciones clinicas, de-
Do tant & {8 Taciledad de su implamanticsin como
i Sk resultacos fiabhes ¥ reproducibles [5).

Cariosamente, el hecha de estudiar la coneclivi-
dad lunchonal medianie safsles de baja irecuencia y
i eslado dé réposo o &8 exclugive de la AML v
gue 5a sido fambidn una de l&s principales viss de
esiudio de daios slectroencefalogrificos.

En esle irabajo se ofréce una revisidn general de
1 eonectividsd luncional mediambe 1 AMI en esta-
o da reposn =AMI-reposo; restiing starte functforl
conmectivity [RSFC j=. Especificamente, como ob|a-
tivo 32 comentardn log principales concepios dub-
VaCEIES 4 6513 aproximacidn asi coma ks 18Enicas
e amdlEsis mds utilzadas. Ademds, 12 informard so0-
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. Peoal, et ad

Fparn. Crmstn mosar 8l coma 1 pasde cifieney on ouaigeer borglong por reedo de b iesoranoy
magnitns funcional (REM]-4ee molora ndecida [Fempio obiersda en # Sereoo de Radokogls del
Haywtal Cursn o Vakeana, FIpada, 7 Qraciat & b particganon de G Garre). (523 imagen muetTa
At oo Bl Ralangs ongasd de (3] en donde 18 GbSVEY LUH. OV HBOONEL OF uh RO [1egdn 3¢
et} o [OMERS MO0 B Fakne L RN B Fad) O 1EpRn

bre la consislencia de bos resultades obienidos y 3u
interpratacidn, Por Gitimo, sa destacard I Impor-
lancia que lenen bos novedosos proyectos colabo-
ratinos cuyo principal objetiva s compartic datos
en reposiiorios comunes, de manera que contribu-
yen & Celerar o procesa de desarrollo de normad
esladisticas y patrones de normalidad wniveriales.
Nos cantraremos principalmente &1 el Spanish Aes-
ting State Network (SRSN), red creada en & Gltima
afio y conlormada por dilendntes instiluciones as-
pafiolas para facilitar nuestra parficipaciin en esta
inbeintiva global en &l dmbito de L neurociencia.

Conectividad hunooms!

La conactividad funcional e define comao la depen-
dencia femporal de ke actividad neuronal entra re-
piomes cershrales anatdmicamente sparadas [6,7).
Esa dependencia temporal s relésiona con la co-
neclividad estruciural, 0 223, con |a3 conexiones fas-
ciculares direcias que pueden estudiarse medianie
milodos de RM basados an difusidn (iraciografia
por RM) [8,8]. Sin embargo, la consclividad funcio-
nal lambién puede existir enire regiones que no es-
fén directaments enlazadas por haces zuonades [9).
La comunicadion luncional entne regiones & de
suma imporiancia para llgvar a cabo procesos cog-
nitlwos gue infegran informacitn 8 travds de dide-
fentEs regiones cansbrales (imtegracidn lunciomal)
[10). Estudianda la actividad intrinsaca espantinea

por 2l mModo de RMI-reposo, es posible delimitar
redes o circuitos de coneciividad funclonal comple-
B0% que, & Su ver, resultan Olibes para conocer mis a
fanda ka organizacion del centbro y asl delinear kos
posibdes correlatos nauronabes relackonados con di-
ferenies pabologias,

Fluctuacrones espontaneas
en la senal BOLD (RSFC)

La condctividad funchonal pueda analizarse bisn
mediante estudios de RME inducidos por una tarea
(AMI-tarea) o por estudics con AMI-reposs [11] EI
mayor conocimienio del luncionamiento cersbral
proviens de estudios realizedos con RME-tares, Sin
ambargo, una de bz preocupaciones mds comunes
dentio de lod estudios de ia AMI-1area ha sido fa
gliminacion del ruido inherenle que axiste en la g-
fial BOLD. Los investigadores han reducido su con-
fribucidn promediando los dados para incrementar
la saffial y disminwir ¢ ruido, La actividad de bas,
considerada inkclalmente coma ruido, s& alribupd
duranie mucho tlempa a las sefales Bisioldgicas,
fanio cardisces coma respirstorias,

Fiig en 1995 cuando Bigwal gt al abserason por
primata vz que una fracciin considarable de esia
rulde mosiraba patrones organizados y coherentes
Enirg sistemas ceredrales condcidos [3). EI trabajo
de Beswal tenda como abjelivo examinar los patro-
nes de actividad neurenal del sistema mator, y pasa
Bl & b supelos experimeniales 38 (&3 xplich uma
larea esldndar dé opodicidn de dedos para, a conl |-
nuackin, adquirir una AM{-reposo sin padides qua
hiclaran algo o resccionaran ante ningln etimulo
mabor. El anidlisis de |08 resultados mostrd que du-
rante la farea de pulsaciin da dedos sa activaron
varies regiones implicacas en la respueeats molod:
el drga motora primacia y 1a soplemeniana, Asimis-
me, al hacer el segundo andlisis en eslado de reposo
g2 seleceiond un dnkco vieel o regiGn de interés Io-
calizado en &l dreh Mmolors, ¥ 8 analivd 3 patrdn de
corrglacidn bemparal con el resto de bos wiaeles en
gl cerebro, Interesambemenis, sa obsarvangn corre-
laciomes entrg las Huciupsciones del vimed selectio-
nada y las fucioaciones de las mismas regiongs que
g2 activaron durants la tarea de pulsacidn; es decir,
tando duranie b realizaciin de tarea comao #n esfa-
do de reposo s8 destacaron dresa v circuitos cadl
idénticas (Figura),

El haBazgo de esia observacidn ha atraldo la cu-
rinsidad de muchaos irvestigadores, A partir del re-
conpcimiento de esle lendmena, ¥ 3 1rawks de inAu-
mrables estudios despois de 15 afos, se ha podido
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validar ka exisiencia de clreuiios cerebrales hien de-
finidoy. Duda su potencial apbicacidn  poblacionss
clinbcas, tn AMI-reposo esld siendo cada ver mds
acepiada como herramienta vilida para la investi-
pacién nearoscientifica [12].

