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SUMMARY

Attention-Deficit and Hyperactivity Disorder (ADHD) is one of the most common
neurodevelopmental disorders, affecting mainly the school-age population but also hav-
ing a moderate prevalence rate into adulthood. It is characterized by symptoms of inat-
tention, impulsivity, and hyperactivity improper for the patient’s age. However, this age-
dependent characterization of ADHD makes the diagnosis such a problematic issue: the
maturation rate is different for each child, making the evaluation of what is age-proper a
subjective and difficult question. All of this leads to the ubiquitous question of ADHD,
namely, whether there is overdiagnosis of the disease or if it even exists. That is why
studying the brain is crucial in ADHD, because finding effective biomarkers able to char-
acterize the disease will allow us to diagnose it more accurately.

Magnetic Resonance Imaging (MRI) is one of the most powerful and versatile tools for
studying the brain, providing information about both its structure and activity. Traditional
MRI studies have focused on analyzing properties of specific brain regions in terms of
their shape (e.g., the volume of a structure) or their relation with a cognitive function
(e.g., if a structure activates during object recognition), finding multiple alterations in
ADHD [8]. However, these widespread regions that present abnormalities are connected
between them and with other areas forming the brain network, and their alterations may
indeed represent different parts of a more global phenomenon [8, 9].

There are four main neurobiological models that explain ADHD: the maturational lag
hypothesis, the dual-pathway model, the Default Mode Network (DMN) interference hy-
pothesis, and multinetwork models. The maturational lag hypothesis is based on ADHD
diagnostic criteria and posits that the brain of people with this condition will resemble
a younger one [10]. The dual-pathway model proposes two different processing streams
for the main symptoms of ADHD: inattention is related to alterations in the corticostri-
atal executive circuits, while impulsivity/hyperactivity is associated with abnormalities in
emotional processing [11, 12]. The DMN interference hypothesis posits that this func-
tional network is not properly suppressed during goal-directed tasks, which is translated
into intrusion of inner mental activity [13]. Finally, multinetwork models approach the
neurobiology of people with ADHD as an alteration of multiple functional networks [14,
15].

All of these models have received substantial support from neuroimaging studies,
which suggests that all of them are correct but incomplete descriptions of the brain pro-
file of people with ADHD. The present dissertation aims to determine whether there is an
alteration of the global brain organization in people with ADHD that may underlie the fea-
tures that characterize the different neurobiological models of the disorder. For that, we
will apply two different graph-theory methods based on systems science to the resting-



state functional Magnetic Resonance Imaging data of adults and children with ADHD.
The two proposed metrics are Stepwise Functional Connectivity (SFC) and Local and
Distant Functional Connectivity (LFC and DFC). The first one measures the integration
of information from sensory cortices to areas related to high-order cognitive functions,
and in Study 1 [16], it will be applied to a sample of medication-naive adults with ADHD.
LFC and DFC study topological properties with physical distance restrictions, that is, the
level of connectivity of each voxel with those around it or those far away. This method
will be applied to a sample of children with ADHD in Study 2 [17] and the same sample
of adults used in Study 1 in Study 3 [18].

Our results consist of alterations in widespread regions that overlap with most func-
tional networks [19]. Specifically, in adults with ADHD, we observed a decrease in inte-
gration in the DMN that locally affects the Posterior Cingulate Cortex and its functional
connectivity with the medial Prefrontal Cortex. Additionally, the integration of sensory
information in these areas was also found to be reduced in the same sample. The in-
tegration of the DMN and its development into cortical hubs is a crucial process in the
maturation of the brain [20], which relates this finding with a maturational lag. In both
children and adults with ADHD, we also observed a lack of segregation between the
DMN, the Ventral Attentional Network, and the Frontoparietal Network in a frontal area
of the brain. The developmental trajectory of this area consists of the differentiation of
three regions, each of them pertaining to one of these networks [21], and thus, it is a
sign of brain immaturity. Also, overconnectivity (lack of segregation) between these net-
works underlies the DMN interference hypothesis and is indeed a multinetwork alteration
[14, 22]. We also found abnormalities in the Visual Network in the form of increased
integration of information in these areas while decreased local functional integration of
the region, which reflects a behavior more typical of associative than sensory cortices
[23, 24]. Finally, local connectivity of sensorimotor cortices presents different maturation
trends between ADHD and controls while predicting ADHD symptomatology in all of
them.

In conclusion, our results suggest that for understanding ADHD, we cannot focus
just on a few areas related to high-order cognitive functions, but the whole brain func-
tional network is compromised. This goes in line with a recent meta-analysis [8] that was
unable to find convergence in specific regions abnormalities and proposed an analysis
based on network interactions. Altogether, this dissertation reflects the need to approach
ADHD from a systems neuroscience perspective that encompasses all the currently avail-
able models instead of proposing alternative reductionist ones.



INTRODUCTION

Preface

Attention-Deficit and Hyperactivity Disorder is one of the most common disorders during
childhood and adolescence, and it also has a moderate prevalence rate into adulthood.
It affects multiple cognitive domains in those who suffer from it and, more importantly,
greatly impacts their quality of life. Concerning the difficulties associated with ADHD’s
diagnosis, scientific findings have highlighted the relevance of neurobiology for under-
standing this disorder.

Neuroimaging is a powerful technique to explore structural and functional abnormal-
ities in the human brain, finding alterations in multiple, widespread regions in ADHD.
These scattered abnormalities, together with the neuropsychological features of ADHD,
have led to four different neurobiological models: the dual-pathway model, the matura-
tional lag hypothesis, the DMN interference hypothesis, and multi-network models. They
all have found support from multiple studies, thus suggesting different points of view
of the same global alteration. Systems neuroscience can offer an integrative alternative
where the brain is considered a unitary object in which the interaction between its ele-
ments is critical in understanding global phenomena like the mind and its alterations.

The present dissertation aims to determine whether there is an alteration of the global
brain organization in people with ADHD that may underlie the features that character-
ize the different neurobiological models of the disorder. For that, we will apply two
different graph-theory methods based on systems science to the resting-state functional
Magnetic Resonance Imaging data of adults and children with ADHD. These two meth-
ods will explore several properties of the brain’s functional organization that have never
been explored before in the context of ADHD, which might be determinant to properly
understand the findings reported in the different neurobiological models.

This work is organized in the following fashion. The first chapter is an introduc-
tion that summarizes the theoretical information necessary for the comprehension and
interpretation of the dissertation. The following three chapters consist of three scientific
papers that apply the aforementioned graph-theory methods to children and adults with
ADHD. The final chapter is a general discussion that integrates these studies in terms of
the previous literature and the four neurobiological models of ADHD.

More precisely, the introduction is divided into four sections: Attention-Deficit and
Hyperactivity Disorder, Magnetic Resonance Imaging and Functional Connectivity, Net-
work Analysis of Brain Functional Organization, and Neurobiological models of ADHD.
The first one contains a global overview of ADHD, primarily focusing on scientific con-



troversies and debates. Section 2 aims to describe neuroimaging tools, especially resting-
state functional magnetic resonance imaging, which is the technique used in the studies.
The third section is aimed to explain the theoretical bases of complex networks and de-
scribe the properties of the brain when considered. Finally, the fourth section will present
the four neurobiological models of ADHD.

The subsequent chapters consist of three studies that have been published as scientific
articles. Thus, they contain all the technical information about the samples used, the pre-
processing and processing of the imaging data, the graph-theory methods, and statistical
analysis. Specifically, Study 1 consists of the application of Stepwise Functional Connec-
tivity to a sample of medication-naive adults with ADHD; Study 2 analyzes the Local and
Distant Functional Connectivity patterns of children with ADHD; and Study 3 studies the
same metric but in the adult sample of Study 1.

Finally, the last chapter is a general discussion of the three previous studies with re-
spect to the literature. It first offers a summary of the main results, as well as how the two
metrics analyzed are related between them. Then, there is an interpretation of the results
regarding the relationship between adults and children and their points of convergence and
divergence. After that, the different results are interpreted under the main neurobiological
models of ADHD. Lastly, I will expose some concluding remarks and the conclusions of
this work.



1. Attention-Deficit and Hyperactivity Disorder

1.1. Definition

Attention-Deficit and Hyperactivity Disorder (ADHD) is a developmental disorder char-
acterized by levels of inattention, hyperactivity, and impulsivity improper for the patient’s
age [25]. Inattention refers to the difficulty sustaining focus, mind wandering, and be-
ing disorganized and not due to a lack of comprehension. Hyperactivity is defined as
excessive motor activity manifested in body movement (e.g., running) and talkativeness.
Finally, impulsivity refers to not evaluating the mid-term/long-term consequences of ac-
tions that imply an immediate reward. These three characteristics are related to age be-
cause their levels tend to diminish along development, making them considered features
of a more "childish" behavior.

According to DSM-V diagnostic criteria, at least six symptoms of inattention and/or
six of hyperactivity/impulsivity must be present to diagnose ADHD in children (for a
complete diagnostic description, see Appendix 1) [25]. These symptoms must persist
for at least six months, have to be incompatible with the developmental level, and have
to negatively impact social and/or occupational life. In the case of adults (older than 17),
just five symptoms of the inattention and/or hyperactivity/impulsivity domains are enough
for the diagnosis of ADHD. Depending on the presence of symptoms in one or both of
the symptom domains, we can differentiate between inattentive, hyperactive/impulsive,
or combined presentations of ADHD. ADHD onsets during childhood, and the symptoms
must manifest before the age of 12 for the diagnosis (even in adults). However, although
DSM-V does not contemplate an adult onset of the disease, there is a persistence rate
from childhood into adulthood of approximately 15% with full diagnosis and 40-60%
with partial remission [26]. A difference in adult ADHD compared to children is a notable
reduction of hyperactivity symptoms, and they are also more related to restlessness than
to motor activity itself.

Evaluation of ADHD for diagnosis is performed by observation, consulting infor-
mants who have seen the patient in specific settings (e.g., school/work), and psychomet-
rics (tests). However, the final decision is subjective, especially in what "improper for
patient’s age" means since there is much variability in the development rate (Section 4.1
will extend this issue). This raises the ubiquitous question of whether there is overdiag-
nosis in ADHD or not and highlights the importance of finding effective biomarkers able
to characterize the disease.

1.2. Epidemiology

ADHD is one of the most common neurodevelopmental disorders, with an estimated
prevalence worldwide of 5.29% in children, according to meta-analytic studies [27, 28].
However, there are big discrepancies in prevalence across different studies, starting from



the wide range of estimated prevalence found in the first analysis performed in the 1970s-
1980s. Besides this variability, there is a trend of growth in the persistence from those
studies until the ones performed two decades later. These inconsistent estimates of preva-
lence questioned the validity of the diagnosis, objecting that the criteria were so subjective
that could vary across cultural environments. It was even proposed that maybe ADHD is
just a cultural consequence of Western societies’ hyperstimulation, which the pharmaceu-
ticals took advantage of to make a market niche. However, recent meta-analytic studies
reflect that the high variability found in previous studies (including the growth trend over
time) was due to methodological differences in diagnostic criteria, sources of informa-
tion, and variations across regions and countries [27, 28]. When unifying these criteria,
no significant differences in prevalence were found between different countries of the six
continents or across time from 1985 to 2012 [27, 28]. This seemingly anecdotal ques-
tion highlights the importance of finding reliable biomarkers for the understanding and
detection of ADHD.

In adults, the estimated prevalence falls to 2.5% [29], reflecting the aforementioned
remission of part of the patients with ADHD. Nevertheless, the number of adult cases
is greater than expected by the remission rate, which suggests that some adolescent and
adult cases of ADHD do not have an early onset, contradicting the diagnostic criteria
of the DSM-V. A recent review supports this hypothesis and points to a revision of the
diagnostic criterion of early onset, as well as proposing late-onset ADHD as a new subtype
of the disease [30].

1.3. Etiology

The presence of ADHD is related to both genetic and environmental factors, as well as
the interaction between them. I will try now to provide an overview of all of these factors,
but it is worth noting that it is hard to establish a causal relationship between them and
ADHD due to the observational (rather than experimental) nature of the studies and the
complexity of the causal process.

1.3.1. Environmental Factors

Numerous environmental exposures have been related to ADHD. One of the most cited
relationships with the disorder is intrauterine exposure to tobacco [31], but more recent
studies claim that its effects can be explained by confounding genetic factors [32]. How-
ever, other pre and perinatal risk factors cannot be explained by genetics, such as prema-
turity and low birth weight [33, 34]. The relation between these conditions and ADHD
may be damage in the basal ganglia and the middle temporal lobe, since these regions are
altered in both premature [35] and low birthweight neonates [36] as well as children with
ADHD [37].

Regarding postnatal risk factors, exposure to pesticides and pollutants has a long tra-



dition of relation to ADHD [38]. Socioeconomic disadvantage is also associated with
ADHD, as shown by a recent meta-analysis [39]. This environmental factor, however, is
more an aggregate of conditions than a variable itself, and so its relation with ADHD may
be mediated by parental mental health, educational environment, or food quality, among
others [40], but most of the studies have observed that the predictive effect of each of them
is independent [41]. Nevertheless, as mentioned before, due to the observational nature of
environmental etiological studies, it is not easy to completely separate these effects from
genetic causes.

1.3.2. Genetic Factors

There is strong evidence of a high heritability in ADHD from the earliest analysis, with
initial estimates based on twin studies ranging from 60% to 90% [42, 43]. This type
of genetic studies compares the inheritance rate between monozygotic and heterozygotic
twins, since the first share 100% of the genome while the latter share approximately 50%
as any other siblings. In addition, environmental conditions are similar in both cases,
so the differences in heritability should be related to genetic discrepancies. This type of
studies suggests that ADHD is a highly heritable condition, but when comparing their
results with those of molecular genetic studies, there is a big discrepancy.

Molecular genetic studies examine which parts of the genetic code are related to a con-
dition. The first molecular genetic studies of ADHD involved studying candidate genes
selected a priori because they were thought to be related to the disorder’s pathophysiol-
ogy. These studies were focused mainly on those genes related to Dopamine, Serotonin,
Noradrenaline, and synaptic properties [42, 44], and they showed that these genes were
important in ADHD etiology even if their predictive value was small [45, 46].

Thus, more powerful tools were required to find if other genes (not selected a priori)
were related to ADHD, so Genome-Wide Association studies (GWAS) were performed
on ADHD. In this type of studies, the whole genome is analyzed to find alleles associated
with some specific condition or trait [47]. At first, GWAS on ADHD did not offer promis-
ing results probably because huge sample sizes are required [48], but a more recent study
has robustly identified 12 loci implicated in ADHD [49]. None of these loci were one
of the previous candidates (e.g., dopaminergic or serotonergic genes), and some authors
claim that even greater sample sizes are required to detect the small contribution of the
thousands of genes that are thought to be involved in ADHD [50]. Furthermore, these
risk loci account for 22% of the disorder’s heritability [49], which is far from the 70-80%
estimated in twin studies [42]. This mismatch highlights the importance of enlarging the
sample sizes to detect more genes related to ADHD, as well as carefully focusing on
gene-environment interactions.



1.3.3. Gene-environment Interactions

The hypothesis of explaining part of the 50% mismatch between twin studies and molec-
ular genetic studies by gene-environment interaction lies in the fact that twins share both
genetics and the environment, which will not happen in a random sample with the same
genotype. Sadly, gene-environment interactions is an understudied topic in ADHD [51],
and most studies have focused on dopaminergic genes, finding contradictory results [52].
However, the evidence suggests that gene-environment interactions play an essential role
in ADHD and that the limitations of this kind of studies (e.g., one gene related to both
ADHD and some specific behavior) must be overcome.

1.3.4. ADHD as a Trait

One of the main obstacles for disentangling ADHD’s etiology can be the dichotomous
conceptualization of the disease. Numerous studies have related the same genetic or envi-
ronmental risk factors for ADHD with trait levels in the general population [53, 54]. Two
studies used GWAS to obtain polygenic risk scores (an individual’s liability to a trait or
a condition) for manifesting ADHD as a condition and found that these scores predicted
ADHD as a trait in healthy population [53, 55]. Moreover, a posterior study suggested
that ADHD as a diagnosis and ADHD as a trait share a common genetic background,
with an estimated genetic correlation of 0.96 [56]. All in all, ADHD genetically seems
more like the extreme of a continuum than a categorical condition, which is similar to the
relation between ADHD scores and adverse life outcomes [57].

1.4. Treatment of ADHD

ADHD typically affects various functional domains of the person’s life, increasing the risk
of adverse outcomes such as physical and mental health impairments, academic failure,
unemployment, and legal troubles, among others. [58, 59]. Thus, the final objective
of treating ADHD is to reduce or even avoid these adverse outcomes and not just reduce
ADHD symptom scores, that is, to improve life quality. Based on this criterion, evaluation
of ADHD treatment outcomes has to incorporate ADHD symptom scores, academic/labor
and organizational skills, and mental health issues. Now we will summarize the evidence
about the effectiveness of different ADHD treatments, which are divided into two groups:
pharmacological and non-pharmacological.

1.4.1. Pharmacological

Medication is the primary method to manage ADHD symptoms and, among the available
drugs, psychostimulants are the recommended ones by European [60], US [61], and Latin
American [62] organizations. Apart from them, there are also non-stimulant medications,
such as atomoxetine, but they are much less effective and less used in clinical practice.



Psychostimulant medications include different formulations of amphetamine and me-
thylphenidate and, as mentioned, they are the first-line treatment for ADHD. They were
first used in the 1930s and have similar mechanisms of action, increasing catecholamin-
ergic (dopamine and noradrenaline) transmission in which amphetamines are more ef-
fective than methylphenidate [63]. Numerous studies suggest an excellent capability
of these drugs to reduce ADHD symptoms, but amphetamines’ effect is greater than
methylphenidate [64—66]. Their side effects are similar and include insomnia, nausea,
and appetite suppression but are more prevalent in amphetamines [67]. This difference in
side-effects risk is the cause of NICE guidelines recommending, in children and adoles-
cents between 5 and 18 years, to start with methylphenidate and change to amphetamines
only if the treatment response is inadequate [60].