Adguisicion oe datos: AMI-reposo
¥ pr ROpalES [eChitas de analiis

AdgjuTiitsom

Duranta la adquisicitn de 5 a 10 mén {viengs bos pa-
rdmeiios en i fabla) de RMF-reposo [13] s le plde
il fujalo qua permanedca sin moverse ¥ Con ko ojos
abéertos miranda un punto fijo &n la pantalla o &
equipo de RM. Con esta aproximacsin s# pueden
exiraer las fluctuacionss espontdneas de la sefial
BOLD. Estas oscilacionss espontineas estudiadas
gm la RMf-reposo se enceentran especificamente
en el rango de 0,00-0,1 Hz [14]. Es importanie men-
chomar que &l momanto de adquisicion de AMI-re-
pos0, bign antes o despuds de una AM{-tarea, influ-
v &n las safales registradas [15], por o que & re-
comendable que |3 adguisicidn =8 realica al prin-
ciplo del estudio. Tambign vale recomocer que b
actividad Intrimseca cersbral no es exclusiva de la
AMi-repozo. De hacho, obieniendo datos de Rk
tarea inducida tambidn s& pusden extraer gste tipg
de oscilaciones de frecusncia Baja, aplicando un
miiodo de regresidn que detecle y descarie toda
aguella sefial que 2 encuenire relackoneda con i
gjecucitn de farea (contrario a un andliis ordinarie
oe datos de FALMI-1area).

Principales {eonicas de analmis

Las técnicas para analizar |3 actividad cerebral gs-
pontinea an eflado de réposo han aumentado gan-
siderablements en los Btimos afios [13,16). A con-
fimuackin reviezremos con amplifed |las dos téeni-
cas mds Ut zadas &0 L ectuslioed,

Hypothesis-driven o modakos

dupendienies de hipdbesiy

Esdn tipo de andlisis (de voxel semilla), que s¢ cono-
cocomo andlisis RO por sus siglas on inglés (repion
of firterest], 83 und de los doa enfoques que mds se
wlilizan para analizar dalos de coneclividad luncio-
il an estado de reposo. EI andliss por kﬂwl'lmni-
|tz #3 un mélodo bazsdo en hipdtesis |

riven), & el cual se seldcciona una regidn de Iutr
rés 0 semilla y $& analiza chmo $e condcla funcic-
nalments con atra ROI o con todos bos viomlas del
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resio del carebro. Esie anddisis 1a (leva 3 caba core-
lacicrando las series temparales extraides de |a se-
fial BOLD de la secuencia en estado de reposo a
partir de una semilla sekaccionada y compardndola
©On las series temporabes de a3 demis dramy cere-
brades. v d¢ esta manera 32 obibene un mapa de ¢o-
nectividad funcional que delinea todas aguelias
dress gue thenen une aits cormetackin con la RO se-
leccionada [17.18). La semilla puede sslaccionarse
bign a prioed, dependiendo del abjetivo del investi-
gader, o biem tomando como base nesullados de es-
tudios tradicionales de RM! por tarea inducida o
esfudios por metaandbiss [19].

Pongamas como spemplo que un investigador
it interesada en medir y cuantificar el grado de
cormlacidn entre distintas dreas dal circwito motor.
La gireunyoduckin preceniral podria ser una buena
CENEIaNa cOMmo Samiia, v8 que esth regidn Ma mos-
trady activaciones on divirsos estudios ceando &
ejecutan faress moboras sancilias en a8 gua sa je
pide al voluntarie maver 3 mano. Una ez que 38
selecciona esta samilla y despuds de realizar el and-
lisig de RSFC, los resultados mostrardn aguellas re-
glones cerebeales gue estdn comrelecionando com
#3508 semill, por 10 Qi estes dreas e deberdn con-
siderar luncionalments conectadas. La sencillaz da
esie método hace que el andlisis por wixel 3amélla
tenga una gran veniaja, aunque debe réconooerse
que se limita a proporcionar resultados vinculados
& conexiones cembrales ligadas a reglones especifi-
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cas y pradetérminadas, La magor Il mitaciin de esta
técnice es que los resultados dependen de |a selec-
cidn inicial de las semiltas v, por lo tando, hay que
estogerlas con mucho cuidado para evilar sesgos
de saleccitn.

[Mata-diriven o modelcs dirigidos por los datos,
tamblén denominados independientes del modelo
Fara avitar definir a priori una regidn aspacifica y
asi poder examinar log patrones de conectividad
funcional a través de odas las regiones cerebralbes,
s¢ ham disafiado loe métodos de andlisis indepen-
dienles del modedo, es deeir, sin hipdiesis previa,
Recieniemente, &l amilisis de componentes (nde-
pendigntes (ICA] ha demostrado sar una técnica
bdGnea para identificar elamentos quee describen la
actividad en wna red ampliamente disparss [10).
Loa métodes bazados en ef IC A son especialments
oliles cuanda no $8 conpeen las regiones que estin
implicadas en una tarea detarminada o no sa cono-
ce |3 conectividad Tuncional [20-22].