Non-psychostimulant medications show lower responses and less effect on ADHD
symptoms, and they are mainly used in patients with some incompatibility or poor re-
sponse to psychostimulants. There are also various non-stimulant medications, including
a-2 agonists (guanfacine and clonidine), noradrenaline transport inhibitors, and atomox-
etine. All of them show moderate effect sizes in symptom reduction [68, 69], but some

of them, like -2 agonists, can be used as adjuvants to stimulants when they have a poor
effect [70].

In summary, medications undoubtedly produce short-term reductions in ADHD symp-
toms; however, their value is more controversial in terms of reductions in adverse func-
tional outcomes. While there are a few encouraging studies reporting reductions in crimi-
nality [71], motor crash vehicles [72], and depression incidence [73] in ADHD population
when using medication, there are some meta-analyses that did not find improvements on
academic performance, social function, and overall levels of impairment [74-76]. One of
the hypotheses underlying these facts is the loss of medication effect due to the interrup-
tion of the treatment [77] or the development of tolerance [78].

1.4.2. Non-pharmacological approaches

Medication is not recommended for children under 5 years, and so non-pharmacological
approaches are preferred [60], as well as in cases where there is an expressed preference
against medication or in the ones of comorbidity that presents an incompatibility with
ADHD’s medication. These treatments include parental training, neurofeedback, atten-
tional and executive training, and diets; however, contradictory results have been found
about their efficacy. On the one hand, the use of this kind of treatments alone does not
have an apparent effect on reducing ADHD symptoms, nor with parent training [79], at-
tentional training [80], or neurofeedback [81]. On the other hand, while the combined us-
age of medication and psycho-social intervention produces the same reduction of ADHD
symptoms as medication alone, there is a greater improvement in functional outcomes
with the combined treatment [82]. Thus, evidence suggests that medication is needed to
reduce ADHD symptoms, allowing psycho-social interventions, which really improve the



functional outcomes and the patient’s quality of life [75].

1.5. Neuropsychology

ADHD is related to multiple neuropsychological alterations with wide variability in in-
tensity across different cognitive and emotional domains [15, 83—85]. In this section, we
will explain the different theoretical models of ADHD based on cognitive functions that
are impaired. However, there is a description of these cognitive functions in Appendix 2.

1.5.1. Theoretical neuropsychological models of ADHD

The next four models are based in ADHD’s symptomatology, not in brain features. It is
worth note that they are not the neurobiolical ones, although they may coincide like in the
case of the Dual-Pathway Model.

o Altered Executive Functions: The first theoretical models for ADHD etiology
postulated that the alterations observed were due to deficits in executive functions.
Executive functions are kind of the control tower of the brain, and include multi-
ple cognitive processes such as working memory, top-down attention, or response
inhibition among others. This first model relied on the similarity between ADHD
symptoms and those of patients with frontal lobe lesions, an area of the brain tightly
related to executive functions [86]. Among all executive functions, the ones that
better differentiate healthy controls from people with ADHD are sustained atten-
tion, working memory, and response inhibition [84].

e Response Inhibition: Since the different executive functions are interrelated and
if one of them is compromised various will be affected, Barkley proposed response
inhibition as the central deficit in ADHD [87]. This is probably the most cited the-
oretical model aiming to explain ADHD and derives the different alterations as a
consequence of the deficits in response inhibition. Sustained attention is affected
because the subject cannot suppress the competing stimuli that appear. They are
also unable to inhibit emotional responses and, thus, perform proper emotional reg-
ulation, and it also affects working memory by difficulting keeping information in
conscious awareness. Despite being one of the most famous models, a recent um-
brella meta-analysis (meta-meta-analysis) found evidence that the effect size of the
deficit in response inhibition is not the greatest among the functions disrupted in
ADHD [88].

e Reward-Motivation: However, all ADHD symptoms could not be explained by
deficits in executive functions (even less by response inhibition alone) and so mod-
els that incorporate alterations in reward/motivation were proposed [11, 12]. These
models come from temporal discounting, a construct that reflects how the subjective

10



value of a reward decays with time. In the case of people with ADHD, this temporal
discounting is steeper than in healthy controls, and they are over-responsive to im-
mediate rewards [89]. These alterations in reward perception may cause impulsivity
and are also related to deficits in the frontal lobe, as will be seen in Section 4.2 of
the Introduction. Thus, reward-motivation deficits may explain poor academic per-
formance in that it involves long-term rewards, while they can do activities where
there are constant short-term rewards [90] for hours (like sports or video games).

e Dual-Pathway: There are also models that have focused on the different presenta-
tions of ADHD, namely, inattentive and combined inattentive-hyperactive/impulsive.
One hypothesis posits that the inattentive subtype is more related to working mem-
ory deficits while the combined’s central deficit is response inhibition [91]. Another
popular model relates inattention with a "cool" processing pathway and hyperac-
tivity/impulsivity with a "hot" processing pathway [15]. By "cool" pathway, the
authors refer to emotion-free processing, that is, abstract tasks that involve sus-
tained attention or response inhibition. The "hot" pathway, by its part, is defined
as the functions modulating affective tasks, which usually require dealing with re-
ward/motivational responses. All in all, this model relates the inattentive symptoms
with executive functions and hyperactivity/impulsivity with reward-motivational
functions, which will have its neural correlate in the dual-pathway model (Section
sec:DualPathway).

1.5.2. Summay

As it can be seen, the only clear thing about ADHD neuropsychology is that it affects
multiple functions, and this is reflected in global measures in this population, such as
a low intellectual quotient [92]. This seems reasonable since separating the mind into
different functions is more a theoretical conceptualization than a real modularization; all
of these functions depend on each other and are remarkably interrelated. In fact, as will
be seen in Section 4, neurobiological models of ADHD started involving a few segregated
brain regions, and they ended up analyzing the brain as a whole, which is more reasonable
in both psychological and biological terms.
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2. Magnetic Resonance Imaging and Functional Connectivity

With recent advances in medical imaging techniques such as Magnetic Resonance Imag-
ing (MRI) or Positron Emission Tomography (PET), we have been able to characterize
brain structure and function. Moreover, it has helped us understand how the brain is re-
lated to the mind and different cognitive functions, thus obtaining differential patterns
in brain disease. From all the neural features available using neuroimaging techniques,
Functional Connectivity (FC) has gained particular relevance during the last years [93].
This measure, which allows disentangling the functional organization of the brain, can be
obtained using (among others) a special design of functional MRI (fMRI) called resting-
state functional MRI (r-fMRI). In this section, we will first explain the basic principles of
MRI, how they lead to r-fMRI, and finally both biological and mathematical definitions
of FC.

2.1. Magnetic Resonance Imaging

MRI is a noninvasive medical imaging technique that allows obtaining volumetric (3D)
images with information about the different tissues or chemical elements of the body. It is
based on a phenomenon called Nuclear Magnetic Resonance, described for the first time
in 1946 by the Nobel Prize winners Bloch and Purcell. To summarize, MRI is based on
the magnetic properties of the different tissues or molecules to obtain images of a part
of the body, which is the brain in the case of neuroimaging. It allows differentiation of
different tissues, detection of axonal bundles by the direction of movement of the wa-
ter, or measuring the metabolic consumption by the rate of oxygen (for a more detailed
description of MRI physics, refer to Grover et al. [94]). However, independently of the
MRI modality, the image consists of a volume of voxels (volume elements), which is
like a cube composed of smaller ones, each containing a value of the magnetic property
measured (Figure 1).

Figure 1: Visualization of a slice of a T1-weighted MRI with different resolutions and, thus, voxel sizes.
In a) the voxel size is 1x1x1 mm, in b) the voxel size is 2x2x2 mm, and in c¢) the voxel size is 4x4x4 mm,
where voxels are clearly differentiated.
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The T1-weighted and T2-weighted contrasts are the main ways to obtain brain anatom-
ical information. They are kind of a negative one of another, being the T1 more commonly
used, which shows the White Matter (WM) brighter than the Gray Matter (GM), being
the Cerebrospinal Fluid (CSF) the darkest. The T2 contrast, as mentioned, has the inverse
pattern of intensity (Figure 2). With these image modalities, we can obtain information
on both GM and WM volume, and with more advanced processing we can get more mor-
phometric information like the cortical thickness, cortical surface area, gyrification index,
the width of brain sulci... Nevertheless, the utility of the structural images is not limited
to the morphological metrics they provide. It extends to the division of the cortex into
multiple regions or the obtention of the different brain tissues, which can then be used
to analyze other modalities that do not contain this much anatomical information (e.g.,
fMRI).

Figure 2: Visualization of different MRI modalities: In a) there is a T1-weighted image, in b) a T2-weighted
image, and in c) a T2* image.

2.2. Functional Magnetic Resonance Imaging

Functional Magnetic Resonance Imaging (fMRI) is based on a series of volumes with a
contrast called T2* (as seen in Figure 2), which is particularly sensitive to oxygen con-
centrations in blood. This happens because oxygen is transported by hemoglobin and its
form without oxygen (deoxyhemoglobin) is paramagnetic, while the one carrying oxygen
(oxyhemoglobin) is diamagnetic [95]. Thus, fMRI signal increases as deoxyhemoglobin
levels decrease and there is a greater concentration of oxyhemoglobin, which is why fMRI
signal is called blood-oxygen-level-dependent (BOLD) signal. It is considered a measure
of functional activity because as the synaptic activity of a group of neurons increases they
consume the oxygen in the arterioles around (making T2* signal decrease), but just as
this happens the blood flow of that area greatly increases with oxyhemoglobin to cover
neuron’s requirements (making T2* signal to increase), a pattern called Hemodynamic
Response Function (HRF; Figure 3). It is important to note that this is a "long" process
(starts 500 ms after onset and peaks after 3—5 s) compared to synaptic timing, so BOLD
signal measures the metabolic consumption related to thousands of synapses during this
time. Traditionally, it has been assumed that an increase in some brain region’s activity
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will imply a proportional increase in BOLD signal [96], and, for the sake of simplicity, it
is how it will be interpreted in these work even if the nature of BOLD signal is still poorly
understood [97-99]. In summary, fMRI allows us to indirectly measure the functional
activity of each part of the brain based on its metabolic consumption, and now we will
describe how we can analyze this information.
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Figure 3: Representation of the Hemodynamic response function biologically and the expected signal ob-
tained in r-fMRI. The red dots represent oxyhemoglobin while the blue dots represent deoxyhemoglobin. a)
In normal circumstances, the concentration of the two substances is relatively even, but b) after the stimulus
onset the recruited area of the brain rapidly consumes the available oxygen and the concentration of deoxy-
hemoglobin is greater, producing a decay in T2* signal. ¢) In response, there is a dilation of the surrounding
blood vessels and more oxyhemoglobin gets to the area, producing an increase in T2* signal. d) Finally, an
increase in deoxyhemoglobin again produces a decay in T2* signal known as undershoot.

2.2.1. Task-based functional Magnetic Resonance Imaging

The most straightforward use of fMRI is to see in which areas of the brain the BOLD
signal (activity) increases during a behavioral task (e.g., finger tapping) which is called
task-based fMRI (t-fMRI)[100]. The most straightforward experimental design for a t-
fMRI study is called event-related or single-trial paradigm and consists of presenting
a single stimulus at a time and trying to see in which areas the BOLD signal behaves
as the HRF right at the stimulus’ time [101]. However, event-related designs lack the
necessary statistical power to detect the subtle differences in BOLD signal, and thus, block
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designs were developed. In this paradigm, chunks of resting time are interspersed with
chunks of time where the stimulus is present (e.g., six repetitions of 30 seconds of rest
followed by 30 seconds of finger tapping)[101]. In block designs, the HRF is supposed
to "accumulate" during the stimulus exposition block, so it has more statistical power to
detect differences [102]. The two experimental paradigms are depicted in Figure 4 for an
illustrative example.

HRF
N

| || J& L

Event-related experimental design Event-related expected response

b) A\

Convolu&é

Block experimental design Block expected response

Figure 4: Representation of different experimental designs for t-fMRI and their expected BOLD signal. In
a) there is a block design and its expected BOLD, and in b) there is an event-related design and its predicted
BOLD signal.

2.2.2. Resting-state functional Magnetic Resonance Imaging

Traditionally, the functional activity that was not related to the task (observed in all the
brain but the regions engaged in the task) was thought to represent just physiological
noise, and the same applied to the functional activity detected during rest (when the sub-
ject is "doing nothing"). However, in Biswal ef al. [103] and colleagues questioned this
assumption and studied the functional activity of the motor cortex in the resting human
brain. The results of these analyses were striking, namely, that the BOLD signals of the
different parts of the motor cortex were synchronized [103, 104]. This phenomenon was
named FC and it is defined as the synchronization of functional activity between different
brain regions. The biological meaning of FC was hypothesized by the psychologist David
Hebb as "neurons that fire together, wire together", which means that neurons that tend to
be involved in the same cognitive activities also present similar patterns of activity at rest.
Thus, r-fMRI was born, a modality of fMRI in which the experimental design consists in
telling the subject to close his/her eyes and avoid repetitive thoughts [105].
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2.3. Functional Connectivity Analysis

Functional Connectivity (FC) is the most widely studied property computed with r-fMRI.
If its biological definition is synchronization of activity, the mathematical definition of FC
metrics must be a similarity measure. There are multiple statistical tools to measure the
level of association between two variables based on their likeness, but the most common
and widely used measure of FC is Pearson’s correlation r [106]. This statistic ranges
from -1 to 1, with 1 representing the exact same signals (or proportional ones), -1 exact
opposite signals (or proportional opposite ones), and 0 completely non-related signals. In
Figure 5, there is an overview of an example of the computation of two voxel’s FC under
different scenarios. However, once we have the FC metric, there are several ways of
using it to obtain information from the brain. The simplest one uses Regions Of Interest
(ROI) and is called ROI-to-ROI analysis, consisting of measuring the FC between two
predefined brain regions. Since we define the ROIs a priori, it is important that we need to
have previous information on which regions we want to focus on. Another popular way
of analyzing FC is by a Seed Analysis, which consists of selecting an ROI and computing
its FC with every voxel in the brain, obtaining a map of the connectivity pattern of the
aforementioned ROI. Finally, another way of analyzing the FC as measured by Pearson’s
correlation R is to compute a Connectivity Matrix (CM), which is the FC of every voxel
with any other voxel (or dividing the brain into regions and compute the FC between each
pair of them) in the brain. That CM will represent a graph and thus, allows us to obtain
information about Functional Networks (FNs), which will be the main topic in Section 3.

Although Pearson’s correlation is the most widely used method to assess FC, it is
not the only way of doing it. For example, various alternative mathematical metrics are
available for quantifying the FC between two units (like voxels or ROIs): mutual informa-
tion, Spearman’s correlation, coherence, and phase locking value [106, 107]. Apart from
them, there are other ways to analyze r-fMRI data, like Independent Component Analy-
sis, which decomposes all voxels” BOLD signals into a small number of spatiotemporal
components, each containing the information of a group of voxels. Thus, these compo-
nents may be seen as FN, which are groups of regions with similar temporal patterns (or
synchronized functional activity). In summary, FC is the analysis of brain functional or-
ganization in contrast to the information obtained from t-fMRI, which is more focused
on the local properties of the different regions. However, even if both approaches have
proved useful during the past decades, the latter has led to inadequate interpretations of
the brain, as explained in the next section.
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Figure 5: Illustrative example of the computation of FC between two voxels under different connectivity

scenarios. FC: Functional Connectivity; : Pearson’s correlation coefficient.

3. Network Analysis of Brain Functional Organization

A network is an informal concept that describes an object composed of elements and
the interactions between them. We have known that the brain is a set of interconnected
units (neurons) since the works of Santiago Ramoén y Cajal in the 19th century [108], and
thus, it perfectly adjusts to the definition of a network. From a Network Analysis (NA)
perspective we analyze MRI data relationally, that is, the properties of study are the rela-
tionships (e.g., FC) between the units of study (e.g., voxels). This approach is founded on
relational theory (whose origin is explained in Appendix 3) and is operationalized with
Graph Theory, being these two theoretical frameworks the philosophical and mathemati-
cal foundations of NA. In this section, I will first explain complex systems and how they
can change the way we analyze and interpret the brain. Then, I will perform an introduc-
tion to Graph Theory and NA and, finally, I will offer a conceptualization of the brain as
a complex network and its properties.
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3.1. Network Analysis and Complex Systems

Systems and networks are similar concepts that refer to groups of interrelated elements
[109]. To understand these concepts and their impact in our conception of the brain, we
have to trace the origin of systems science and the paradigm shift it brought about in
opposition to reductionism. The "traditional" scientific paradigm is a direct descendant of
René Descartes’ thought and his view of the world in three main aspects: 1) the elements
of study must be as simple as possible, 2) the properties of the elements are inherent
to them and independent of the rest of elements and 3) relationships between elements
occur in a two-element fashion as if it were a matter of collisions [110-112]. These
three characteristics formed the base of modern science leading to scientific frameworks
such as Newton’s laws of mechanics or the atomic theories, among others. However, as
scientific knowledge increased and scientists looked for the link between different scales
of observation, the reductionist paradigm began to prove insufficient. This problem was
exemplified in the 19th century by John Stuart Mill, who stated that while a molecule of
water 1s composed of atoms of hydrogen and oxygen, no trace of the properties of these
two substances was found in the water [113]. Likewise, Mill remarked the difficulty of
deriving the properties of a living body from its components [113], a problem that in
the 20th century impulsed Ludwig von Bertalanffy to create the General Systems Theory

[114], a pioneer theory of Systems Science.

c)

Figure 6: Representation of different systems. In a) there is a coherent system with low complexity at all
scales, in b) there is a random system that presents very high complexity at low scale but no complexity at
big scale, and in c) there is a complex system with high complexity at different scales of observation.