La técnica de ICA S8 basa en |3 descompedicidn
de los datos de la AMT en componenies indapen-
dientes, y se trata de una exiension de los métodos
clisicos de separacitn ciega de fuenies [Bind s
o separation), Ed%a lecnica Spaie o descomponk
I35 saries bemparales de las flectuaciones datecta-
das para asl identificar ¢l méximo mimero de com-
ponentes indepandientes que dalingn redes luntic-
nales (o circuitos luncionales). Ademds, exta téeni-
ca permite detectar otro tipo de safiales, como, por
sjemplo, sefales figioldgices o ruidos relscionados
can mavimieniod de acomodacian de la cabera. Es-
pecilicamanta, al 1CA foma en considarckin todos
Ios viuebes cerebrales ulilizando un BIgoriimo ma-
lemiltico que los separa entre dilerentes sislamas
{eirculios o componenies] que correlacionan antre
el ¥ Que & su vez son independientes [23.24]. Aun-
Qe esbe Andlisis lene muchas venlajas v su aplica-
bilkdad ha abderto ks pudrtas a nuevas posibilida-
des en gl diseflo de estudics y andlists, los mapas
penerados con exte malodo son normalments mds
complejos de intefpretar en comparacidn con los
penerados con &l andlisis por whesl samilla [2] y,
por consiguiente, su aplicabilidad presenta slgunas
restricciones ¥ lmitaciones [25]. La metodologia
de e3la lécnica ha sido analizada por dilerentes au-
fofes v existen didarentes warlaciones del mélodo
[25]. Especificamente, &l ICA ha servido park po-
der aaplicar de una manera mejor la etuctiora
funcional cerebead & gran escala, se han detectada y
feplitads michos Clieuilod consslentaments gire-
cias a esla 16cnica [20.27. 28] v lamBidn s edld wili-
zando en &l andlisis da les estudics de poblaciones

clinkcas con damencla da tipo Alzheimer o estados
prechinieos de b enfermadad [26.27]. depresitn [29],
esquizedrenia [30.31] enfermedasd de Huntingtan
[32]. esclarosis miltiple [33] o epilepsia dal Gbulp
temporal [34],

Circuitos Tuncionales
enbimcados en cilado deo repote

Aungue un individuo se encuenine én estado de re-
poso, no §2 poede descartar que esté realizando al-
gin tipo de aciividad mental gue no es posible con-
trolar ni conocer, como, por glemplo, imaginar o
gvocar algin recusrdo. Exte tipe de actividad =
plasma en cambios de ta activided neuronal [2]. S0
gmbargo, a pesar de Lxs particularidades proplas de
la ectivided mental &n cads individuo, la activided
intringeca cansbiral perizste DOM rasgos inler & inlra-
Individuales a lo Largo dal tiempo noloriaments es-
tahbes, Exto se ha demostrado con hallazgos consts-
tenies de RMI-repasa durante ol sueha |34), anes-
tesia [35.36] v ol estado de coma [37).

A Traves de esiudios comparativos de actividad
durante RM{-tarea y com RRM{-reposo, s2 han obser-
VIO BN cOnjunlo 08 regeones carebrales que B2 &c-
thiaba congistentements en mposo dentro dal escl-
mer i que 88 desaciivaba ante la demanda de tareas
o ln presencia de un estimulo [27.35-37) A exte pri-
mar conjunlo de negicnes o circwibo observado an
estado de reposo s2 le dio @ nombre de circulio da
sctivacidn por defesto o CAD —&n inglés. defirut
e mebwork (DMN]= [38] La distincitn entra &l
fendmeno de acibridad espantdnea intrirsaca ob-
wrvada medignte RSFC y CAD e clars, La activi-
dad imMringeca cerebeal qua forma A base de W
ASFC mgiste en todo el cersbro, mbentras que el
CAD &2 uno miz de los circuitos luncionales que
pueden identificarss mediante ¢ examen de L acli-
vidad intrinseca cerebeal |2

El CAD estd compuesto por wna serke de regio-
mEd cerebrales imbercomeciadas, que mueslnan wn
patrdn de dessctivacidn duranbe la ejecucitn de ta-
reas cognitivas de cuslquier Eipo, pero gue estdn
mury aclivas en estado de reposo. Esle cincuilo 38 ha
relacionado con la propia manitarizacién de estados
Imbernios y da [a mamoria autoblogrifica [39). Las re-
{Qimnes que conforman esta red son b corteza franal
veniramedizl y darsomedisl, el cimguio anterior (in-
Clusenco partes sub, pre ¥ supragenuales), ¢l cingulo
posterior, ¢ precineo, k corteza parietal Lataral v ol
hipocampn [35]. Después de conocersa el CA D [3£]
& encontrd oleo circuito antizorrelacionade con
kste, que suehe estar activada duranie la realimacidn
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e fantas cognitivas. Este circulto Imnloparieial se
denoming rask-positive metwork. E8i8 circoito asg-
ciado a terexs esid fueriemente relacionado con el
CAD, pero de lorma inversa: cuando la sifial BOLD
estd ingremantada en wn circwito, dsla se encuenira
disminuida en 8l oiro, Este circukio estd principal-
menbe conlormado por neglomes cerehrales dorsales
encargadas del procesamienio de la alencién (i~
cunvalucidn inlraparistal, campo de visidn fromtal)
[40] jurio con regiones ventrales y doessles, la insu-
fa v la corteza motora suplementaria abservadas co-
minmenta duranie la demanda de tarneas cognitivas
[36]. Debido 8 que el CAD foe la primers red infrin-
geca en describiirse, se ha estediado en produndidad
y =2 ha relacionado con clertas patologias clinicas.
Wo obstante, g5 mponante destacar que no &3 @l
dnico sistema funcional que exhibe fleciuaciones
eEpontineas coberentes &n estado de reposo, Hoy
&n dia s8¢ ha obsarvado que mechos de oS sislemas
corticales documentados estin activos en reposo.
Exfudios Iniciales han descriio alrededor de ocho
cifcuifod congistantes, entre ellos 8 satema somato-
motar | 3], el circuito dorsal y ventral de la abencién
[47], & ebreulie visual y el clrewlio auditive [2742).
Incluzo 58 ha podido demostnar que este pairGn de
actividad antre Circuilos &3 consistente & [rindés de
diterentes sujelos |2TE sin embanga, no axisls un
acuerdo an cuarto 8 ndmers apropisdo de circuibos
o companentes obtenidos medisnte ¢ ICA, En al-
funas publicaciones se kan antantrada hasta 42 [28]
y oiros inclisso indican muchos mds {13 43].

Ventapas de la RMI-repoto

Aungies kos e3edios de RMT-repoio $& complaman-

fan con los de RMI-tarea inducida, estudiar la co-

mectividad funchonsl en estado de reposo tiane van-

lajas propias. Algunks de eilas & numeran a conti-

nucHin:

~ Se puede ohtener répidamenie wn estudio fun-
cROmEl Oecubdo sin requerir I aplicacn oe pa-
radigmas de estimulacidn. Esta vantaja hace que
Iz AMI 522 aplicabls @ muchas poblacianes clini-
¢d% que antes habian quedado excluides, como
nifics, patienies con delerioros cognitivos. pard-
ligia, problemes auditives y afasias [44]. Incluse
s# ha cosroborado que Las Nuctuaciones espamtd-
neas persisten bago condiciones de spefio o dile-
Penbes Lipos e arestesia, 1o cuad 18ilina & estudio
de paciantes can agitackomes o bajo sdaciin,

~ 5g pusden delimear circuitos cerebrales comple-
168, i wve [2], 08 MENEFS QUE UNA MESMa adqui-
sicion puede utilizarse para estudiar distintos
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sistermas cerebeales, al contrario de la RMI-lanea,
Ie cual requiere de adguisiciones especificas para
poder estudiar cida una de ks lunciones que 52
pretende analizar. Reclenlemente s& ha demos-
teado gue |a ideniificackin de esios clrowibos pus-
de ser beneficigsa para fines prequirdrgicos, ya
que pusden ideniificarse los cinoulos asociadas
con ¢l dafto que presenta el pacienie y esto a su
waz pueds servir como guia para |2 cirugla y fa-
worecar log resultados de ésta [44],

= 54 pueden tratar dilerencias en cuanto a cada
individuo, ya que se ha demostrado que no il
se pueden analizar dilerencias grupales en gran-
des poblaciones de sujelos, sing lambién adqui-
rir valores ind ividuales [15.45].

~ Estudios recientes han demestradn que eata tio-
nica s compatible con b evaluaciin de estedios
Iongitudingles (a como ¥ 3 lango plazo), ademis
dique permile la reproductibilidad entrs sujetos
[45,47] y a través de diversos laboratorios [48].

~ [Puede servir comao biomarcador de camblos jun-
cionales en lodas [a3 lapxs del desarrollo de la
wida de un sujifo [48). La AMi-raposo ba permi-
tido apreciar que los patrones de conectividad
Ipcates que 32 phearvan cominments em nifios s2
digiribuyen con ¢ ligmpo ¥ van siendo reempla-
radias por conexiones mds focales carcands y par
Iz emergentia de conexiones distantes | S0]. Tam-
bign s& ha descubierto que la cenectivided fun-
cional antre megiones corticalas y subcorticales
disminuye progresivamente con |a edad [39].

= Eta MBenica se puede ubilisar para identificar di-
{erencias en |os circwitos funchonales anine gru-
pos de pacientes con frastormos neuropsiquistrl-
0% comparados com sujelog contral, ES1a altima
wantaja ha resullado muy relevants y ha despar-
tado um gran interés; Muchas de las enlermeda-
des del sislema nervioso central g8 concepluall-
zan an [ actualidad como trastornos complejos
de la comgctividad nearal (211 ¥ uno de los obje-
Tives principales de ln AMI-reposo es esiudiar ka
cangctividad funcional cersbral in wve de ona
mangra mas completa y comprensiva de la gue
s puede alcanzar mediante b AMI-tarea,

En 2l siguiante punio abordaremos una de las apli-

cacknes mis relevanies en poblaciones clinicas que
s ha corsequido con la RMI-reposo,

Demencia y RME-reposo

El gindrome de desconexidn mds paradigmatico e
la enfermedsd de Alzhaimdr, ya que bos estudios
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nesroanaldémicos han demostrado una disrupcin
de las asas alerenies y eferentas enire el hipocampo
y ofras dreas cerebrales [51], EI drea mis esfudiada
hia §ido el hipotampo. ya que s una de las primedas
zonas afeciadas por la enfarmedad y empeora sus-
tancislmentis con 1 progresidn de la enfermedad,
Ademis, 2 Traves de estedios previos con AM de alta
resoluciin espacial se ha demostrado atrofia de éste,
ho gqua padria ofrecar un impartante valor diagnis-
tico [52]. Por esta razdn los esindios de conectividad
funcicnal g han centrado fundam intalmenis en &l
CAD, en ¢l que 32 ha encontrado ena redueccin de
la comectividad [53]. Las dreas anormales del CAD
en Las que aparece mis disrupeidn han sido el cdr-
tax cimgular posterior y ¢ hipocampo |35,54]

Wo obatante, lo més lamative e que no sbilo en
pacienies con enlermedad de Alzheimer, sing in-
clusy e pacientes con déficit cognitivg leve, se ha
Rallado una reduttion de la conectividad al compa-
rarlos con controdes [53). Estos hallazgos abren la
posibilidad del uso de los coelicieries de ostilacio-
NES B3 on LA rneds &0 e3tado de nep ok de Irecsencias
bajis an 8l hipocampo como biomantador precor
de la enfermedad |53).

Froyecios colaboralivos: nedes &n oonexion

El estudio d& un fendmeno tan impariante como 13
coneclividad Tumcional carebral por medio de la
RMM1-reposo estd revolucionando ln neurociencia
climica y ha mexropsiguiatiia, Los nuEvOS pasos ra-
fan de condcer con magar detalle |8 complaja dind-
mica dal cersbro hamana, Durani=los iimos afios
%8 han emperado & lanzar miciaivas globales & tra-
wiis de espacios plblices comunes de dalos. confor-
mados por diversos cenfros de imnestigacidn e insti-
tstiones de sslud & nlvel mundisl, Compartir datos
y Bacilitar su accesibilidad por medio de e$ios repo-
sitorios ha parmitide empezar a marcar propieda-
des esiadisticas especificas em un amplio rango de
madides del Tuncionamienio carebral.