Systems Science is a transdisciplinar branch of knowledge that studies phenomena
from a holistic perspective, namely, that the properties of objects cannot be inferred from
the ones of its constituent elements. Thus, a system is defined as a group of interrelated
elements that form a whole in an environment [115] and can be simple or complex (as
represented in Figure 6). The brain is an example of a complex system because it presents
a high level of complexity (number of possible behaviors) at different scales of observa-
tion [116]. If we examine the brain at an atomic scale, the constant amount of chemical
reactions and great-scale actions are related to multiple rearrangements of the atoms and,
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thus, some complexity. If we increase the scale to a cellular level, again we can find a
variety of behaviors since, for instance, synapses are producing changes in neurotrans-
mitter concentrations. If we increase even more the scale we can find changes in neuron
density, its disposition in the cortex, the level of activity of the neurons or blood flow and,
thus, we can consider the brain as a complex system and analyze it as a whole object of
interrelated components instead of an aggregate of independent units that may collide.

The pairwise interactions between the elements of a system can be represented in a
network [117], and complex networks (which represent complex systems) present partic-
ular behaviors different from those of coherent or random systems, as depicted in Figure
6 [116]. Network Analysis, thus, describes the elements in terms of their relationships
with the rest of the elements and analyzes the structure of these relationships. In the case
of the brain, the elements can be examined at different scales such as neurons, MRI vox-
els, or whole regions of the brain. Apart from these different scales, we can define the
relationships to construct the network as, for example, the euclidean distance between the
elements, the number of dendrites connecting them, or their FC.

KENIGSBERS.

Figure 7: Representation of The seven bridges of Konigsberg problem and its transition from a "real world"
description of the problem in the form of a map of the city to a schematic representation and finally building
an abstract representation in the form of a graph.

3.2. Mathematical foundations of Network Analysis: Graph Theory

If Leibniz is the father of the philosophical foundations of NA, Euler is the father of their
mathematical formalization. Leonhard Euler was a Swiss mathematician (among other
things) who founded Graph Theory as the mathematical formalization of networks. He
faced a problem called The seven bridges of Konigsberg (Figure 7) that helped him de-
velop the concept of Graph [118]. A graph is an abstract object defined as a set of vertices
or nodes and a set of edges, which are the relationships between the nodes. Mathemati-
cally, we can define it as:

Then, what we choose as nodes or edges depends on the object of analysis, but in
this dissertation, we will use voxels as nodes and FC as edges. Another mathematical
representation of a graph is an adjacency matrix, which is a matrix that represents the
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relations between the elements of a network, like in the example of Figure 8. Usually,
this adjacency matrix (which can be a CM) is the object used to operate on the graph
and to compute network metrics. Once the graph is constructed, multiple organizational
properties can be studied for each node, for subgraphs of the network, or the whole graph.
These metrics analyze the space generated in the graph, which is called topological space.
In Figure 9, the most used metrics are summarized and graphically and mathematically

described, but more information on Graph Theory and its multiple metrics can be found
elsewhere [119].

(]
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Figure 8: Representation of an adjacency matrix and its graphical representation in the form of a graph. This
adjacency matrix is binary (yellow represents 1 and blue 0) and symmetric, giving rise to an undirected and
unweighted graph.

There are various types of graphs based on the types of edges they have. The edges
can reflect the direction of the relationship, that is, there is a link if the information goes
from node a to node b and another if the information goes from node b to a. These types
of graphs are called directed graphs, in contrast to undirected graphs in which nodes a
and b are just connected between them. Another distinction of the edges is in terms of
their strength, where we can find weighted graphs if the edges have a quantitative value or
unweighted (or binary) graphs if there is just the presence or absence of the edge. Recent
interest in network analysis has led to the analysis of multilayer networks, in which there
can be multiple edges between nodes a and b, each reflecting different relational measures
[120]. If these multilayer networks are a generalization of traditional graphs in terms of
the number of links between two edges, hypergraphs are the generalization of graphs
in terms of the number of elements that an edge connects [121]. That means that in
hypergraphs, an edge can reflect the interaction between more than two nodes. However,
due to the difficulty in analyzing generalized graphs, they are barely used to study brain
imaging data [122].
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Figure 9: Description and graphical representation of three of the most studied properties of graphs. In
a) degree of connectivity (Deg) is represented as the number of connections of a node, in b) clustering
coeflicient (Clust) as the ratio of triangles in which a node is included related to its degree, and in c) the
efficiency (E) based on shortest path length (SP).

3.3. The Brain as a Complex Network

We know since the 19th century that the brain can be defined as a network in that it
consists of a set of interconnected elements (neurons)[108]. Furthermore, it is considered
a complex network, which are networks whose topological structure is not purely regular,
not purely random [123]. We can find various systems organized as complex networks,
like social networks, the World Wide Web, biological networks, or electrical networks.
One interesting thing about complex networks is that they all share features like a heavy-
tailed degree distribution, a high clustering coefficient, and a hierarchical structure [124].
It is interesting to note that these properties just emerge as the network develops, but they
will determine how the communication is performed and, thus, the network’s function.

3.3.1. Small-Worldness and the Brain

Specifically, the brain pertains to a category of complex networks called "small-world"
networks [125]. Small-world networks are characterized by having a few connections
over the possible amount (about 10%), a high clustering coefficient, and a short path
length (or high efficiency since it is inverse to the path length). All of these features
produce a network with highly specialized subnetworks (a group of very highly connected
nodes) and easy communication between them (because of the short path length). Also,
the distribution of the degree of connectivity is a heavy-tailed one, which means that
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there are many nodes with a few connections and a few nodes with a huge amount of
them, which act as information hubs [126].

The small-worldness of the nervous system has been observed at multiple levels. At
the microscopic level, White and colleagues studied the nervous system of a Caenorhab-
ditis elegans, constructing a graph with its 302 neurons and 5600 connections, observing
that the network presented all the features of small-worldness [127]. This same struc-
ture has also been found on cultured neurons, showing the emergence of small-worldness
from isolated neurons [128]. At a macroscopic level, multiple types of brain networks
can be constructed depending on how we define the edges (interactions). The properties
of structural connectivity networks have been studied using Diffusion Tensor Imaging, an
MRI modality that infers WM tracts by the direction of water movement. Dividing the
brain at different resolutions (from 70 regions to hundreds), all the structural connectivity
networks that have been studied also showed small-world properties, which points to a
fractal structure of the networks [129-131]. Finally, FC networks are probably the ones
that have received more attention, especially with the refinement of analysis techniques
for r-fMRI data. Multiple metrics have been used to define FC, and a lot of different res-
olutions have also been used for constructing the networks, but regardless of the strategy
for building the graph, the small-world topology was always maintained [132—135].

3.3.2. Integration and Segregation

The small-world organization produces various modules that are highly specialized, which
means that their nodes are greatly integrated between them but highly segregated from the
nodes of other modules. However, despite strong evidence supporting this organizational
structure of the brain, why and how it is developed remains unknown. A strong hypothe-
sis relates small-worldness to the concept of "economy" in network analysis, a term that
refers to the cost-benefit balance. Thus, this hypothesis states that the brain network is
created by a compromise between minimizing biological cost and maximizing integration
[136]. Considering that even a brain functional network is embedded in physical space
and that multiple synapses (which cover more physical distance) are more metabolically
costly than one, physical distance has been proposed as "wiring cost" [137]. According to
this, the small-world brain organization is economical as it consists of densely connected
proximate areas with a few connections with distant regions, and these properties have
been reproduced by economical network models [138].

In order to be economical, two critical concepts in the development of the small-
world functional organization of the brain are integration and segregation. Integration
refers to the process by which the FC between different parts of the brain increases, and
segregation is quite the opposite, a decrease in FC. These two processes form the different
functional networks and occur during neurodevelopment, as will be further explained in
Section 4.1. Briefly, in the earliest stages of development short-range connections are
established, so each part of the brain is functionally connected to anatomically proximate

22



regions. However, with synaptic pruning some of these connections disappear, and when
long-range connections become economically viable due to structural maturation of the
brain, there is a segregation between some close regions and integration between distant
ones [139].

3.3.3. Brain Functional Networks

This process of simultaneous integration and segregation gives rise to the functional or-
ganization of the brain, which is composed of a modularized efficient structure (small-
world). The modules of this network are highly specialized structures that serve different
purposes in its functioning, being also related to different cognitive domains. They are
also called FNs, a concept introduced in Section 2.3 as groups of regions with similar
temporal patterns and, thus, high FC [140]. There are multiple functional parcellations of
the brain depending on the nodes and how we define relational metrics, but as an example,
we will break down one of the most widely used ones that divides the brain into seven
functional networks (Figure 10)[19]. This parcellation is the one that will be used in this
work to interpret the results obtained from statistical analysis.

Visual Network (VN): It comprises the occipital cortex and is related to the reception and integration of visual
information (although other brain regions are involved in visual perception as an experience).

Sensorimotor Network (SN): It contains the postcentral and precentral gyri as well as the supplementary motor
area and it is engaged when motor activity is required or for receiving sensory information from the body.

Dorsal Attentional Network (DAN): Comprises distributed regions mostly in the dorsal part of the brain and it is
related to top-down attention.

Ventral Attention Network (VAN): It is conformed to multiple brain regions and it is associated with bottom-up
attention or salience.

Limbic Network: Located in the rostromedial part of the brain, this FN is related to emotion.

Frontoparietal Network (FPN): Several distributed regions related to executive functions.

BEO0OO0C @ B BN

Default-Mode Network (DMN): It is composed of multiple widespread regions and it is related to the “inner”
mental activity, like mind wandering or episodic memory.

Figure 10: Parcellation of the human brain in the seven functional networks described in Thomas Yeo et al.
[19]. There is also a brief description of each functional network and the cognitive functions it is related to.

It is important to note that the different FNs are not independent systems but form a
whole brain network, and they may have even different functions in it. For instance, the
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regions of the DMN are known to have the greatest degree of connectivity of the whole
brain, serving as hubs of information [126]. Another example of the interdependence
between different FNs is their relationship in the case of DMN and FPN, which show
opposite activity patterns (this issue will be further explained in Section 4.3) [141]. Fur-
thermore, the cognitive functions associated with the different FNs are typically related
in the same way. For example, in the case of the FPN and the DMN, one cannot simul-
taneously be engaged in a goal-directed action and mind wandering. And so, a systems
science perspective of the brain forces us to consider the mind in the same manner, as a
set of interrelated functions instead of purely segregated cognitive processes.
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4. Neurobiological Models of ADHD

With recent advances in medical imaging techniques such as Magnetic Resonance Imag-
ing (MRI) or Positron Emission Tomography (PET) we have been able to characterize
brain structure and function. Moreover, it has helped us understand how the brain is re-
lated to the mind and to different cognitive functions, thus trying to obtain differential
patterns in brain disease. In the case of ADHD, these differential patterns have been used
to elaborate neurobiological models that explain its etiology and symptomatology, with
the ultimate goal of obtaining reliable biomarkers that allow an objective diagnosis of the
disease. Here I will summarize the main neurobiological models of ADHD.

4.1. Maturational Lag Hypothesis

This model comes from the diagnostic criteria of ADHD, which states that the disease is
defined by a delay in maturation instead of an aberrant brain configuration [10, 142]. The
first time this hypothesis was proposed was in 1973 when Marcel Kinsbourne posited that
the Minimal Brain Dysfunction (a category that included ADHD by then) was character-
ized by immature brain processes or primitive (in an ontogenetic way) cognitive strategies
[143]. At that time, the model was based purely on symptomatology, but later neurobio-
logical findings observed brain characteristics in ADHD patients that resembled those of
subjects of younger ages, thus partially supporting the conception of ADHD as a matura-
tional delay [10, 142, 144].

Brain development is a long process that starts in the third gestational week and
elapses until 25-30 years if not the whole lifespan (brain properties are still changing un-
til death, but whether these changes are development or not is under debate)[145]. Both
genetic expression and environmental events contribute to brain maturity, transforming
the organ from an inefficient structure to an efficient one. Neurodevelopment is a very
complex process, but all the characteristics are related to making the brain network more
efficient, which is summarized by fast transmission of information and low metabolic
cost. For this aim, it is necessary to develop many connections between neurons and then
keep only the necessary ones. So there is first a vast increase in synaptic connections
and then a process called synaptic pruning, which consists of eliminating redundant or
unnecessary synapses. This process is especially important in the cerebral cortex, or GM,
which is the brain’s outer layer. Another process that occurs during adolescence in GM
is the reduction of its thickness, which implies an inverted-U shape of cortical thickness
trajectory, increasing during childhood and then decreasing again [146].

That works well for spatially close neurons, but there is still the problem of long-
range connections, like the inter-hemispheric ones. Of course, the fastest way to cross
the brain from the right to the left extremes is through the center, but it is still a long
distance. To increase the speed of information transmission between these areas, there is a
substance called myelin that covers the axon of the neuron allowing efficient transmission
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of information between distant areas [147]. This process is known as myelination and
occurs primarily in the neurons of the inner part of the brain [147, 148].

These two processes also impact the functional organization of the brain. At first,
FC is higher between spatially proximate areas, that is, neurons tend to coactivate with
those around them. However, as age increases, they start forming distant connections and
constitute the FN [139]. So FC maturation is described by the segregation (decrease of
functional connectivity) of spatially close regions and the integration (increase in func-
tional connectivity) between distant regions in an organized manner. Another remarkable
fact that comes with functional specialization is the development of negatively connected
regions, which are regions that have opposite activity patterns (when one of them in-
creases activity, the other one decreases activity) like the DMN and the FPN, which will
be of special relevance in the DMN interference hypothesis.

Evidence supporting the maturational lag hypothesis has been found in multiple brain
properties, from electrical activity to the shape of some structures or the brain’s functional
organization. The first neurobiological signs of the hypothesis were found in altered elec-
tric activity using Electroencephalogram (EEG) [149] and delayed myelination [150].
After that, various studies reported delayed trajectories in GM development, that is, the
peak cortical volume was reached later in youth with ADHD than in healthy controls,
and so did the reduction in that metric [144, 151-153]. But the delayed development was
not reduced to brain morphology, and signs of immaturity were also found in functional
organization, specifically in reduced segregation between different brain networks [154].
There is also a debate on whether these immaturity signs normalize with age, mostly
based on the reduction of prevalence of ADHD in adulthood (as seen in Section 1.2).
By now, opposite information has been found on this matter, with some studies finding a
meeting point between the two trajectories (healthy people and people with ADHD)[144,
153] and other studies that suggest that the signs of immaturity remain [21, 155-157].
Altogether, these seemingly contradictory results can be due to two subtypes of ADHD,
one that never normalizes and another one that remits.

4.2. Dual-pathway Model

As seen in Section 1.5.1, the Dual-Pathway model was proposed based on ADHD neu-
ropsychology and its subtypes, positing that the inattentive symptoms were due to deficits
in a "cool" processing stream while hyperactivity/impulsivity were related to an alteration
of a "hot" one [11, 12]. Moreover, the description of the corticostriatal circuitry provided
neurobiological support for this hypothesis [158]. The subcortical structures receive and
send information to cortical regions engaged in three different functions: some are related
to emotions, others are engaged in associative or executive functions, and others take part
in sensorimotor functions. Thus, subcortical structures receive sensory information about
an environmental situation, then communicate with limbic (emotional) regions to evaluate
and estimate the rewards corresponding to each possible action. Then, the representation
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of the reward is sent to associative/executive cortices for planning the actions necessary
to get it. Finally, with the input of this plan, the subcortical structures can send proper
instructions to the motor cortices to engage action [158]. So according to this model,
there are different pathways for the "cool" functions (the corticostriatal circuits involving
associative cortices) and for the "hot" ones (the circuits involving limbic regions).

Furthermore, this model has found support in neuroimaging studies in the form of
volumetric alterations in areas related to these circuits, including the basal ganglia [159,
160]. Task-based fMRI studies have also found abnormal activity that is independent
between both systems, supporting the model as well [161, 162]. Even with functional
connectivity, results coherent with this hypothesis have been found, showing that reduced
functional connectivity in the hot pathway is related to emotional lability and reduced
functional connectivity within the cool pathway correlates with executive deficits [63].
Also, employing short-range and long-range functional connectivity, Tomasi and Volkow
[163] found simultaneous alterations in areas related to the reward-motivation system and
areas related to attentional deficits, suggesting that the first were related to motivation and
the latter to executive deficits [163].

4.3. Default Mode Network Interference Hypothesis

If the latter model was based on the distinction of two independent streams of the brain
for explaining ADHD symptomatology, the DMN interference hypothesis focuses on the
relation between two FN of the brain as the main neurobiological property underlying
ADHD. This model is substantiated in resting-state fMRI data, specifically in the FC
between two functional networks: the DMN and the FPN.

The DMN is one of the most robustly described brain FN. It was reported for the
first time using PET, including several regions in which metabolic activity was reduced
during mental tasks [164]. That led to the conclusion of specific brain regions as related
to a "default-mode" of the mind, that is, internally focused wandering, autobiographical
memory... and if these regions’ activity becomes increased during these inner tasks, it
also decreases when the mind is focused on outer stimuli like problem solving. The DMN
comprises two main components that converge on a core composed of two regions: the
Posterior Cingulate Cortex (PCC) and the medial Prefrontal Cortex (mPFC). The remain-
ing subsystems are the Dorsomedial Prefrontal Cortex (DMPFC), which is engaged in
recognizing our own present mental state as well as other people’s (which is called The-
ory Of Mind), and the Middle Temporal Lobe (MTL) subsystem, more engaged in both
future and past scene construction [165].

If the DMN is the main functional network of "inner" mental activity, the FPN or
executive network is quite the opposite, engaged for goal-directed tasks (a.k.a. cogni-
tive control). This network is the brain correlated with executive functions of the mind
(Described in Appendix 2), so it manages processes like working memory, response in-
hibition, decision making, or sustained attention [166]. As its name suggests, the FPN
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comprises a variety of distributed regions mainly in frontal and parietal areas, and their
primary mission in the whole-brain network is to join and process information from dif-
ferent brain systems [23].

The DMN and the FPN present, thus, opposite patterns of activity, which means that
when one’s activity increases, the other one’s decreases. Furthermore, the strength of
this negative relationship is related to behavior, specifically to response inhibition as mea-
sured by the flanker task response time [22]. The DMN interference hypothesis posits that
this functional network (the DMN) is not appropriately suppressed during goal-directed
tasks, creating an interference [13] that could be cognitively translated into inner thoughts
intruding during task-related mental activity. Various studies have found evidence sup-
porting this model in both DMN overactivity during goal-directed tasks and decreased
negative connectivity between the DMN and the FPN at rest [167-169].

4.4. Multi-network Models

Multi-network models use the interaction between multiple brain systems to explain ADHD’s
etiology [170]. Under this definition, the DMN interference hypothesis is an example of
a multi-network model, but it proved insufficient when other functional brain networks
were analyzed. The most straightforward case is the one of the Ventral Attentional Net-
work (VAN), which is related to bottom-up attention or salience [171]. Its role in the
interplay between the DMN and the FPN is easily explainable by the cognitive sequence
of the salience process. If a subject is wandering, that is, focused on his inner thoughts
and there is a very salient stimulus (e.g., strident noise), the focus of the thoughts sud-
denly changes from inwards to the outer world, trying to understand what is the cause of
the stimulus. So in terms of brain function, when there is a salient stimulus, the VAN
disengages the DMN and engages the FPN [171-173]. Now it is easy to see that a mal-
function of the VAN could result in inefficient deactivation of the DMN, which would lead
to the DMN interference hypothesis. Furthermore, numerous studies point to VAN-DMN
abnormal interaction in ADHD [14, 21, 154].

The incorporation of the VAN to the DMN interference hypothesis just puts in rel-
evance how interrelated the functional systems are and how difficult it is to limit the
alterations to a few of them. As it happened in the case of neuropsychology, functional
networks are constructs that define some part of the brain based on a criterion, so they are
truly related and the burden between them is not as categorical as it may seem. Consider-
ing this interrelation in both the mental and the neurobiological planes, it is important to
take into account all brain systems when studying a psychiatric condition [174]. Actually,
in ADHD, alterations have been found in all Yeo-Krienen functional networks [19]: from
basic sensorimotor [175-178] to higher order cognitive circuits like the ones described
before [170].
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MOTIVATION AND AIMS

Motivation

As shown in the introduction of this dissertation, ADHD is an important public health
issue affecting millions of people’s quality of life. Our understanding of the disorder
is continually evolving, changing the way in which it is diagnosed and treated [179].
However, many questions remain unanswered in terms of the disease characterization and
its relation with age, like how immature must behavior be to be considered ADHD and
if adult and child forms of the disease present different characteristics. Also, the high
remission rate of children when reaching adulthood raises the question of whether there
is indeed a true remission with age or if the mental and neurobiological "stability" of
maturity allows people with slower maturation rates to catch up. If this were the case,
we would be facing a big problem of overdiagnosis, with severe consequences such as
the intake of psychostimulants like amphetamines during their development without any
need. For all these reasons, it is crucial to better understand the neurobiology of ADHD
with the final aim of obtaining reliable, objective biomarkers that allow us to diagnose the
disease accurately.

To get these biomarkers, we have to develop a good model that describes the brain of
people with ADHD in a precise way. Several models have been proposed during the past
three decades, the first ones were based on structural and task-related activity abnormali-
ties and involved a few regions, while later models progressively included more and more
brain areas and the interactions between them. However, based on the evidence support-
ing them, not even the most reductionist ones have to be necessarily wrong but somewhat
incomplete descriptions of a broader alteration of the brain network structure. Because of
this, this dissertation will try to use methods that aim to describe the brain of people with
ADHD in a way that encompasses the previous models and, hopefully, shed some light
on understanding the disease.

The first method is called Stepwise Functional Connectivity (SFC) [23] and is based
on the social science experiments of Milgram [180, 181] that led to the concept of the
"six degrees of separation" between two points in a small-world network. This method
explores the hierarchical topology of a network in terms of how the information is suc-
cessively integrated first in provincial hubs (hubs of a network module) until the global
hubs of the network. The method’s technical details are described in Study 1, but briefly, it
computes the number of connections between the primary sensory cortices and each voxel
at different functional distances (path length). In that way, we can explore the integration
of the sensory cortices at direct functional distance, the integration of information in mul-
timodal association cortices at medium functional distance, and the cortical hubs at long
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functional distance. These different properties of the functional network can be related to
its functional maturation and provide information about the integration and segregation
of different FNs.

The second method is called Local and Distant Functional Connectivity (LFC/DFC)[182].

It measures the degree of connectivity of each voxel within its neighborhood (a 28 mm?3
cube whose center is the voxel) and with the voxels outside this neighborhood. Again, the
technical details are explained in both Study 2 and Study 3. This method is related to neu-
rodevelopment due to the local-to-distant connectivity maturation pattern of some brain
areas [139]. In the case of local connectivity, the metric can reflect altered integration
if it affects an area of one FN or altered segregation if it lies in the boundary separating
various networks.

Altogether, the usage of these two methods will provide information about some prop-
erties of the whole brain network that has not been studied in ADHD. We hypothesize that
the results obtained can be explained under the current neurobiological models of ADHD,
thus suggesting that they are all different aspects of the same phenomenon.
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Aims

The present dissertation aims to determine whether there is an alteration of the global
brain organization in people with ADHD that may underlie the features that characterize
the different neurobiological models of the disorder. For that, we will apply two different
graph-theory methods based on systems science to the resting-state functional Magnetic
Resonance Imaging data of adults and children with ADHD. Both of these methods study
spatial properties of the brain functional network, but while Stepwise Functional Con-
nectivity [23] focuses on topological space proximity, Local and Distant Functional Con-
nectivity [182] is more related to the relation between the topological and the physical
("real-world" euclidean) spaces. The prelude to this work was a study that compared the
SFC patterns between children with ADHD and neurotypically developing children (ND),
which will be discussed in the last section of the dissertation [178]. The following studies
extend that work in various terms, the first one is an application of the same method to
adults with ADHD, while the second and the third one apply Local and Distant Functional
Connectivity analysis to the same sample of children and adults respectively, to see if the
information flow in topological and physical spaces are related. So the three studies that
compose this dissertation are organized as follows:

Study 1

Stepwise functional connectivity reveals altered sensory-multimodal integration in medica-
tion-naive adults with attention deficit hyperactivity disorder.

Aim: To explore the integration of information from sensory to associative cortices in
medication-naive adults with ADHD. These processing streams will reflect the topologi-
cal architecture of the whole brain network, and while it has been studied in children with
ADHD, it remains unknown in adults.

Study 2

Local functional connectivity suggests functional immaturity in children with attention-

deficit/hyperactivity disorder.

Aim: To study the LFC and DFC patterns in children with ADHD. This graph-theory
based method seems suitable for simultaneously evaluating the maturational delay hy-
pothesis and multinetwork models in ADHD regarding segregation between spatially
proximate regions.
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Study 3
Local Functional Connectivity as a Parsimonious Explanation of the Main Frameworks

for ADHD in Medication-Naive Adults.

Aim: To characterize the LFC and DFC patterns in medication-naive adults with
ADHD. Once these brain properties have been explored in children with ADHD, this
study will evaluate whether their patterns are similar in adults or not.
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STUDY 1

Stepwise functional connectivity reveals altered
sensory-multimodal integration in medication-naive adults

with attention deficit hyperactivity disorder

Pretus, C., Marcos-Vidal, L., Martinez-Garcia, M., Picado, M., Ramos-Quiroga, J. A.,
Richarte, V., Castellanos, F. X., Sepulcre, J., Desco, M., Vilarroya, O., & Carmona, S.
Human Brain Mapping (2019)

Abstract

Neuroimaging studies indicate that children with attention-deficit/hyperactivity disorder
(ADHD) present alterations in several functional networks of the sensation-to-cognition
spectrum. These alterations include functional overconnectivity within sensory regions
and underconnectivity between sensory regions and neural hubs supporting higher or-
der cognitive functions. Today, it is unknown whether this same pattern of alterations
persists in adult patients with ADHD who had never been medicated for their condi-
tion. The aim of the present study was to assess whether medication-naive adults with
ADHD presented alterations in functional networks of the sensation-to-cognition spec-
trum. Thirty-one medication-naive adults with ADHD and twenty-two healthy adults
underwent resting-state functional magnetic resonance imaging (r-fMRI). Stepwise func-
tional connectivity (SFC) was used to characterize the pattern of functional connectivity
between sensory seed regions and the rest of the brain at direct, short, intermediate, and
long functional connectivity distances, thus covering the continuum from the sensory in-
put to the neural hubs supporting higher order cognitive functions. As compared to con-
trols, adults with ADHD presented increased SFC degree within primary sensory regions
and decreased SFC degree between sensory seeds and higher order integration nodes. In
addition, they exhibited decreased connectivity degree between sensory seeds and regions
of the default-mode network. Consistently, the higher the score in clinical severity scales
the lower connectivity degree between seed regions and the default mode network.
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1. Introduction

Attention-deficit/hyperactivitydisorder (ADHD) is a neurodevelopmental disorder char-
acterized by excessive levels of inattention,impulsivity,and hyperactivity [25]. Approxi-
mately35% of children with ADHD still fulfill DSM-IV diagnostic criteria for ADHD in
adult life [183].

Neuroimaging research on ADHD has typically focused on net-works supporting
higher order functions, with little attention to findings in primary sensory regions. For
instance, several studies report a weaker segregation between cognitive control networks
and default mode network both in children and adults with ADHD [167, 168, 184-186],
although only a few studies highlight the need to clarify how sensory regions interact
with higher order association networks in ADHD [187, 188]. In response to this, recently
developed analysis tools such as the step-wise functional connectivity (SFC) approach
[23] allow evaluating the presence of abnormalities in multilevel information processing
systems from early sensory to higher order cognitive circuits in the brain.

Making use of an SFC protocol, Carmona ef al. [178] provided evidence that the infor-
mation flow between primary sensory cortices and higher order association nodes might
be disrupted in children with ADHD. Compared with controls, children with ADHD pre-
sented increased interconnectivity within primary sensory cortices at initial steps of the
sensation to-cognition-continuum [178]. At the final steps of the sensation to cognition
continuum, children presented decreased SFC degree with executive processing areas and
increased SFC degree with DMN areas. These studies indicate atypical connectivity tran-
sitions between sensory and higher order large-scale functional networks, thus potentially
compromising the flow of information across the sensation-to-cognition continuum. How-
ever, whether this pattern is also present in the adult form of the disorder is still unknown.

The aim of the present study was to test whether medication-naive adult patients with
ADHD show impaired connectivity between primary sensory and higher order cognitive
circuits. For this purpose, we applied a SFC protocol aimed to detect which parts of the
brain are connected with primary sensory regions not only through direct paths (i.e., one-
step functional distance, which would be the standard functional connectivity analysis),
but also through indirect connections that involve a varying number of “link-step” dis-
tances or “relay stations”. Hence, in contrast to other standard methods such as functional
connectivity strength evaluation, SFC allows measuring functional connectivity between
any pair of brain locations that are connected by any finite number of relay stations.

Based on the assumption that adult ADHD may share similarities with childhood
ADHD in terms of functional connectivity alterations, we predicted that our sample of
medication-naive adults with ADHD would show increased SFC within sensory regions,
as well as decreased connectivity between sensory seeds and networks supporting exec-
utive functions, and increased connectivity between sensory seeds and key nodes of the
DMN.
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2. Methods

2.1. Participants

A total of 31 adults with combined ADHD and 22 healthy controls were recruited (see de-
mographics in Table 1). We ensured both sexes were well represented in both groups (12
women in the ADHD group and 16 women in the HC group). The ADHD patients were
selected by a specialized team of psychiatrists and psychologists from Vall d’Hebron Hos-
pital in Barcelona (Spain), where they were evaluated. All patients met DSM-V criteria
[25] for ADHD combined subtype and were medication naive.

Standard ADHD scales were administered to both groups, including the Conners
Adult ADHD Rating Scale (CAARS) [189], the Wender Utah Rating Scale (WURS)
[190], and the ADHD Rating Scale [191]. All ADHD scores were significantly higher
in the ADHD sample (see demographic data in Table 1).

ADHD (N =31) Controls (N = 22)

Characteristic Mean (sd) Mean (sd) Stat (df) p value
Age (range 19 to 52) 35.4(9.9) 30.4 (5.8) t(51)=-2.11 .040
ADHD Rating Scale 32.3(9.8) 6.0 (5.8) 1(48)=-11.89 <.001
Sex (number of women) 16 12 ¥ (1) =0 .044 n.s.
Number scanned with replacement headcoil 14 6 x: (1) =175 n.s.
Framewise Displacement .054 (.036) .036 (.030) t(51)=-1.92 .061

Table 1: Three controls did not complete the attention-deficit/hyperactivity disorder (ADHD) rating scale.
Independent sample t-tests or chi-square were used to compare groups.

Exclusion criteria included comorbidity with other psychiatric diseases or personal-
ity disorders, assessed by the structured Clinical Interview for Axis I (SCID-I) [192] and
Axis II disorders [193]. Participants with substance abuse disorder, including those who
consumed tobacco and cannabis within the last 6 months, were also excluded. Partici-
pants with an estimated WAIS-III IQ [194] lower than 80 were excluded. The study was
approved by the Hospital de Vall d’Hebron Ethics Committee, and informed consent was
obtained from all participants before taking part in the study.

2.2. fMRI Image Acquisition and Preprocessing

Images were acquired using a Philips Achieva 3T scanner. T1-weighted images were ob-
tained using a FSPGR sequence (TR: 8.2 ms, TE: 3.7 ms, FA: 88, voxel size: 0.94x0.94,
slice thickness: 1.00 mm, gap: 0 mm, matrix size: 256x256x180). An EPI-T2* sequence
was used to obtain the resting-state functional volumes in a single run that lasted 5.8 min
(116 time points, TR: 3000 ms, TE: 35 ms, FA: 90, in-plane voxel size: 1.80x1.80 mm,
slice thickness: 3.0 mm, gap: 1.0 mm, matrix size: 128x128). Due to a technical prob-
lem, 11 participants (evenly distributed between groups; y>=1.753; p=.186) were scanned
using a different radiofrequency head coil (16 channels instead of 8 channels), which was
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considered in the analyses. Participants were instructed to remain still and awake with
their eyes open during the functional run.

Functional MRI data were preprocessed with the software packages SPM 12 (Welcome
Department of Imaging Neuroscience, London, UK) and AFNI (Scientific and Statistical
Computing Core, National Institute of Mental Health, Bethesda, MD). After removing
the first three volumes, functional images were realigned to the mean image to correct for
motion-related artifacts, despiked with 3dDespike AFNI tool (c1=2.5, c2=4), normalized
to MNI standard space, and spatially smoothed with a 6 mm full-width-at-half-maximum
Gaussian kernel. All functional images were downsampled to 4 mm?® voxels to facilitate
computational calculations [23]. Finally, nuisance covariates (six rigid body realignment
parameters, mean white matter, mean cerebrospinal fluid, and mean whole brain intensity
signals) were regressed out to minimize the effects of movement.

Given the impact of in-scanner motion on functional connectivity analyses [195-197],
participants with a mean framewise displacement (FD) over 0.2 mm as measured by the
MCEFLIRT tool [198] were discarded. Additionally, we plotted a resting state functional
connectivity quality control index (RSFC-QC)[199] to assess the effect of motion in func-
tional connectivity as a function of node distance. The data quality control showed no
relationship between functional connectivity estimates and node distance, thus pointing
to a reduced effect of head motion artifacts in our data (Supplementary Figure 1).

2.3. SFC Analysis

The SFC analysis allows computing the number of functional paths between previously
defined seed regions and every other voxel in the brain at successive numbers of relay
stations or “link-step” distances. Intermediate voxels work as relay stations or “link-steps”
that range between 0 (direct, one link-step connection) and 6 (seven link-step connections)
before stabilizing [23] (see Figure 12). Based on the number of relay stations, the degree
of functional connectivity can be classified as direct (one link-step, and thus zero relay
stations), short (two and three link-steps), medium (four and five link-steps), and long (six
and seven link-steps).

For each processed brain, we computed the whole-brain connectivity matrix by cal-
culating the Pearson’s correlation coefficient r for each pair of voxels. From this point
onwards, only positive correlations were considered given the challenge of interpreting
negative correlations after global signal regression in functional connectivity studies [200,
201]. Correlation matrices were then filtered to contain only correlations surviving false
discovery rate (FDR) correction (¢<0.001). The resulting matrix was then binarized. As a
result, we obtained an unweighted “one link-step” matrix for each subject containing ones
for each pair of voxels whose signals were significantly correlated and zeros otherwise.

In parallel, a set of three masks including three bilateral sensory seed regions was
designed, each encompassing eight voxels (each voxel was 4 mm isotropic) forming a
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cube. Following Sepulcre et al. [23], the MNI coordinates for the most anterior, lateral,
and superior voxel of each cube was [8,—76,10] in the primary visual cortex, [56,—12,10]
in the auditory cortex, and [0,—28,66] in the somatosensory cortex. To assess the degree
of combined SFC of all sensory seeds irrespective of modality, a fourth mask was built
combining information from all three primary sensory regions.

Each n-step map encoded the number of n-step connections (SFC values) between
every voxel in the brain and the voxels within the mask including the three bilateral seed
regions. At each link step, SFC maps were standardized to Z-scores by subtracting the
mean and dividing by its standard deviation to yield SFC values. Henceforth, we refer to
these Z-score values as the SFC values. A more detailed description of the SFC method
can be found in Sepulcre et al. [23] and Sepulcre [24].

2.4. Statistical Analysis

All the statistical analyses were performed using SPM12. Groups were homogeneous for
mean FD, head coil, sex, and IQ but differed in age (1=-2.11; p=.04).

For each of the seven SFC maps, general linear models were fit for each group sepa-
rately. These models included age (mean centered to zero), FD (mean centered to zero),
and head coil as covariates of no interest. Statistical inference was performed over the
intercept of the models to identify SFC values significantly greater than zero. Since this
analysis was performed for exploratory purposes only, we displayed clusters of at least 10
contiguous voxels surviving an uncorrected p<.01.