El primar proyecto de comparticidn de datos da
RMi-reposa, 1000 Functionsl Connactomes Projeck
(it fvewrr, nitre, ongprojecistcon_10007), se lan-
26 con @ objetiva principal de poner a disposicin
piibilica un conjunio de datos procedentes de 35 la-
boraiorios diterenies repariidos par iodo el munda
[48). Extudios reslizados con ety base de datos ham
revelado hallangos muy inleresantes en ol indice de
conectividad funcional cerebral (ICFC), al marcar
diterencizs en los patrones de conectivided cersbral
intFinsecs Bnlre Hombres ¥ mujenss que oo $on 1i-
cillmenia percaptibles &n olros estudios con miues-

fras mds pequedfias [48). También sa han podide ob-
sarvar cambios en el IGFC a través de las diferentes
eiapas del desarrolio [39.49],
A pesar de que les hallazgos de este primer pro-
yecto colaborativo han sido de gran impostancia,
s datos del 1000 Functional Cannectames Project
ceentan con informacidn fenolipica resiringida
{selamenie edad y sexa), por lo que s planbed i3
necesidad de infegrar un nuevo proyecta llamado
INDE Intermational Mewrcimaging Daia-zharing
Initiative (hitp:/fcon_1000.prejects.nitec.orpf), que
£ distingue del proyecio anterior &n tres aspecios
principales:
= Los mbembras infegranies comparien dalos re-
gularmends (samanal, mansualmenbe).
~ Lo3 dabos cusnten con varisbles fenolipicas més
comipledas (cociante intalectual, datos demaogrs-
ficos eapecificos, baterias neuropsicolégicas).

= 5& cusnta no sdlo con supelos conligl, Sind 1am-
blén con muestras de poblacionss clinicas {como
el trastorno por déficht de atenchinshiperactivi-
dad).

Aundndose a esias iniciativas, y a colacidn del eon-
preso infermacional de la Organization for Human
Brain Magpping (HBM 2010, Barcelora), 58 comvoct
a iodos los grupos de imvestipacion de los cuales =
fenia conocimiento que trabajaban con datos abbe-
nidos con AMI-reposo. para configurar ko que hay
o5 ol ndclen del SASM, una estructura de habla ss-
pafala de cooperacién entre dintimbos grupos de
irvestigacion &n neurocisncias {Mep i Ribnecrng)
projects/sran].

Es imporiante destacar que esias inkciativas no
ESlAR separadas, $ino mds bign unides par un mis-
mao ohbjativeo, trabajan an un proceso de colabora-
chén y conexidn constante, haclendo gue la red in-
lermacional de apoyo CréIca cada W mids . por
congiguisnia, s pusdan ir iormulando propusstas
e nuevas inkclativas.

Unir esluerzos para promover una euliura gien-
lifica colaborativa servird para enbender mejor «l
fungionamianta canebral medianie la obtencidn de
patromes de normalidad en la coneciividad funtio-
nal. Recigntemenie ¢ Mational Instidute o Mendal
Health de Estados Unidos ha destacado bos psfue:-
ros para describir el "Conneciome humano’ &n «l
stgunda lugar dentro de los 10 avances mds impoe-
tantes durante & 2000 gue estdn centeibuyends a
wh cambdéo &n la forma de abordar os trasdormcs
mentales {htipiwwwnimbonih.gow/about/direcion
index-nimpghtmiy, De esla manera también nos
podramos acarcar & un mejor enlendimiento de las
enfarmedades naurobigicas y psiguidtricas. con o
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e COntriBuiremod ¢ una lorma mas rhpada a ala-
borar diagndsticos mis completos y precisos al es-
tratificar I gravedad de |2 enlermedad y sus i2noti-
pod ¥ & mejorar la eficacia dé los tratamientos. Sin
embarga, lo mds destacable de los proyecios cola-
borativos, en los gue s& prelende compartir tanto
informacidn como conocimienio, es que los resul-
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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. 5SA & 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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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).
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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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ADHD remitters > ADHD persistents

Haber NS. and Knutson B., 2010 Proal E. et al., 2011

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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ACKNOWLEDGEMENTS (en castellano)

AGRADECIMIENTOS! Es un apartado que envuelve tantas cosas... por un lado saber que es la
parte final de una etapa y por otro saber que es complicado poder escribir en unos parrafos todo
lo que implicéd conocer, visitar y aprender en cada lugar y en cada instante de este proyecto. Es
un recuento, un cierre, pero a la vez para mi es un comienzo....

En el verano del 2007, poco después de terminar mi carrera pasaban muchas dudas por
mi cabeza, pero de algo si estaba muy segura, queria enfocarme en saber e investigar mas a
fondo el cerebro humano. ;Como una psicologa en México podia meterse al area de
neurociencias? Una sola platica con el Dr. Jesus Ramirez en el Instituto Nacional de Neurologia
y Neurocirugia de México me dio la clave, y ¢l tal vez sin ni siquiera darse cuenta de lo que
habia despertado en mi. Tenia que irme al extranjero, tenia que adquirir conocimientos que me
dieran la oportunidad de aportar algo diferente y necesario a mi regreso a México. Tome la
decision y tres meses después con la beca que me habian otorgado y mis maletas en mano me
fui a Espafia.

Llegar ahi fue toda una aventura, conocer personas nuevas, un mundo totalmente distinto
para mi. Pero se convirti6é en un lugar magico en donde descubri la pasion por lo que aprendia y
me encontré con personas muy valiosas que hasta la fecha forman parte de mi vida.