General linear models were also fit to compare the seven SFC maps between groups.
These models included group as a variable of interest and age, sex, FD, and head coil
as variables of no interest (age and FD were mean centered to zero). Even though FD,
sex, and head coil did not differ significantly between groups, they were included as a
precaution. For each model, we tested the effect of group through a t-test on the value of
its estimate.

In addition to group differences, we tested the association between symptom sever-
ity —ADHD Rating Scale— and functional connectivity profiles in each step within the
group of ADHD patients. In this correlation analysis, we included head coil, FD, sex, and
age as nuisance covariates.

As supplementary analyses, we explored if group differences were consistent across
gender (see Supplementary Figure 3) and across the three main sensory modalities (see
Supplementary Figure 4). In addition, we measured the predictive power of the group
differences using the software PRoNTo [202] (see Figure 5 and Table 1 in Supplementary
Material).

To correct for multiple comparisons, we used a Monte-Carlo simulation implemented
in the AFNI 3dClustSim function [203] (accessed July 18, 2018). This method was used
to obtain an experiment Family Wise Error (FWE) corrected type 1 error probability of
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0.05 (af"E=.05). To achieve it, we needed a map FWE corrected type 1 error probability
of .0071 (because we have 7 maps and 0.05/7=0.0071). For this purpose, we thresh-
olded the statistical maps with a minimum cluster size of 174 contiguous 4 mm?* voxels
surviving the uncorrected p<.05.

2.5. Cortical Network Visualization

To facilitate interpretation of results in the context of large-scale functional networks, the
percentage of significant voxels that overlapped with each of the seven cortical resting-
state functional networks described by Thomas Yeo et al. [19] was calculated for each
analysis using MATLAB 2019a.

Surface projections of SFC maps were performed via a Matlab in-house script that
uses nearest neighbor (for Yeo’s atlas) or linear (for the quantitative maps) interpola-
tion and the surface normals to project cortical voxels onto the surface. The surfaces
employed were the left and right “Q1-Q6_R440.#.midthickness.164k_fs_LR.surf.gii” of
the software Connectome Workbench [204]. To avoid redundancy, we only present step-
wise connectivity profiles of the left hemisphere with uneven step numbers in the main
document.
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3. Results

3.1. SFC maps in patients with ADHD and healthy controls

The combined SFC maps for adult patients with ADHD and healthy controls are shown
in Figure 11, respectively. As expected, at short linkstep distances (one and three link-
step maps), both groups exhibited functional connectivity between the sensory seeds and
primary sensory regions. At longer link-step distances (five and seven link-step maps),
functional connectivity between sensory seed regions and frontoparietal areas was estab-
lished in both groups. In turn, healthy controls showed connectivity with medial frontal
areas and the precuneus at longer link step distances, which was not observed in the
ADHD group.

Figure 11: Surface projections of the one-sample t-test results of uneven link-step distances for (a) the adult
sample of ADHD patients and (b) the control sample of healthy adults. Each image represents Cohen’s
D ranging from the value that corresponds with a p<.01 (.6 for the control sample and .47 for the ADHD
sample) and a value of 1. Cohen’s D effect sizes greater than 1 are collapsed to 1. Left hemispheres are
displayed. Abbreviation: ADHD, attention-deficit/hyperactivity disorder

3.2. Between-group Differences

Between group comparisons are shown in Table 2 and map projections of between-group
differences are presented in Figure 12. All results were corrected for multiple compar-
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Peak MNI Coordinat

Between-subject Comparison 4 OOTCIRates No. of Voxels Highest ¢ score Cluster-level p value
X y z

One-step

Three-steps

ADHD >Controls

L calcarine -4 -64 16 248 3.25 <.001
Five-steps

Controls >ADHD

L medial orbitofrontal gyrus -4 58 -17 185 3.62 .001
ADHD >Controls

L calcarine -4 -68 16 398 3.47 <.001

Seven-steps
ADHD >Controls
R lingual gyrus 16 -61 -9 283 3.17 <.001

Table 2: Results of the stepwise functional connectivity (SFC) analyses, including between-group compar-
isons (adults with attention-deficit/hyperactivity disorder [ADHD] vs. healthy controls) for each SFC map
at different functional distances (one-step to seven-steps). Results were corrected for multiple comparisons
by means of a Monte-Carlo simulation.

isons (see Section 2.4 of this study). The analysis revealed functional connectivity dif-
ferences starting from the three-step connectivity maps, with ADHD patients exhibiting
increased seed region connectivity with the left calcarine sulcus compared to controls.
These functional connectivity differences were maintained until the seven link-step maps,
which exhibited between-group differences that peaked in the right lingual gyrus.

Patients with ADHD showed decreased functional connectivity in the five link-step
distance map in the left medial orbitofrontal gyrus compared to controls. These differ-
ences, group differences of 55.6, 64.08, and 62.46% for three, five, and seven link-steps
distances, respectively (see Figure 5 and Table 1 in Supplementary Material).

3.3. Association with ADHD Symptom Severity

Table 3 and Figure 13 show the results of the regression analysis with the symptom sever-
ity scales. As observed in Figure 13, symptom severity was positively associated with the
degree of functional connectivity in the left middle frontal gyrus and the right superior
temporal gyrus, regions that largely overlapped with the sensory-motor network (56.65%
in three link-step, 59.88% in five link-step, and 60.42% in seven link-step maps) and the
dorsal attention network (28.24% in three-step, 26.38% in five link-step, and 25.57% in
seven link-step maps). With regard to negative correlations, we found that the higher
the ADHD rating scale score the lower the degree of functional connectivity in the bi-
lateral superior frontal gyrus, clusters that largely overlapped with the DMN (68.15% in
three link-step, 64.14% in five link-step, and 62.96% in seven link-step maps) and the
frontoparietal network (21.17% in three link-step, 25.50% in five link-step, and 25.05%in
seven link-step maps). The associations between ADHD symptom severity scores and
mean SFC values in each significant cluster per link-step distance map are illustrated in
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Figure 13.

41



4. Discussion

The present study aimed to elucidate how primary sensory regions interact with higher
order association networks in adult ADHD, a disorder that is typically approached with
a strong focus on higher order cognitive functions in neuroimaging research. Hence, we
used SFC to assess multi-level information processing between early sensory and higher
order cognitive circuits in the brain of medication-naive adults with ADHD compared to
healthy adults. Our results partially align with a previous SFC study on children with
ADHD [178], suggesting that the increased functional connectivity within sensory re-
gions may persist in adult hood. However, sensorial integration into the DMN was lower
in adults with ADHD compared with controls, the reverse pattern of that found in chil-
dren with ADHD (hyper-connectivity) [178]. Thus, deviations from typical SFC patterns
in adult ADHD only partially resembled those observed in children with ADHD in pre-
vious studies. The correlations between SFC values and symptom severity in the adult
ADHD sample corroborated the between-groups findings. In particular, ADHD rating
scale scores were positively associated with increased functional connectivity within the
somatosensory-motor network and between seed regions and the dorsal attention network,
and inversely associated with functional connectivity between sensory seed regions and
the DMN and the frontoparietal network at short, medium, and long functional distances.
We discuss each of these findings below.

4.1. Increased SFC in Visual Cortices

Our results indicate increased functional connectivity between primary sensory areas and
the visual cortex in adults with ADHD compared to controls. These findings are in line
with Carmona et al. [178] observations in children with ADHD, suggesting a similar pat-
tern of deviations in children and adults with ADHD at intermediate and long functional
distances. However, while children with ADHD showed hyperconnectivity within a small
area of the lateral occipital cortex at short link-step distances, the differences cover almost
all of the bilateral medial occipital cortices in adults with ADHD (including V1, V2, V3,
which are part of both the dorsal and the ventral visual circuitry), and are present at short,
intermediate, and long link-step distances.

We believe that increased connectivity at medium and long functional distances may
reflect the general visual network hyperconnectivity frequently described in children with
ADHD [16, 135, 175, 177]. Our results suggest that at least part of the sensory infor-
mation in adults with ADHD keeps reverberating within the visual loops, decreasing the
information flow between sensory regions and neural hubs supporting higher order cog-
nitive functions. In addition, our observations support the notion that existent models of
ADHD would benefit from incorporating alterations in primary sensory areas, which are
often ignored or taken as a false positive [187] but may nonetheless significantly alter
multilevel information processing in ADHD.
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Figure 12: (a) Surface projections of the two-sample t-test results of uneven link-step distances for the
between—groups’ contrast between adult ADHD patients and the control sample. Images display Cohen’s
D effect sizes, and the positive (hot) and negative (winter) color maps range from the absolute value cor-
responding to an uncorrected p<.05 to an absolute value of 1. Values greater than 1 and lower than —1
are collapsed to 1 and —1, respectively. Subplot (b) indicates to which large-scale resting-state functional
networks the significant voxels belong according to the parcellation of Thomas Yeo et al. [19]. Left hemi-
spheres are displayed. Abbreviation: ADHD, attention-deficit/hyperactivity disorder

4.2. Decreased SFC in DMN Regions

While the intravisual loops were more functionally connected in adults with ADHD com-
pared to controls, the circuits connecting sensory cortices with areas associated with
higher order cognitive functions were weaker. At medium functional distance (five link-
step distance), adults with ADHD exhibited reduced degree of functional connectivity
with, predominantly, the DMN, and with the frontoparietal and limbic networks to a lesser
extent. Such differences do not necessarily imply a less direct connection between sensory
regions and the DMN. Since our measurements of between-region functional connections
included a number of relay stations (which define functional distance), these differences
could be due to: (a) a weaker connection between the sensory cortices and the relay sta-
tions, or (b) a weaker connection between the relay stations and areas associated with
higher order cognitive functions. Since the direct functional connectivity between pri-
mary sensory cortices and the relay stations was not weaker, the most likely compromised
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loops are those connecting relay stations (attentional or secondary sensory cortices) with
the DMN.

These results are in line with studies pointing at deficits in DMN interconnectivity in
adult ADHD, for example, decreased functional connectivity between the anterior cin-
gulate cortex and the precuneus/posterior cingulate cortex [167], decreased network ho-
mogeneity in the DMN [205], and distributed hypo-connectivity within the DMN [21].
Additionally, children with ADHD have been found to exhibit decreased short and long-
range functional connectivity density in regions of the DMN [163] and increased local
functional connectivity in the boundaries of the DMN [16]. In adults with ADHD weaker
segregation has been found between the DMN and cognitive control networks [186]. Al-
together, these results point to a lack of integration in DMN regions and a lack of segre-
gation between DMN and task positive networks.

Peak MNI Coordinates

ADHD Rating Scale . y , No. of Voxels Highestr Cluster-level p value
One-step
Three-steps
Positive association
L middle frontal gyrus 36 3 59 556 0.68 <.001
Negative association
R superior frontal gyrus 20 31 53 496 0.64 <.001
Five-steps
Positive association
R superior temporal gyrus 56 -35 21 1179 0.62 <.001
Negative association
L superior frontal gyrus -28 65 15 859 0.71 <.001
R precuneus 12 -58 35 184 0.59 .001
Seven-steps
Positive association
R superior temporal gyrus 56 -35 21 1185 0.61 <.001
Negative association
L middle frontal gyrus -40 23 46 287 0.70 <.001
R superior frontal gyrus -28 65 15 441 0.65 <.001
R precuneus 12 -58 35 206 0.61 .001

Table 3: Results of the stepwise functional connectivity (SFC) analyses, including positive and negative
associations of the attention-deficit/hyperactivity disorder (ADHD) rating scale in adult ADHD patients
with each of the SFC maps at different functional distances (one-step to seven-steps). Results were corrected
for multiple comparisons by means of a Monte-Carlo simulation.

As a part of the DMN, the medial prefrontal cortex (mPFC) was particularly affected
in our sample. ADHD-associated alterations in the mPFC have been reported in a wide
variety of studies, including altered functional connectivity with other DMN nodes [167,
205], reduced deactivation while completing a task [206], and slower cortical thinning in
children with higher symptom severity [207]. Since the mPFC plays a key role within
the DMN, the sensory hypoconnectivity with the mPFC observed in the present data set
could be pointing at alterations in DMN-associated functions such as mind-wandering
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[208], which could underlie attentional deficits in ADHD.

Our findings contrast with those in Carmona et al. [178], which found greater SFC in
the DMN in children with ADHD. In general, the DMN undergoes intense maturational
changes with age as it transitions from sparse within-network functional connectivity in
typically developing children to a more robustly interconnected network in neurotypical
adults [209]. On a speculative note, the hypoconnectivity and hyperconnectivity profiles
observed at long functional distances in adults and children with ADHD, respectively,
could be ascribed to altered DMN consolidation in early ages, yielding to abnormal func-
tional connectivity profiles when compared to age-matched controls. However, a longitu-
dinal study would be needed in order to establish conclusions on the evolution of default
mode SFC throughout the lifespan of ADHD patients from childhood into adulthood com-
pared to controls.

The discrepancies between our study and the previous study on SFC in children with
ADHD [178] could also be related to medication status. While Carmona et al. [178] an-
alyzed brain activity in a mixed sample of medicated and medication-naive children, our
present study comprised medication-naive adults. As reported by Carmona et al. [178],
medication status can influence SFC profiles (see Figure 5 in Carmona et al. [178]). More-
over, atomoxetine has been found to strengthen the anticorrelation between the DMN and
task-positive networks [210], and ADHD medication in general has been proposed to
normalize DMN activity [211]. All in all, medication status seems a relevant factor to
consider in future studies specifically addressing DMN functional connectivity in ADHD
across the lifespan.

4.3. Association with Clinical Scales

At short, medium, and long functional distance, ADHD symptom scores were positively
correlated with the degree of functional connectivity between seed regions and regions of
the somatosensory-motor and dorsal attention networks. The positive correlation with
somatosensory-motor regions is coherent with the increased SFC within sensory cor-
tices in ADHD patients compared to controls. Indeed, children with ADHD also show
increased degree centrality, that is, increased number of direct connections with other
nodes in the somatosensory cortex [212]. Anatomical studies also point to alterations in
somatosensory-motor cortices that persist into adulthood [16]. For instance, studies in
children with ADHD report decreased gray matter volume in the somatosensory, motor,
and premotor cortices [178], while studies in adults with ADHD found increased cortical
thickness in the presupplementary motor area and the somatosensory cortex [213]).

We also found a positive correlation between ADHD symptom severity and SFC in the
dorsal attentional network. This finding dovetails with studies pointing to altered within
network connectivity in the dorsal attentional network in adults with ADHD [214] and
increased connectivity between the dorsal attentional network and regions of the DMN
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Figure 13: Results of the regression analysis using the ADHD rating scale score as a predictor of stepwise
functional connectivity. Subplots (a), (c), and (e) depict positive correlations and subplots (b), (d), and
(f) depict negative correlations. Top surface images show the correlation coefficient r at three, five, and
seven link-step distances, and the color maps range from »=0.25 absolute value (which corresponds to the
minimum [bilateral] significant correlation at p<.05) to r=0.6 absolute value. Subplots (c) and (d) show
the scatter plots for the positive and negative correlations, respectively. Bottom surface images (e and f)
indicate to which large-scale resting-state functional networks the significant voxels belong according to
the parcellation of Yeo et al. (2011). Left hemispheres are displayed. Abbreviations: ADHD, attention-
deficit/hyperactivity disorder; SFC, stepwise functional connectivity

in medication-naive children with ADHD [188]. Given the relevance of the dorsal atten-
tion network in attentional performance [215], it would be interesting to test whether the
increased SFC between seed regions and nodes of the dorsal attention network predicted
attentional performance.

Regarding negative correlations, we found that the higher the scores in ADHD symp-
tom severity, the lower the degree of connectivity between the seed regions and the DMN
and the frontoparietal network at short, medium, and long functional distance (three to
seven link-step maps). These findings are aligned with studies pointing to impaired func-
tioning of the frontoparietal network in ADHD [187, 210, 216-218] but also highlight the
relevance of DMN alterations in adult ADHD.

Altogether, our results are consistent with the view that ADHD is associated with
altered information flow between sensory and neural nodes supporting higher order cog-
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nitive functions: whereas primary sensory areas seem to be hyperconnected in the first
steps, they seem to be underconnected to brain regions supporting higher order cognitive
functions, especially the DMN, at long functional distances [23]. Our results also point
out that, in terms of SFC, the ADHD brain is highly heterogeneous —as indicated by our
limited classification accuracy— and suggest that part of this variability might be driven
by differences in the severity of ADHD symptoms.
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5. Limitations and Conclusions

Limitations

The main limitation of our study is the relatively small sample size with a wide age range.
This stems from the difficulty in recruiting ADHD patients who reach adulthood without
comorbidity with other disorders (including tobacco and alcohol use in the last 6 months)
and, importantly, without previous exposure to ADHD medication.

Also, as our sample exclusively comprised patients with the combined subtype, we
could not provide a specific account of what precise ADHD phenotypes are associated
with the SFC alterations. The question remains whether impaired sensory-multimodal
integration may be affecting attentional control, as well as other symptoms such as hyper-
activity and impulsivity. Further research should be able to draw more precise conclusions
on what particular phenotypes are linked to which specific SFC alteration.

Regarding methodological concerns, we should specify two. First, computational con-
straints required us to downsample data to relatively large voxels (4 mm?®). As computa-
tional power continues to increase, the specific details of our results could be reexamined
in the original data and in future datasets acquired at even greater temporal and spatial
resolutions. Second, SFC analysis does not provide information on the directionality of
the functional connectivity network under study; that is, the alterations observed could
be interpreted as affecting sensory-to-cognitive and/or cognitive-to-sensory information
processing. If SFC decrease was affecting sensory-to-cognitive functional streams, this
would involve a reduced information feed from sensory up to higher level association
nodes; if it was affecting cognitive-to-sensory functional streams, this would entail lower
cognitive control over incoming perceptual information —thus hindering selective atten-
tion. Hence, although previous studies using SFC analysis tend to interpret their results in
the sensory-to-cognitive direction [23, 178, 219], the directionality of the observed alter-
ations should be tested in future studies using methods such as Dynamic Causal Modeling
[106].

Conclusions

In this study, we characterized how primary sensory regions interact with networks sup-
porting higher order cognitive functions in adult ADHD by means of an SFC protocol.
Furthermore, we ensured that this characterization was biased neither by comorbidities
nor by medication. Our results suggest that the brain of adults with ADHD presents
an atypical flow of information from short to long functional distances of the sensation
to cognition continuum. In particular, SFC in medication-naive adults with ADHD was
characterized by over-connectivity within primary sensory regions followed by under-
connectivity between sensory regions and nodes of the DMN. Importantly, this pattern
was associated with the severity of ADHD symptoms. These findings highlight the need
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to draw greater attention to altered multilevel information processing in adult ADHD,
with an emphasis on the interaction between primary sensory regions and the DMN.
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STUDY 2

Local functional connectivity suggests functional immaturity

in children with attention-deficit/hyperactivity disorder

Marcos-Vidal, L., Martinez-Garcia, M., Pretus, C., Garcia-Garcia, D., Martinez, K.,
Janssen, J., Vilarroya, O., Castellanos, F. X., Desco, M., Sepulcre, J., & Carmona, S.
Human Brain Mapping (2018)

Abstract

Previous studies have associated Attention-Deficit/Hyperactivity Disorder (ADHD) with
a maturational lag of brain functional networks. Functional connectivity of the human
brain changes from primarily local to more distant connectivity patterns during typical
development. Under the maturational lag hypothesis, we expect children with ADHD
to exhibit increased local connectivity and decreased distant connectivity compared with
neurotypically developing (ND) children. We applied a graph-theory method to compute
local and distant connectivity levels and cross-sectionally compared them in a sample of
120 children with ADHD and 120 age-matched ND children (age range=7-17 years).
In addition, we measured if potential group differences in local and distant connectivity
were stable across the age range considered. Finally, we assessed the clinical relevance of
observed group differences by correlating the connectivity levels and ADHD symptoms
severity separately for each group. Children with ADHD exhibited more local connec-
tivity than age-matched ND children in multiple brain regions, mainly overlapping with
default mode, fronto-parietal and ventral attentional functional networks (p<.05- thresh-
old free-cluster enhancement—family-wise error). We detected an atypical developmental
pattern of local connectivity in somatomotor regions, that is, decreases with age in ND
children, and increases with age in children with ADHD. Furthermore, local connectivity
within somatomotor areas correlated positively with clinical severity of ADHD symp-
toms, both in ADHD and ND children. Results suggest an immature functional state of
multiple brain networks in children with ADHD. Whereas the ADHD diagnosis is asso-
ciated with the integrity of the system comprising the fronto-parietal, default mode and
ventral attentional networks, the severity of clinical symptoms is related to atypical func-
tional connectivity within somatomotor areas. Additionally, our findings are in line with
the view of ADHD as a disorder of deviated maturational trajectories, mainly affecting
somatomotor areas, rather than delays that normalize with age.
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1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is the most common neurodevelop-
mental disorder with an estimated prevalence of up to 9% in school-age children [220].
Its characteristic symptoms are age-inappropriate levels of inattention, hyperactivity and
impulsivity that interfere with social and academic functioning [221].

According to neurodevelopmental formulations, ADHD involves a lag in the matura-
tional trajectories of certain brain features [10, 143]. This theory, known as the “matura-
tional lag” hypothesis, has been supported by a series of longitudinal neuroanatomic stud-
ies from one group [144, 151-153]. However, current neurobiological models propose
that, beyond purely neuroanatomical alterations, the disorder implies altered functional
connectivity in several large-scale functional networks [187, 222-224]. Based on the
maturational lag hypothesis, researchers have used resting-state functional magnetic res-
onance imaging (r-fMRI) to investigate whether the functional architecture of the ADHD
brain shows signs of atypical or delayed development [154—157]. Despite being based
on cross-sectional data, their results are consistent with the view that deviations from the
neurotypical patterns of functional connectivity, mainly affecting the default mode and
attentional networks, are implicated in both impaired attention performance and ADHD
status.

Local and distant functional connectivity profiles have been put forward as predictors
of the brain maturity state [225]. From a whole-brain perspective, typical maturational
patterns of functional connectivity are characterized by a “segregation” of anatomically
close regions (i.e., decrease in correlation strength) and a simultaneous “‘integration” of
distributed regions into mature functional networks (i.e., increase in correlation strength)
[139, 226-228]. In consequence, the brain’s functional architecture shifts from a local
to a more distant distribution as age increases. This organization principle especially
affects higher-order cognitive networks (for instance the fronto-parietal, default mode and
attentional networks), whose mature-like functional architecture consists of nodes that are
spatially distributed across the cortex. However, this pattern does not apply to motor and
sensory networks, whose spatial distribution of functional connections remains localized
across development [229]. Importantly, such “local to distributed” developmental pattern
of functional connectivity remains after controlling for motion parameters [196, 230].

To our knowledge, local and distant functional connectivity profiles have not been
used to characterize the maturational state of the brain of children with ADHD. The cur-
rent study aimed to investigate this question. We cross-sectionally compared the patterns
of local and distant functional connectivity between children and adolescents with ADHD
and age-matched neurotypically developing (ND) children with the aim of capturing the
maturational state of the brain’s functional architecture in ADHD. Based on previous
findings, we expected to find a less mature functional organization in an ADHD sample
compared with age-matched peers as reflected by increased local and decreased distant
functional connectivity. In addition, we tested whether connectivity patterns varied across
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the age range considered, to discern between delays that eventually normalize and devi-
ations from typical maturational patterns that do not reach normative levels. Finally, we
also hypothesized that the degree of local and distant connectivity would be related to
severity of clinical symptoms of ADHD.
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2. Methods

2.1. Study Participants and Selection of MRI Data

We used a subsample of the ADHD 200 open-source dataset deposited at the Neuroimag-
ing Informatics Tools and Resources Clearinghouse (NITRC) platform (https://fcon_1000.
projects.nitrc.org/indi/adhd200/). The original dataset was aggregated across eight in-
dependent imaging sites and ADHD diagnostic criteria and MRI acquisitions protocols
varied somewhat across institutions. The initial dataset was filtered to only include right-
handed males (defined as Edinburgh Handedness Inventory >0.4 [231]) with an estimated
1Q above or equal to 80. Subjects with any history of neurological disease, head trauma,
or comorbidity, except for oppositional defiant disorder, learning disorder or specific pho-
bia, were excluded. Since the DSM-IV-TR Hyperactive-Impulsive subtype was under-
represented in the initial dataset, we only included ADHD participants pertaining to the
Combined and Inattentive subtypes. Regarding MRI parameters, only participants with
an r-fMRI sequence containing at least 120 time points were included and only the first
120 volumes of each individual sequence were selected. By homogenizing the length of
the sequence, we assured comparability of data density across individuals. Finally, we
re-estimated motion parameters and discarded subjects with a mean frame-wise displace-
ment (FD) exceeding 0.5 mm, as measured by the MCFLIRT tool [198]. Participants in
both groups were individually matched 1:1 by age (averaged difference 0.9 months and
maximum difference +4 months) and FD (averaged difference 0.005 mm and maximum
difference +0.1 mm).

Table 4 shows the clinical-demographic characteristics of the study sample remain-
ing after the filtering process. The final sample consisted of 120 right-handed males
with DSM-IV-TR diagnosis of ADHD, 67 of them with the Combined subtype (Age:
mean=12.4 years, SD=2.4, range=7-17; FD: mean=0.07 mm, SD=0.05) and 53 with
the Inattentive subtype (Age: mean=11.6 years, SD=1.9, range=8-15, FD: mean=0.05
mm, SD=0.03), and 120 right-handed ND children (Age: mean=12.0 years, SD=2.3; FD:
mean=0.07 mm, SD=0.05). Detailed information about the institution-specific proce-
dures and the identification codes of the matched participants are provided as Supporting
Information in a previous study that used the same subsample [178]. Information regard-
ing motion parameters and age for each institution is presented in Supporting Information
Table S1.

Informed consent was obtained from parents for all participants and procedures com-
plied with the Institutional Review Boards at respective centers. Although ages ranged
from 7 to 17 years, we use the term children throughout the article to refer to the sample,
for simplicity.
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Characteristic ND ADHD

N Mean SD N Mean SD
ADHD Subtype
Combined 67
Inattentive 53
Age (range 7to 17) 120 12.03 2.2 120 12.06 2.2
Medication status
Medicated NA 31
Medication-naive NA 58
Co-morbidity
LD 0 7
LD, ODD 0 7
LD, SP 0 1
ODD 0 18
SP 2 2
IQ
Full Scale 120 11431 13.5 120 106.8*%*  13.7
Verbal 97 115.1 142 120 110.5*% 154
Performance 97 11046 13.6 120 101.33** 144
ADHD score
ADHD-RS
Total 42 2929 57 55 50.8%% 8.2
H/1 42 1346 3.6 55 22.4%* 5.9
Inat 42 1582 3.8 55 2836*%* 3.6
ADHD-CPRS-LV
Total 39 4646 79 60 T70** 6.7
H/1 39 4687 52 60 68.67** 109
Inat 39 4664 7.8 60 69.48** 7.7

Table 4: Clinical-demographic characteristics of children. = Abbreviations: N=number of sub-
jects; SD=standard deviation; ND=neurotypically developing children; ADHD=children with

attention-deficit/hyperactivity disorder; ODD=oppositional defiant disorder; LD=learning disorder;
SP=specific phobia; IQ=estimated intelligence quotient; ADHD-RS=ADHD rating scales-IV [232];
H/I=Hyperactive/Impulsive symptoms subscale; Inat=Inattention Symptoms subscale; ADHD-CPRS-
LV=Conners’ parent Rating Scale-Revised=Long version [189]. For 15 subjects, the IQ was assessed
by means of the two subtest (vocabulary and matrix reasoning) form of the Wechsler Abbreviated Scale
of Intelligence. ¢ Significant between-group differences based on 2-sample ¢ tests (p<.05). **Significant
between-group differences based on 2-sample ¢ tests (p<.001).

2.2. Image Processing

The imaging data used in the present study had been already processed by the Neuro Bu-
reau (http://www.neurobureau.org/) and were available in the NITRC platform. Prepro-
cessing was done using AFNI (http://afni.nimh.nih.gov/afni) and FSL (http://fsl.fmrib.ox.-
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ac.uk/fsl/fslwiki) neuroimaging toolkits on the Athena computer cluster at the Virginia
Tech Advanced Research Computing center (http://www.arc.vt.edu/). Preprocessing steps
included the removal of the first four volumes, slice timing correction, motion correc-
tion, spatial normalization to MNI152 stereotactic space at 4 mm isotropic voxel resolu-
tion, regression of nuisance covariates using head-motion parameters, global mean, white
matter, and cerebrospinal fluid signals as regressors, band-pass-filter of the time-series
data (0.009-0.08 Hz), and spatial smoothing with a 6 mm full-width-at-half-maximum
(FWHM) Gaussian kernel. For more details about the image processing pipeline, see:
“http://www.nitrc.org/plugins/mwiki/index.php/neurobureau: AthenaPipeline”.

Motion artifacts are a primary concern in the study of distance-dependent functional
connectomics [195-197, 230]. Therefore, in addition to matching the groups on move-
ment parameters, we applied the method of data censoring or scrubbing by eliminating
volumes with FD exceeding 0.5 mm together with the volume acquired immediately af-
ter from the time series. A detailed and formal description of this motion correction
strategy is provided elsewhere [199, 233]. Finally, a resting-state functional connectivity
quality control plot was generated to assess the impact of subject motion on functional
connectivity correlations before and after scrubbing, using mean FD as the motion index.
Supporting Information Figure S1 shows the distribution of censored volumes across our
sample and the effectiveness of the scrubbing procedure.

2.3. Local and Distant Degree Functional Connectivity Measures

The local-distant functional connectivity technique is a graph—theory-based method pre-
viously used on r-fMRI data [182]. The method measures local and distant functional
connectivity respectively by computing the degree of connectivity of voxels taking into
account the distance between them. Degree of connectivity of a given voxel is defined as
the number of voxels functionally connected to that target voxel. Briefly, we first obtained
a whole brain connectivity matrix for each subject, which is an N by N matrix (where N
is the number of voxels) containing the Pearson correlation of the time courses of every
voxel with any other voxel in the brain. This matrix was binarized by replacing correla-
tions higher than 0.25 by ones and the rest by zeros, following the criteria described in the
original paper [182]. Negative correlations were discarded given that the pre-processing
step of global signal regression biases the distribution of connectivity values downwards,
thus introducing negative correlations that were not originally present in the data [200,
201]. We calculated the degree of functional connectivity across the brain by introducing
a physical distance restriction in the functional connectivity network across the brain. Lo-
cal connectivity maps were computed as the degree of connectivity within the 28 X28x28
mm? cube surrounding that voxel [182]. For the distant connectivity maps we computed
the degree of connectivity of every voxel with those outside their neighborhood (i.e., out-
side the 28x28%28 mm? cube).

For both functional connectivity maps, we adjusted each voxel’s degree of functional
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connectivity according to the total number of voxels to which it could be connected. This
allowed us to correct for voxel position, since voxels located on the borders have part of
their surrounding cube outside the brain and have less potential local connectivity and
therefore more potential distant connectivity.

The corrected distant functional connectivity value d; was calculated using the follow-
ing formula:

Where d; is the distant functional connectivity value of the ith voxel and D; is the
number of voxels out of the ith voxel’s cube that fall inside the brain mask, so that d;
varies from O to 1.

Respectively, the corrected local functional connectivity value /; was calculated using
the following formula:

Where /; is the local functional connectivity value of the ith voxel and L; is the number
of voxels of the ith voxel’s cube that fall inside the brain mask, so that ?,- varies from O to
1.

2.4. Statistical Analysis
Characterizing Local and Distant Functional Connectivity in Children

To examine local and distant connectivity patterns in children with and without ADHD,
and visually compare the results to local and distant adult’s maps obtained by Sepulcre
et al. [182], we transformed the mean group local and distant connectivity maps to group
specific Z-score maps using the following formula:

Xi— X

i =
O-)C
Where z; is the Z-score of voxel i, x; is its local or distant connectivity value, X is
the mean local or distant connectivity value of the whole brain and o, is the standard
deviation of whole brain local or distant connectivity value. This transformation was
performed only for visualization purposes and not for the subsequent analyses, where
local and distant connectivity values were used.
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Linear Model

Two General Lineal Models were fitted, one for local and one for distant functional con-
nectivity maps. These models included as covariates site, individual mean FD (mean
centered to zero) and age (mean centered to zero). For each model, specific contrasts
were performed to test group differences and age by group interaction effects. Analyses
were performed with SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12;
version 95 of September 12, 2016). We used a toolbox for SPM developed by Christian
Gaser (http://dbm.neuro.uni-jena.de/tfce) that calculates non-parametric permutation test-
ing (5,000 permutations) based on threshold free-cluster enhancement (TFCE) [234], to
obtain both uncorrected and family-wise error (FWE) corrected p-values. The maps ob-
tained were thresholded at different p-values (p<.05-TFCE, p<.01-TFCE, p<.005-TFCE,
and p<.05 TFCEfYE corrected) to have a wide overview of results. This allowed us
to observe the distribution of differences across the brain with varying levels of cer-
tainty, although we considered as significant only those clusters with voxels below p<.05-
TFCE-FWE.

Finally, to understand how the differences in local connectivity were distributed across
large-scale networks, we calculated the percentage of voxels that pertained to each of the
seven cortical and subcortical large-scale resting-state functional networks described by
Thomas Yeo et al. [19] and Choi et al. [235]. Percentages were calculated over the total
number of significant voxels at the most lenient threshold (p<.05-TFCE), thus warranting
a broad characterization of the potentially affected large-scale networks.

Correlations with Clinical Symptoms

Regression analyses were performed to test the associations between local and distant
functional connectivity and severity of ADHD symptoms. The analyses were performed
separately for the ADHD sample and the ND sample and were restricted to the regions
that differed significantly between groups (p<.05-TFCE). Different sites used different
scales to measure the severity of ADHD symptoms (see the Section 2.1). To reduce the
overall heterogeneity associated with the use of different clinical scales, only those sites
with the larger samples were considered (i.e., New York University [NYU] and Peking
University [PU]; Supporting Information Table S1) and regressions were fitted for each
of the sites separately.

Two General Lineal Models were fitted, one for local and one for distant functional
connectivity differences, that included as covariates the score on the ADHD clinical scale
(ADHD score), individual mean FD (mean centered to zero) and age (mean centered to
zero). Since these were masked analyses, the TFCE spatial correction was not appropri-
ate. The masked maps were then thresholded at the same p-values employed in the group
comparisons (p<.05, p<.01, p<.005, and p<.05 FWE corrected). FWE correction was
applied via a non-parametric permutation analysis implemented in Matlab (5,000 permu-
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tations). To additionally control for false positives, we considered as “statistically valid”
only those regions whose voxels overlapped between the NYU and the PU sites.

59



3. Results

3.1. Characterization of Local and Distant Functional Connectivity Maps in ND
Children and in Children with ADHD

Figure 14 displays the local and distant functional connectivity maps for the ND and the
ADHD groups. For comparison purposes, we also incorporated the functional connectiv-
ity maps calculated by Sepulcre et al. [182] in an adult sample. Visual inspection of the
results suggests that the distribution of local and distant functional connectivity is more
similar between the child samples, regardless of diagnosis, than between children and
adults.