Tengo que empezar agradeciendo al Dr. Adolf Tobefia, al primero que conoci al llegar al
departamento de psiquiatria y jefe del mismo, siempre me brindé confianza y se convirtié en
una persona clave acompafidndome como profesor de algunos cursos y como consejero en
momentos de decisiones importantes. Pero también quiero agradecerle porque me llevo con el
mejor equipo con el que pude trabajar: LA UNITAT DE RECERCA DE NEUROCIENCIA
COGNITIVA, afirmédndome que habia llegado en el momento justo y que ademas era un grupo
muy joven y dindmico. Y tenia razon!!, entrar a ese grupo fue de las mejores cosas que me ha
pasado, en donde conoci a excelentes compaineros de trabajo pero sobre todo muy buenos
amigos, empezando por Oscar Vilarroya, mi asesora de tesis favorita Susana Carmona, mi mejor
amiga Ana Moreno, Elseline, Ramoén, Daniel, Pepus, Joe, Joan Carles, Jordi Fouquet.

Mi segunda casa eran las oficinas del Forum, justo hasta el fondo del centro, un cuarto
grande que compartiamos todos, donde hubo risas y también momentos de frustracion y ahi
Oscar Vilarroya jefe y amigo nos daba la libertad de jugar y poner en marcha nuestras ideas.
Creer en mi, darme la confianza para desarrollar lo que pensaba y alentarme siempre que lo
necesitaba, fue lo mas valioso que Oscar como jefe me dejo. Me dio la tarea de encargarme de
un proyecto del cudl siempre me senti privilegiada y agradecida de poder ser parte de el y
ademas el cudl me serviria como proyecto de tesina. Debo confesar que nunca pasé por mi
mente que ese estudio traeria tantas buenas consecuencias futuras, pero eso si, al tener los
primeros resultados comenzamos a sofiar! Y digo comenzamos, porque fue un momento en
donde Susana Carmona mi asesora de tesis y amiga enfocod su atencion y entre las dos
trabajamos duro para poder sacar lo mejor del proyecto. Dias enteros, noches sin dormir,
comiendo galletas de todo tipo y quedandonos madrugadas mirando por la ventana como las
personas se iban de fiesta de San Juan y pidiendo comida a la chinita del “FOLUM” mientras
seguiamos pensando en como redactar mejor en inglés y en el nucleo accumbens de los sujetos
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con TDAH! Susana me ensefo la pasion por trabajar en esto, la implicacion que puede tener
hacer ciencia. Siempre me lo dijo... hacer investigacion se convierte en una adiccion! Y asi ha
sido. Desde el comienzo, admiré que a pesar de ser tan joven, era tan buena, dedicada,
apasionada e inteligente y eso me motivo a seguir su ejemplo.

Durante esa época vivi momentos de mucho cansancio, a veces frustracion, pero saber
que contaba con personas con las cuales compartir esa etapa, como Ana Moreno, quien se
convirtié6 en mi mejor amiga, hacian que con un cortadito, un croissant y una buena platica por
la mafiana el dia se volviera totalmente diferente. Sofidbamos tantas cosas juntas.... pero esos
suefios gracias a poderlos compartir con ella fueron tomando sentido. Hasta hoy, Ana es una
compaiiera y colega magnifica y una persona que estoy segura que permanecera como amiga a
lo largo de mi vida.

Quiero agradecer también a Julia Balcazar y Daniela Dominguez, mis compaiieras de
piso “las mexicanas,” que equipo haciamos!!! Llegar a casa siempre lo esperaba con muchas
ganas porque ellas me recordaban que estar viviendo en Barcelona era un privilegio, salimos,
nos divertimos, conocimos y también me ayudaron a pensar que era lo mejor para mi en los
siguientes pasos, cuando ya estaba apunto de terminar mi primer proyecto del doctorado...la
tesina!

Y asi fue, después de largas horas de platica con ellas y pedir consejos a Oscar, Susana,
Ana, Elseline, decidi que me encontraba entre dos opciones, una era irme por 6 meses a
aprender mas a algun grupo en Estados Unidos antes de comenzar la tesis y la segunda era
regresar a mi pais y realizar el proyecto de tesis ahi. No me convencia mucho la primera, pues
me daba miedo e implicaba varias cosas (el idioma, no me gustaba tanto EEUU, otra vez saltar a
algo nuevo y dejar lo que ya habia construido en Espana). Asi que decidi dejarlo a la suerte y
puse como condicion personal que solo iba a intentar aplicar en el mejor grupo de neuroimagen
y TDAH, y que si en ese me aceptaban entonces tendria que ir, sino, regresaria a mi pais. Le
escribi directamente al jefe del laboratorio de la Universidad de Nueva York (NYU), el Dr. F.
Xavier Castellanos y para mi suerte, contesto inmediatamente!!! Yo no sabia que hacer, ni que
sentir pues era momento de tomar una decision para dar el siguiente paso. Entre emocion y
mucho miedo tome de nuevo mis maletas y me fui Nueva York.

Bien dicen que cuando uno toma una decisién no puede ver las repercusiones que traera
en el futuro con facilidad. Pero bastan momentos como hoy que estoy escribiendo, para poder
juntar los puntos clave y sin miedo a equivocarme saber que irme a NY fue la mejor decision
que pude haber tomado en ese momento. No podia creer que estaba ahi! Que conoceria al Dr.
Castellanos! Que veria a personas como Mike Milham, Clare Kelly, Adriana Di Martino de las
cudles habia leido tanto. Tampoco imagine que de quererme quedar 6 meses o 1 afio me
quedaria casi 2 afios!