Figure 14: One-sample characterization of local and distant functional connectivity levels. Local and distant
functional connectivity Z-score maps in adults, ND children, and children with ADHD. Lateral and medial
views of the left hemisphere are presented. Surface projection used the PALS surface (PALS-B12) provided
by Caret software using the “interpolated algorithm” and “multifiducial mapping” settings [236]. The color
bar represents the normalized Z-scores. Only positive Z-score values are plotted, O corresponding with a
Z-score value of 0 and 1 corresponding with Z-score values 1. Local and distant adult’s maps were taken
from a previous study [182]. The color spectrum was the same used by Sepulcre er al. [182] to make the
images comparable

3.2. Group Differences in Local and Distant Maps Between Children with ADHD
and ND Children

As displayed in Figure 15 and Table 5 widespread regions that include cortical and sub-
cortical areas. When examined in terms of large-scale functional parcellations [19, 235],
increases in local functional connectivity fell into the somatomotor, fronto-parietal, de-
fault mode, visual and attentional networks. The two clusters of increased local func-
tional connectivity surviving the most restrictive threshold (p<.05-TFCE"") were re-
gions overlapping with the default mode, fronto-parietal and ventral attentional functional
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networks. As post-hoc analysis, we measured to which extent these increases in local con-
nectivity resulted from increased connectivity among different functional networks that
were spatially contiguous. For that purpose we created two extended masks, each one in-
cluding not only the voxels of the two significant clusters (p<.05-TFCE""£) but also the
neighboring voxels that were used to calculate their degree of local connectivity. Results
indicated that one of the extended masks was comprised by voxels of the default mode
(80%), fronto-parietal (14%) and ventral attentional (6%) functional networks. Similarly,
the other extended mask was comprised by voxels of the ventral attentional (72%), fronto-
parietal (16%), somatomotor cortex (10%), and default mode (3%) functional networks.

Figure 15: Group differences in the degree of local functional connectivity. Differences in local functional
connectivity between children with ADHD and ND children. (a) Regions where patients with ADHD have
more local functional connectivity compared with ND children; (b) Regions where patients with ADHD
have less local functional connectivity compared with ND children. The results have different colors for
different thresholds and bar graphs represent the percentage of voxels in each of the large-scale functional
networks over the total significant voxels under the most lenient threshold of p<.05-TFCE. Red asterisks
represent the clusters of increased local functional connectivity surviving the most restrictive threshold
corrected for multiple comparisons (p<.05-TFCEf"E)

Considering the ND>ADHD contrast (Figure 15 and Table 5), children with ADHD
exhibited a decrease in the degree of local functional connectivity within the secondary vi-
sual cortex and the superior parietal cortex extending into the precuneus (p<.01-TFCE).
With respect to the distant functional connectivity maps, group differences were scarce
and the majority only survived the most lenient threshold of p<.05-TFCE (Table 5). Pa-
tients with ADHD showed decreased distant functional connectivity in the bilateral cere-
bellum, right superior frontal gyrus, right posterior cingulate gyrus, and in right parahip-
pocampal regions extending into the visual cortex.
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Cluster size (mm’) x(mm) y(mm) z(mm) TFCE p-value

LOCAL CONNECTIVITY

ADHD>ND

Right Superior Frontal Gyrus Medial 139136 4 54 31 255.26  0.001*
Right Occipital Pole/Right Calcarine Cortex 25856 20 -92 5 216.56 0.002
Right Middle Frontal Gyrus/ Right Opercular part of the Inferior Frontal Gyrus 9152 36 9 26 201.60 0.002
Left Medial Orbital Gyrus/Left Anterior Cingulate Gyrus 10816 -12 30 -15 142.33  0.007
Right Middle Temporal Gyrus 6848 48 -37 2 138.80 0.008
Right Parietal Operculum/ Right Transverse Temporal Gyrus 8384 36 -27 17 136.93 0.008
Left Anterior Insula 2112 -32 24 2 113.34 0.015
Right Parahippocampal Gyrus 448 16 -10 -24 100.29 0.021
Left Entorhinal Area 3776 -28 1 -37 98.54  0.022
Left Temporale Pole 832 -52 9 -37 87.34  0.030
Right Lingual Gyrus/ Right Precuneus 1856 4 -56 7 86.80  0.030
Left Caudate 1216 -8 16 6 80.10  0.036
Left Thalamus Proper 1280 -8 -17 0 78.23  0.038
Left Angular Gryrus 768 -44 -66 44 76.87  0.040
Left Middle Temporal Gyrus 512 -64 2 -21 7531  0.042
ND>ADHD

Right Posterior Cingulate Gyrus/ Right Precuneus 512 20 -44 10 169.34  0.125
Right Middle Occipital Gyrus/ Right Inferior Occipital Gyrus 4160 44 =72 12 167.04 0.130
Right Precuneus/ Right Superior Parietal Lobule 15808 4 -48 75 163.59 0.137
Left Inferior Temporal Gyrus 320 -52 -19 -31 9426  0.438
DISTANT CONNECTIVITY

ND>ADHD

Right Posterior Cingulate Gyrus 896 20 -44 6 168.84 0.006
Right Fusiform Gyrus/ Right Inferior Temporal Gyrus 2048 44 -26 -19 141.92 0.012
Right Superior Frontal Gyrus 192 24 20 62 119.50 0.019
Right Hippocampus 384 32 -33 -3 98.20 0.031
Right Cerebellum Exterior 448 16 -67 -36 9227 0.036
Left Cerebellum Exterior 384 -28 -64 -40 89.99  0.038

Table 5: Group differences in LFC in children. Coordinates are based on MNI152 stereotactic space. Re-
sults reported in the table correspond to those clusters above 192 mm? (three contiguous voxels). Abbrevi-
ations: ADHD=children with attention-deficit/hyperactivity disorder; ND=neurotypically developing chil-
dren. TFCE=threshold-free cluster enhancement; FWE=family-wise error. “Significant at p<.05 TFCEWE
level.

3.3. Group by Age Interaction

Regarding the group by age interaction analysis, we did not find any significant result at
the most restrictive threshold of p<.05-TFCE*"£. Table 6 and Figure 16 show the results
at a more lenient level of p<0.005-TFCE. In particular, we found that whereas the local
connectivity in left somatomotor region, left thalamus and cerebellum decreased with age
in ND children, it increased with age in children with ADHD (Figure 16). Of notice, the
peak of the cluster comprising the left somatomotor cortex almost survived the TFCEF"E
correction for multiple comparisons (TFCE=217.03; p=.051-TFCE""£).

3.4. Clinical Correlations

No significant clinical correlations were found at p<0.05-FWE. We found several clusters
whose local connectivity significantly correlated with the severity of ADHD symptoms at
p<.005 (Table 7). Figure 17 displays the results for the NYU and PU samples separately
at the most lenient threshold of p<.05 and indicates the voxels that overlap between the
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Figure 16: Group by age interaction. Regression between age and the degree of local functional connectivity
in children with ADHD and ND children. 3D coronal views display the regions where the degree of local
connectivity increases with age in children with ADHD while decreases with age in ND children. The
x-axis shows the age of the subjects and the y-axis represents the mean degree of local connectivity of the
region after removing the effect of site and FD. The local connectivity values are in the normalized scale
detailed in methods (from O to 1). The results have different colors for different thresholds.

two sites. For both sites and both samples, higher scores on the ADHD clinical scales
were associated with higher local functional connectivity in regions that mainly involve
the somatomotor network. Indeed, when we tested which voxels overlapped between the
two sites, we noticed that all the overlapping voxels fell into areas that belong to the
somatomotor functional network.
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4. Discussion

This study cross-sectionally compared the patterns of local and distant functional connec-
tivity between a sample of children with ADHD and a sample of ND children. We found
that children with ADHD exhibited more local functional connectivity than ND children
in multiple brain networks. Given the local to distant trend during functional network de-
velopment, our results point to a more immature functional connectivity profile in ADHD
compared with ND children.

Despite the traditional view of ADHD involving alterations in discrete circuits of the
brain [87, 237, 238], recent neurobiological models are tending to multinetwork expla-
nations [170, 187, 239]. Broadly speaking, r-fMRI studies have reported decreased in-
tegration among distributed regions within a network and decreased segregation between
distinct networks in ADHD [21, 167, 177, 185, 205]. Considering the typical functional
trajectories of the human brain [196, 229], these findings suggest that functional net-
works may not have been properly consolidated during development. Therefore, from a
neurodevelopmental perspective, the atypical functional connectivity affecting multiple
large-scale brain networks in ADHD could be understood as a deficient level of matura-
tion. Among previous r-fMRI studies, that of Tomasi and Volkow [163] is the most closely
related to ours at the methodological level. Short- and long-range functional connectivity
alterations in patients with ADHD have been reported, specifically in short-range connec-
tivity of reward/motivation regions and decreases in the short and long-range functional
connectivity of the default mode and the dorsal attentional networks [163]. It is difficult
to disentangle the extent to which the group differences reported by Tomasi and Volkow
[163] reflect immaturity traits of the ADHD brain since their groups differed significantly
in age. Conversely, the current study used a more homogeneous age-matched sample,
thereby bypassing confounding effects of age and facilitating inference of between-group
maturational differences. We also found notable increases in local functional connectivity
in the ADHD sample while no significant differences in distant functional connectivity
were detected.

Among the distributed pattern of local functional connectivity increases in ADHD, the
regions that survived multiple comparison correction overlapped with regions pertaining
to the default mode, fronto-parietal and ventral attentional networks. Although atypi-
cal local functional connectivity levels are not necessarily related to the interplay among
functional networks, the ADHD literature has described alterations in the interactions
among such networks. Extending the “default-mode interference” model [13], Menon
[14] proposed that default mode interferences during externally focused cognition may
be caused by an impaired regulation of the ventral attentional network over the interplay
between the default mode and executive networks (mainly the fronto-parietal network).
Atypical interconnectivity among these cooperative networks has been found in ADHD
by independent groups [21, 167, 177, 185]. Overall, these findings are consistent with
ours, suggesting an immature pattern of functional connectivity in ADHD mainly affect-
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Cluster Size (mm®) x(mm) y(mm) z(mm) Network TFCE p-value

LOCAL CONNECTIVITY

Increases with age in ADHD & Decreases in ND

Left Postcentral Gyrus 35584 -44 -22 41 DAN 217.03 0.002
Cerebellar Vermal Lobules 52480 0 -46 -14 SN 194.55 0.003
Right Superior Temporal Gyrus 6656 56 -13 0 SN 129.26 0.010
Right Superior Parietal Lobule 17024 28 -65 56 DAN 126.85 0.011
Left Frontal Pole 16000 -28 64 3 DMN 11135 0.016
Right Middle Cingulate Gyrus 5632 4 -2 35 VAN 106.83 0.018
Left Cerebellum 3968 -16 -87 -27 DMN 9528 0.025
Left Anterior Cingulate Gyrus 3840 -4 39 -4 DMN 9447 0.025
Right Anterior Insula 3392 44 11 -10 SN 93.19 0.026
Right Supplementary Motor Cortex 192 12 -10 44 SN 91.03  0.028
Left Superior Frontal Gyrus 448 -20 57 19 DMN  82.06 0.035
Right Supplementary Motor Cortex 1088 4 16 62 VAN 7622  0.042
Left Parahippocampal Gyrus 384 -28 -15 -32 Limbic  76.12  0.042
Left Cerebellum 192 -36 -67 -32 FPN 7545  0.043
Left Cerebellum 448 -32 -44 -42 FPN 74.64  0.045
Right Superior Temporal Gyrus 320 64 7 -2 SN 74.60  0.045
Right Lateral Orbital Gyrus 256 44 47 -12 FPN 71.89  0.047
Right Precuneus 192 4 -54 43 DMN 7034 0.050
DISTANT CONNECTIVITY

Increases in ND & Decreases in ADHD

Right Supramarginal Gyrus 448 60 -46 38 FPN 103.7  0.03

Table 6: Group by age interaction. Effect of the interaction of age and group differences in the degree of lo-
cal and distant connectivity. Coordinates are based on MNI 152 stereotactic space. Results reported in the ta-
ble correspond to those clusters above 192 mm? (three contiguous voxels). Abbreviations: ADHD=children
with attention-deficit/hyperactivity disorder; ND=neurotypically developing children; TFCE=threshold-
free cluster enhancement. “FWE-corrected p-value=.051.

ing the triple cognitive network model comprising the default mode, fronto-parietal and
ventral attentional networks [14].

It is important to remark that differences surviving stringent multiple-comparison cor-
rection in regions of the default mode, fronto-parietal and ventral attentional functional
networks do not necessarily imply that alterations are restricted to these networks. Rather,
we propose that our results should be understood within the context of an immature
state of functional connectivity affecting multiple brain regions, including default mode,
fronto-parietal and attentional regions, but also visual, somatomotor and basal ganglia
regions.

Whereas the functional networks that support higher-order cognitive functions present
a distributed topography, networks sustaining sensory and motor processing consist of a
single area of functionally connected contiguous voxels [229]. Therefore, our findings
pointing to an increased local connectivity in the visual and somatomotor cortices would
likely indicate increased within-network integration. In contrast, the increased local con-
nectivity found in the anterior part of the medial wall, an area where the default mode,
fronto-parietal and ventral attentional networks are highly intertwined, would likely re-
flect increased integration between these typically segregated networks. Indeed, our post-
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Figure 17: Correlations with clinical measures. Results of the regression analysis between the degree of
local functional connectivity and ADHD clinical scores. The y-axis represents the mean degree of local
functional connectivity of the region after removing the effect of age and FD. The x-axis represents ADHD
clinical severity score (based on the ADHD Rating Scale (ADHD-RS) score for PU; and based on the
Conners’ Parent Rating Scale-Revised, Long version (CPRS-LV) score for NYU). The local connectivity
values are in the normalized scale detailed in methods (from O to 1). Results presented correspond to
those voxels below an uncorrected p<.05 obtained in the NYU, PU, and both sites (displayed in red, green
and yellow colors respectively). L: left hemisphere; R: right hemisphere; ND, neurotypically developing
children.

hoc analysis confirmed that the local connectivity increases found in the cingulate and me-
dial prefrontal cortex fell into the boundaries confining the default mode, fronto-parietal
and ventral attentional networks. Previous literature in ADHD reports increased within-
network connectivity in motor [176, 178] and visual regions [135, 175, 177, 178], and
decreased within-network integration [167, 205] and between-network segregation in net-
works associated with higher-order cognitive processes [21, 177, 185]. In the light of our
results, it is possible that previous studies reporting atypical integration and segregation
patterns reflect, in part, more locally connected brains that manifest differently depending
on the topological organization of the network.

As previously mentioned, we did not find evidence for altered distant functional con-
nectivity. We believe this indicates that distant connections are preserved in the disorder.
However, in this study we only considered positive correlations to avoid the ambigu-
ous interpretations of the correlation sign after removal of mean global signal [182, 200,
201]. Therefore, another possibility is that abnormalities in distant connections are driven
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by negative correlations, in keeping with studies reporting decreased segregation between
typically anti-correlated networks in ADHD [21, 177, 185], and have remained undetected
in our study.

Region Cluster Size x y z tstatistic Network
NYU
Control
Right Superior Temporal Gyrus 5 56 3 -9 3.970 DMN
Postcentral Gyrus 28 52 -8 16 3.773 SN
Left Precentral Gyrus 8 52 1 31 3.021 SN
Left Amygdala 5 24 24 -25 2.596 DMN
ADHD
Right Insula 28 4 3 -5 3.641 VAN
Left Precentral Gyrus 43 24 20 73 3.514 SN
Right Anterior Cingulum 14 8 36 13 2.974 DMN
Right Superior Occipital 7 20 92 5 2.853 VN
Right Postcentral 18 44 -33 53 2.835 DAN
Left Frontal Superior 8 -16 23 58 2.718 DMN
Left Postcentral 10 -56 -13 48 2.689 SN
Right Middle Cingulum 6 0 6 43 2.243 VAN
PU
Control
Left Postcentral 23 -48 -14 32 3.533 SN
Right Superior Temporal 18 52 -1 -5 3.448 SN
Right Calcarine 8 16 -80 5 2.466 VN
ADHD
Left Precentral 71 -16 -16 68 4.046 SN
Right Inferior Frontal Operculum 6 36 22 30 3.898 FPN
Right Superior Motor Area 8 4 -8 60 3.353 SN
Left Middle Frontal 8 32 37 17 3.334 FPN
Right Temporal Inferior 7 60 -34 -19 3.099 FPN
Right Precentral 39 20 -20 69 3.081 SN
Right Superior Frontal 8 16 56 11 2.903 FPN
Right Inferior Parietal 9 44 57 47 2.622 DMN
Left Middle Frontal 5 36 52 4 2473 FPN

Table 7: Clinical Regression with LFC in children. Coordinates are based on MNI152 stereotactic space.
Results reported in the table correspond to those clusters above 192 mm? (three contiguous voxels). Ab-
breviations: ADHD=children with attention-deficit/hyperactivity disorder; ND=neurotypically developing
children; TFCE=threshold-free cluster enhancement. “FWE-corrected p-value=.051.

Regarding clinical correlations, we found that regions of the somatomotor functional
network exhibited a positive correlation between local functional connectivity levels and
ADHD clinical symptoms. Interestingly, this association was observed both in the patient
and control groups and replicated in two independent samples. Several studies using dif-

67



fusion tensor [240, 241], structural [242], functional [243] and resting state analyses [178,
244] support the involvement of somatomotor circuitry in the pathophysiology of ADHD.
Our data also support this association and suggest that the atypical degree of somatomo-
tor local functional connectivity might be understood as a continuum independently of
diagnosis.