Todavia recuerdo la primera platica con Mike Milham diciéndome que no queria
asustarme pero que ahi trabajaban muy intensamente. Y asi fue, 2 afios de mucha intensidad
profesional, trabajando hasta tarde y en fines de semana, completamente a ritmo New Yorkino!
Aprendi muchas cosas, pero sobre todo aprendi que cuando te encuentras en un equipo con
personas de primer nivel y trabajando todos con mucha pasion se obtienen cosas
impresionantes. Agradezco a cada uno de los postdocs porque siempre me hicieron sentir parte
del equipo, Clare, Xinian, Maki, Maarten y después la llegada de Chrissie, Manu, Juan, Camille,
todos de diferentes culturas y con tanto que aportar, personas brillantes, con entusiasmo y con
un corazén increible. También tengo que agradecer a Adriana Di Martino por mostrarme con su
ejemplo que con determinacion se pueden lograr los objetivos y a Mike Milham un lider muy
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joven del cudl aprendi de cada aportacion que el daba y con su forma tan sutil de decir siempre
“no me convence lo que hiciste” me hizo aprender a defender con mejores bases mis ideas.

Estar en la universidad de NY y vivir en esa ciudad fue como estar en un suefio, dentro
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 convirtié en mi guia profesional, mi mentor y maestro del
alma: F. Xavier Castellanos. Crey6 en mi desde el primer dia que nos conocimos, tuve la suerte
de trabajar con ¢l juntos en un mismo proyecto. Xavier es un apasionado de su trabajo, me
ensefio con un ejemplo diario que la ciencia hay que saberla disfrutar, jugar con ella y sobre
todo detectar las habilidades de uno mismo para poderlas potencializar, aprender a ver la
capacidad de los demds y juntar esos esfuerzos para llegar a grandes resultados. Quiero
agradecerle y dedicar gran parte de esta tesis a ¢l, por haber ido de la mano conmigo, por
ensefiarme que los momentos mas frustrantes son parte del proceso e incluso los que lo vuelven
mas fuerte y especial, por confiar cada instante en mi y por seguir hasta hoy siendo mas que un
mentor, el mejor de los colegas y el mejor de los amigos.

No puedo dejar de mencionar a dos personas, maestros, colegas con los cuales por su
gran trayectoria profesional y experiencia fue un PRIVILEGIO poder trabajar: Salvatore
Manuzza y Rachel Klein. Sal, siempre confiando en mi y ddndome consejos profesionales y
personales, se convirti6 en un consejero y especial amigo. Rachel, una mujer de admirar!
determinada, siempre pendiente en los detalles, tratando de mejorar el trabajo de los demas con
su experiencia, con su dinamismo e inteligencia me mostraba que siempre habia algo que se
podia mejorar, es un gran ejemplo para mi, como mujer y profesionalmente.

También agradezco los innumerables momentos que pasamos luchando con los analisis a
Phil Reiss y por las aportaciones tan importantes de personas como Alex Zijdenbos, Jason
Lerch, Yong He y Maria Ramos.

Y como dejar de mencionar a los integrantes del “latin room”, Nicoletta Adamo, Mar
Alvarez, Samuele Cortese, quienes juntos convertimos nuestra oficina en un lugar en donde
podiamos desahogar las frustraciones, los Unicos integrantes del lab que como buenos latinos
tomdbamos hora para salir a convivir y comer lunch! Ellos hicieron que mis dias fueran mas
divertidos y se volvieron mis confidentes.

Solo me queda decir que cada paso de esta etapa fue inica, poder vivir en Barcelona y en
NY, juntar experiencias con personas tan enriquecedoras... y ahora escribiendo desde mi pais,
Meéxico, unos meses después de decidir que lo mejor era volver. Con la tesis por terminar, con
varios proyectos por concluir en NY, con tristeza de dejar lo que construi en mis mundos en el
extranjero, pero con entusiasmo de poder aportar lo que esta etapa de vida me ha dejado como
lo habia pensado desde el comienzo de mi doctorado. Y estoy aqui, escribiendo este recuento,
terminando la tesis junto a personas que me han apoyado a no desanimarme como Zazhil mi
compafiera de departamento y mejor amiga, cerca de mis amigas Natalia, Tatiana, Daniela,
Paulina, Adriana, que son mis hermanas y estando cerca de mi familia sobre todo mis padres y
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 recordandome que la vida esta llena
de cambios y que hay que recibirlos con los brazos abiertos porque los cambios bien pensados
son simbolo de crecimiento. Se cierra este capitulo, pero se suma a los nuevos que
vendran...Gracias de nuevo a todos los que fueron parte de esta gran etapa, por compartir cada
instante conmigo y por creer en mi....
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ACKNOWLEDGEMENTS (in english)

ACKNOWLEDGEMENTS! There is so much to say... on one hand, this represents the end of
one phase, and on the other, it is not easy to write in few words how meaningful every place and
moment of this project has been. This narrative represents closure, but at the same time it is also
another start....

In the Summer of 2007, shortly after graduating, I had many doubts, but one thing I
knew. I wanted to focus on learning about the human brain in depth. But how could a
Psychologist in Mexico enter into neuroscience? I met once with Dr. Jestis Ramirez at the
Instituto Nacional de Neurologia y Neurocirugia de México, and he gave me the key I was
searching for, perhaps without even knowing it. He told me I would need to study abroad, to
obtain the type of training that I could then bring back to Mexico. I decided to follow his advice,
and three months later, I took my newly granted fellowship and my suitcases in hand and went
to Spain.

Arriving there was an entire adventure of meeting new people, of learning a completely
new world. But it soon became a magical place in which I discovered my passion for what I was
learning and I came to know amazing people who are now a part of my life.

I have to start by thanking Dr. Adolf Tobefia, the first person I met on arriving at the
Department of Psychiatry which he directs. He always filled me with confidence and he became
one of my mainstays, in his role as professor of several courses, and my advisor with regard to
all important decisions. But I also want to thank him for leading me to the best group with
which I would work, THE COGNITIVE NEUROSCIENCE RESEARCH UNIT (URNC),
telling me that I had arrived at just the right moment, and that it was a young dynamic group.
And he was right!! Becoming part of this team was one of the best things to happen to me. It
was here that I met excellent colleagues and good friends, beginning with Oscar Vilarroya, the
lab chief, Susanna Carmona, my thesis advisor, Ana Moreno, Elseline, Ramén, Daniel, Pepus,
Joe, Joan Carles, and Jordi Fouquet.

My second home was the offices of the Forum, in the farthest reaches of the Center — a
large shared space, in which we laughed together and experienced moments of frustration.
There, Oscar Vilarroya, lab chief but also friend, gave us the freedom to play with ideas and put
them to the test. Oscar’s gifts to me as lab chief were his belief in me and his encouragement
whenever I needed it, which gave me the confidence to develop my thoughts. He gave me my
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
original project would bring so many positive future consequences, but that’s how it developed,
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
window while the entire city celebrated the feast of St. John with fireworks, with us ordering
Chinese food from the “FOLUM” while we continued working on how best to write about the
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.

During those periods I experienced fatigue, sometimes frustration, but I knew that I
could rely on people like Ana Moreno, who has become one of my best friends, who with a
coffee, a crossiant, and a pep talk could make sure that the day would turn out totally
differently. We shared so many dreams... and as we shared them, those dreams started to take
shape. As I write this, Ana has become a magnificent colleague who I know will be a friend for
life.

I also want to thank Julia Balcazar and Daniela Dominguez, my Mexican roommates.
What a group we were!!! I always loved going home because they always reminded me that
living in Barcelona is an amazing privilege! We went out together, had wonderful times, got to
know each other, and they also helped me to think through my next steps as I completed my
first step towards my doctoral degree, my master’s thesis!

And that is how it played out, after many hours of discussions with them and obtaining
advice from Oscar, Susanna, Ana, Elseline, I decided I had to choose between two options, of
either spending 6 months with a group in the U.S. before beginning my dissertation, or returning
to my country, and working on my dissertation there. I was not all that enthusiastic about the
first option, which worried me for several reasons (the language, I was not all that enamored of
the U.S., once again starting anew and leaving behind all I had created in Spain). So I decided to
leave it to the fates and that I would only apply to the best neuroimaging group working on
ADHD. If they accepted me, I would have to go. Otherwise, I would return to Mexico. I wrote
directly to the chief of the lab at NYU, Dr. F. Xavier Castellanos, and it was my good luck that
he wrote back immediately!! I didn’t know what to do, nor what to feel, but it was now the time
to decide on the next step. With my heart in my throat, I made up my mind, took my suitcases in
hand again and went to New York.

It’s said that when we make important decisions we can’t always see what the future will
bring. But it is one of the values of reflecting as I write these words that I can now see clearly
that going to NY was the best possible decision I could have made at that moment. I could not
believe that I was really there! That I would get to know Dr. Castellanos! That I would see
people like Mike Milham, Clare Kelly, Adriana Di Martino, whose work I had been reading.
Nor did I imagine that my plan to stay 6 months would turn into 1 year and then into almost 2!

I still recall my first meeting with Mike Milham, who said that he did not want to
frighten me but that all in the lab worked very intensely. And that is how it was, 2 years of the
most intense work, late hours during the week and during weekends, completely following the
rhythms of New York! I learned so much, but most of all, that when one works with such an
excellent team, and everyone is passionate and fully engaged, then amazing things are
accomplished. I want to thank every one of the post-docs because they always made me feel that
I was one of them, Clare, Xi-Nian, Maki, Maarten, and later, Chrissie, Manu, Juan, Camille — all
from different cultures and all with something to contribute, all brilliant, enthusiastic, and with
huge hearts. I also want to specifically thank Adriana Di Martino for showing me by example
that with determination, we can reach our goals, and Mike Milham, the leader of the group
despite his youth, from whom I learned much from each encounter, and who by subtly telling
me, “you haven’t yet convinced me” taught me how to defend my ideas with stronger evidence.

To be at NYU and to live in New York was like living a dream. And after having read
and admired his work from a great distance, I was now working with and getting to know the
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
playful attitude to this that surprised me, and he taught me by his daily example to experience
the joy of science. He also taught me that we have to find our own strengths, those of our
colleagues, and how to join them to achieve great things. I want to thank him and dedicate a
major part of this thesis to him, for having taken me by the hand, for having taught me that the
moments of greatest frustration are all part of the process, which make us stronger, and specially
for trusting in me every moment and for being even now more than a mentor, the best of
colleagues and the best of friends.

I cannot fail to mention two superb colleagues with whom it was a PRIVILEGE to work:
Salvatore Manuzza and Rachel Klein. Sal always trusted me and provided me with his best
professional and personal advice, becoming a friend and counselor. Rachel, a woman I admire,
is determined, always thoughtful about all issues, striving to use her great experience to advance
the quality of the work of all around her. Rachel’s dynamism and intelligence proved to me that
there is always room for improvement, and she has become one of my touchstones as a model
for me, as a woman and professional.

I also thank Phil Reiss for the countless hours we spent together struggling on the
analyses and also for their important contributions thanks to Alex Zijdenbos, Jason Lerch, Yong
He and Maria Ramos.

And how could I not mention my colleagues of the “Latin Room”? Nicoletta Adamo,
Mar Alvarez, 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
regularly and eat lunch! They enlivened my days and became my confidants.

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
planned from the beginning. And as I write this narrative, I am finishing my dissertation
surrounded by those who have supported me, such as my roommate and best friend Zazhil, my
friends Natalia, Tatiana, Daniela, Laura, Paulina, Adriana that I consider as my sisters and my
family, above all my parents and my brother, to whom I dedicate this entire dissertation for
being my best models of how to live life. They have supported me through every step of the
way, always reminding me that life is full of change and that embracing change helps us to grow
and take on new challenges. So this chapter is now done, but it will be followed by others to
come... | 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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