Regarding the effect of age, it remains a matter of debate whether the immaturity
features observed in ADHD reflect a delay with potential for latter normalization or a
deviation of normative developmental trajectories. We found that group differences in
functional connectivity did not reduce across the age range of our samples. In particu-
lar we found that the developmental trajectories of the somatomotor cortex significantly
differed between the groups. Therefore, our results do not support the hypothesis that
brain immaturity features in children with ADHD normalize with age, in contrast with
initial longitudinal reports on anatomical trajectories [144, 153]. However, as in our case,
r-fMRI studies reporting functional connectivity abnormalities compatible with a less ma-
ture state in ADHD did not find evidence that such alterations reach normative levels as
age increases [154—156, 177]. All that being said, the cross-sectional design of these stud-
ies, including that of the current work, prevents us from drawing strong conclusions about
the shape of a developmental trajectory. Future studies collecting longitudinal r-fMRI data
are required to test if the trajectories of functional connectivity in patients with ADHD
are linearly modulated by age or instead follow a non-linear pattern of development.
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5. Limitations and Conclusions

Limitations

In addition to the cross-sectional design, other considerations should be taken into account
when interpreting the present findings. First, the sample was aggregated from different
sites and scanners, with different image acquisition parameters and different clinical mea-
sures. We tried to address this limitation by including scanner site as a nuisance covariate
in the analyses and by examining the NYU and PU clinical data separately. Second, given
the controversial interpretation of negative correlations after mean global signal regression
[200, 201], the method used in the current study was designed to only capture correlations
that exceeded a positive threshold [182]. Therefore, potential differences related to nega-
tive functional correlations could have been missed by this approach. Third, controlling
for in-scanner head motion was of particular importance in the present study given that (1)
our sample of study is characterized by high hyperkinesia, which can introduce motion
artifacts on MRI data [245]; and (2) distance-dependent functional connectivity analysis
is especially sensitive to motion influence, that is, it inflates the correlation among neigh-
boring voxels while weakening that of those voxels that are wider apart [195-197, 230].
For that reason, we carefully accounted for head motion through several approaches, for
example, rigorously matching the subjects by motion and age, censoring high-motion
volumes by means of scrubbing and introducing individual mean FD as a covariate in the
linear model. These motion correction strategies, together with the fact that we computed
the degrees of local and distant connectivity largely in parallel, make it unlikely that the
reported effects reflect motion artifacts.

Conclusions

In conclusion, we cross-sectionally compared the local and distant levels of functional
connectivity in children with ADHD and ND children. We found a pattern of increased
local functional connectivity in regions that have been related with multiple brain net-
works in functional atlases [19, 235]. On the one hand, these findings extend the view
that ADHD involves deficits in several functional large-scale networks. On the other
hand, our results suggest that such alterations could be interpreted as an immature state
of functional connectivity patterns in ADHD, that is, children with ADHD exhibit more
local functional connectivity than their age-matched ND peers. Additionally, our findings
are more in line with the view that ADHD is a disorder of deviant maturational trajectories
rather than a delay with subsequent age-related normalization.
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STUDY 3

Local Functional Connectivity as a Parsimonious Explanation
of the Main Frameworks for ADHD in Medication-Naive

Adults

Marcos-Vidal, L., Martinez-Garcia, M., Martin de Blas, D., Navas-Sdnchez, F. J., Pretus,
C., Ramos-Quiroga, J. A., Richarte, V., Vilarroya, O., Sepulcre, J., Desco, M., &
Carmona, S. Journal of Attention Disorders (2022)

Abstract

Objective: Neuroimaging studies in children with ADHD indicate that their brain exhibits
an atypical functional connectivity pattern characterized by increased local connectivity
and decreased distant connectivity. We aim to evaluate if the local and distant distribution
of functional connectivity is also altered in adult samples with ADHD who have never
received medication before. Methods: We compared local and distant functional connec-
tivity between 31 medication-naive adults with ADHD and 31 healthy controls and tested
whether this pattern was associated with symptoms severity scores. Results: ADHD sam-
ple showed increased local connectivity in the dACC and the SFG and decreased local
connectivity in the PCC. Conclusion: Results parallel those obtained in children sam-
ples suggesting a deficient integration within the DMN and segregation between DMN,
FPN, and VAN. These results are consistent with the three main frameworks that explain
ADHD: the neurodevelopmental delay hypothesis, the DMN interference hypothesis, and
multi-network models.
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1. Introduction

ADHD is one of the most common neurodevelopmental disorders. Its core symptoms
include inappropriate developmental levels of inattention, hyperactivity/impulsivity, or a
combination of these two symptom domains [25]. ADHD has an estimated prevalence of
9% in the school-age population [220]. However, almost one-third of children with the
disorder still fulfill DSM-V diagnostic criteria when they reach adulthood [183, 246, 247].
Compared to studies with children samples, studies of adults with ADHD are particularly
scarce in scientific literature.

Currently, results from Magnetic Resonance Imaging (MRI) studies in children sup-
port three main neurobiological models of ADHD [170]: the neurodevelopmental delay
hypothesis, the Default Mode Network (DMN) interference hypothesis, and the more re-
cent multi-network models. The neurodevelopmental delay hypothesis [10] postulates
that ADHD is characterized by neurobiological features that resemble those of a less ma-
ture brain, which may remit with time or not [144, 152—154, 207]. The DMN interference
hypothesis [13] suggests that the brain of patients with ADHD does not adequately sup-
press this functional network during periods of active processing, and that this deficient
suppression is related to the attentional lapses that characterize ADHD symptomatology
[22, 167-169]. Finally, recent multi-network models propose that the disorder results
from an atypical functional connectivity within and between several large-scale networks
[170, 187], including basic sensorimotor [16, 162, 175-177], and higher-order cognitive
circuits [14]. While no one has proposed an underlying process able to encompass these
models, we believe that their alterations could be related to abnormalities in local and
distant brain functional connectivity patterns.

During development, functional connectivity (FC) shifts from being locally connected,
that is, connected to anatomically close areas, to establish distant connections and form
large-scale functional networks [139]. Thus, by analyzing the patterns of local and dis-
tant functional connectivity at a whole-brain level we can test whether the brains of adult
patients with ADHD show features resembling those of a typically less mature brain (in-
creased local connectivity). This methodology also allows us to test whether alterations
in local and distant connectivity are restricted to the DMN or also affect other networks.
To date, local and distant FC patterns have only been explored in children with ADHD
[16, 163]. According to these studies, children with ADHD show signs of brain immatu-
rity that affect mainly, but not exclusively, regions of the DMN. Specifically, they found
increased local connectivity patterns in children with ADHD in areas pertaining to the
DMN as well as to the fronto-parietal and ventral attentional networks (Anterior Cingu-
late Cortex and Superior Frontal Gyrus) and the limbic network (Orbitofrontal Cortex and
Ventral Striatum). In adults with ADHD, local and distant FC patterns remain unexplored.

In this work, we aim to evaluate local and distant functional connectivity patterns in
adults with ADHD by cross-sectionally comparing the local and distant connectivity val-
ues of a sample of 31 adults with ADHD with a sample of 31 healthy controls (HC).
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Importantly, all our ADHD subjects were medication-naive, thus ensuring that group dif-
ferences are not biased by the potential effects of pharmacological treatment. We also
examined the correlation between connectivity values and clinical severity scores. Based
on the results obtained in children studies, we expect to find increased local connectivity
in areas that comprehend DMN, fronto-parietal, and ventral attentional networks.
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2. Methods

2.1. Study Design and Participants

A total of 101 participants were evaluated in this study, 39 of them were discarded because
the field of view did not cover the entire brain. Thus, a total of 62 adults were selected for
the present study. The ADHD group consisted of 31 adults with combined ADHD who
had never received medication for their condition, and the control group was formed by
31 participants (see Table 1). We ensured both sexes were well represented in both groups
(17 women in the ADHD group and 15 women in the HC group). A specialized team of
psychiatrists and psychologists from Vall d’Hebron Hospital in Barcelona (Spain) evalu-
ated the ADHD sample to ensure they all met DSM-V criteria [25] for ADHD combined
subtype. ADHD symptom severity was measured by means of the ADHD Rating Scale
[191, 248].

ADHD (N =31) HC (N =31)

Characteristic Mean (sd) Mean (sd) Stat (df) p value
Age (range 19 to 52) 35.3(9.9) 32.5(8) 1(60) =-1.25 0.21
ADHD Rating Scale 32.45 (9.75) - - -
Sex (number of women) 17 15 x> (1)=0.25 n.s.
Number scanned with replacement head coil 14 11 x> (1)=0.603  0.43
Framewise Displacement 0.094 (0.073) 0.065 (0.045) 1#(60) =-1.85 0.07

Table 8: Demographic and clinical data of the ADHD and control samples. Three controls did not complete
the ADHD Rating Scale. Independent sample t-tests or chi-square were used for group comparisons. None
of the comparisons render significant between-group differences. Abbreviations: ADHD: Attention-Deficit
and Hyperactivity Disorder; HC: Healthy Controls; sd: Standard Deviation; Stat: Statistic; df: Degrees of
Freedom.

Exclusion criteria included comorbidity with other psychiatric diseases or personality
disorders, which was assessed by the Structured Clinical Interview for Axis I (SCID-
I)[192] and Axis II disorders [193]. Participants with substance abuse disorders (including
tobacco and cannabis consumption within the last 6months), and those with an estimated
WAIS-III 1Q [194] lower than 80 were also excluded. The study was approved by the
Hospital de Vall d’Hebron Ethics Committee, and informed consent was obtained from
all participants.

2.2. MRI Acquisition

A Philips Achieva 3T scanner was used to acquire the MRI images for the present study.
T1-weighted images were acquired with a fast-spoiled gradient echo (FSPGR) sequence.
Acquisition parameters were as follows: repetition time (TR)=8.2 ms, echo time (TE)=3.7
ms, flip angle (FA)=88°, matrix dimensions=256x256x180, voxel size=0.94x0.94, and
slice thickness=1 mm with no gap. Resting state functional magnetic resonance imag-
ing (fMRI) data were acquired using an echo-planar imaging (EPI)-T2* sequence, which
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included 116 time points, each lasting 2.655 s. Acquisition parameters were: TR=3,000
ms, TE=35 ms, FA=90°, matrix dimensions=128x128, voxel size of 1.80x1.80 mm?,
slice thickness=3.0 mm with a I mm gap. Participants were instructed to remain still and
awake with their eyes open during the functional run.

Due to technical problems, a different radio frequency (RF) head coil (16 channels
instead of 8 channels) was used for 25 out of the 62 of the participants when acquiring the
MR images (see Table 1). This was considered in the analyses, although no significant
differences were found in temporal contrast-to-noise ratio [249] were found between the
samples of each head coil (Supplementary Table 2). Furthermore, as displayed in Supple-
mentary Figure 2, the group differences map shows a similar trend when using the whole
dataset or the eight-channel head coil sample.

2.3. MRI Processing

Preprocessing of fMRI data was performed with the software packages SPM12 (Welcome
Department of Imaging Neuroscience, London, United Kingdom) and AFNI (Scientific
and Statistical Computing Core, National Institute of Mental Health, Bethesda, MD).
Preprocessing started by removing the first 3 volumes to allow for magnetic stabilization.
Then, images were realigned to the mean image in order to correct for motion-related
artifacts and despiked with the 3dDespike AFNI tool (c1=2.5, c2=4). Images were later
normalized to the MNI152 stereotactic standard space for comparison purposes, and spa-
tially smoothed with a Gaussian kernel of a full-width-half-maximum (FWHM) of 6 mm
to increase the signal-to-noise ratio. Finally, all functional images were down-sampled
to an isotropic 4 mm voxel size and nuisance variables (including the 6 rigid parameters
obtained from the motion correction and mean white matter, mean cerebrospinal fluid and
mean whole-brain signals) were regressed out to remove confounding effects. None of the
participants have a mean framewise displacement (FD) over 0.5 mm, as measured by the
MCEFLIRT tool [198]. See Table 8 for descriptive statistics per group.

Since in-scanner motion may have a substantial impact on functional connectivity
analyses [195-197], a resting-state functional connectivity quality control (RSFC-QC)
was additionally plotted in order to assess the effect of motion in functional connectivity
as a function of node distance. Supplementary Figure 1 suggests that in-scanner motion
did not alter the relationship between functional connectivity and node distance.

2.4. Local and Distant Functional Connectivity Analysis

The local and distant functional connectivity technique is a graph-theory-based method
used on resting-state fMRI data [182]. It measures the degree of connectivity of each
voxel with those surrounding it (local connectivity) and with those far from it (distant
connectivity). The degree of connectivity of a given voxel is computed as the number of
voxels functionally connected to that target voxel.
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For the present study, we first obtained a connectivity matrix for each subject, which
contained the Pearson correlation coefficient of the time series of every voxel with any
other voxel in the gray matter mask. This matrix was binarized by substituting correlation
values higher than 0.25 by ones and the rest by zeros (following the criteria described in
the original work of Sepulcre ef al. [182]). We did not take into consideration negative
correlations since the preprocessing step of global signal regression can bias the distribu-
tion of connectivity values downwards, thus potentially introducing negative correlations
that were not initially present in the data [200, 201].

Local and distant functional connectivity values were calculated as the degree of func-
tional connectivity of each voxel but with physical distance restrictions. Local connec-
tivity maps were computed as the degree of connectivity of each voxel within its neigh-
borhood, defined as the 28x28x28 mm? cube surrounding it [182]. Distant connectivity
maps were computed as the degree of connectivity of a voxel with those outside its neigh-
borhood (i.e., outside the 28x28x28 mm? cube).

For both functional connectivity maps, we adjusted each voxel’s degree of functional
connectivity according to the total number of voxels to which it could be connected. This
allowed us to correct for voxel position since voxels located on the borders of the brain
have part of their surrounding cube outside the brain and have less potential local connec-
tivity and, therefore, more potential distant connectivity. The corrected distant functional
connectivity value d; was calculated using the following formula:

where d; is the distant functional connectivity value of the ith voxel and D; is the
number of voxels out of the ith voxel’s cube that fall inside the brain mask, so that cAll-
varies from O to 1. Respectively, the corrected local functional connectivity value I; was
calculated using the following formula:

where /; is the local functional connectivity value of the ith voxel and L; is the number
of voxels of the ith voxel’s cube that fall inside the brain mask so that Z- varies from O to
1.

2.5. Characterizing Local and Distant Functional Connectivity in Adults

To examine local and distant connectivity patterns in adults with and without ADHD,
and visually compare the results to local and distant adult’s maps obtained by Sepul-
cre et al. [182], we transformed the mean group local and distant connectivity maps to
group-specific Z-score maps. This transformation was performed only for visualization
purposes. Subsequent analyses used the direct local and distant connectivity values.
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2.6. Statistical Analysis
Group Comparisons

Two General Linear Models were fitted, one for local and one for distant functional con-
nectivity maps. These models included as covariates head coil, sex, individual mean FD
(mean-centered to zero), and age (mean-centered to zero). For each model, specific con-
trasts were performed to test group differences. Analyses were performed with SPM12
software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12; version 95 of September 12,
2016).

Correlations with Clinical Symptoms

Regression analyses were performed to test the associations between local and distant
functional connectivity and the severity of ADHD symptoms. Two General Linear Models
were fitted, one for local and one for distant functional connectivity differences, which
included as regressors the score on the ADHD clinical scale (ADHD score), head coil,
sex, individual mean FD (mean-centered to zero), and age (mean-centered to zero). Then,
specific contrasts were performed to test the effect of ADHD score on local and distant
functional connectivity.

Multiple Comparisons Correction

Statistical maps were thresholded with a p<.05 and a cluster size of at least 112 con-
tiguous voxels, which corresponds to a cluster-wise Family Wise Error (FWE) corrected
p value of .05 (pF"£<.05). The FWE correction was estimated with the AFNI program
3dClustSim [203] (accessed September 11, 2018), which performs a MonteCarlo simula-
tion based on the image size, the search volume (in this case the gray matter mask), and
the spatial correlation of the image.

Functional Connectivity Differences in Areas with Altered Local Connectivity

As a post-hoc analysis, we assessed whether the alterations found in local functional
connectivity co-occur with an alteration of their functional connectivity patterns. For
each subject, we computed the mean blood-oxygen-level-dependent (BOLD) signal of
those voxels that resulted significant in the group comparisons (p<.05 FWE corrected).
Then, mean BOLD signal was correlated with that of each voxel in the brain, obtaining
one connectivity map per subject. Finally, we fitted one linear model per voxel with
each subject’s connectivity value as dependent variable and group, sex, head coil, FD
(mean-centered to zero), and age (mean-centered to zero) as independent variables. Then,
specific contrasts were used to test group differences.
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2.7. Cortical and Network Visualization

For visualization purposes, we calculated the percentage of voxels that pertained to each
of the seven cortical large-scale resting-state functional networks described by Thomas
Yeo et al. [19]. Surface projections of local and distant maps were performed via a Matlab
in-house script that uses nearest neighbor (for the categorical classification in the seven
cortical large-scale resting-state functional networks [19] or linear interpolation (for the
quantitative maps) and the surface normals to project cortical voxels onto the surface. The
surfaces employed were the left and right “Q1-Q6_R440.#.midthickness.164k_fs_LR.-
surf.gii” of the software Connectome Workbench [204].
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3. Results

3.1. Characterization

In Figure 18, maps of z-score values are projected on brain surfaces with saturation values
of —2.5 (minimum) and 2.5 (maximum).

Figure 18: One-sample characterization of local and distant functional connectivity in adults with ADHD
and healthy controls.

3.2. Between-group Differences

As displayed in Figure 19 and Table 9, adults with ADHD showed increased local func-
tional connectivity in frontal regions, including the Superior Frontal Gyrus (SFG) and
the dorsal Anterior Cingulate Cortex (dACC; max 1=3.422) compared with controls. Re-
gions with increased local functional connectivity mainly overlap with the frontoparietal
(36%), ventral attentional (31%), and default mode (24%) networks. For further details
of the percentage of overlap of the results with each network of Yeo’s parcellation, see
Supplementary Table 1.
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Peak MNI Coordinates

Between-group Comparisons x , Number of Voxels Highest # score  Cluster-level p value
Local functional connectivity
ADHD >HC
Cl%lster ! . . . 38 40 363 3.4217 p<0.001
(Bil. Dorsal Anterior Cingulate Cortex and R. Superior Frontal Gyrus)
HC >ADHD
Cluster 1
uster 8 51 2 139 3.8293 p<0.02

(Bil. Precuneus and Bil. Posterior Cingulate Cortex)

Table 9: Results of the local and distant functional connectivity analyses. Abbreviations: R: right; L: left;
Bil: bilateral; ADHD: Attention-Deficit and Hyperactivity Disorder; HC: Healthy Controls; MNI: Montreal
Neurological Institute.

Regarding the opposite contrast, adults with ADHD showed decreased local func-
tional connectivity in an area that included part of the Precuneus and the Posterior Cingu-
late Cortex (now ahead PCC; max t=-3.829). In terms of large-scale functional networks,
the regions that exhibited decreased local functional connectivity pertain mainly to the de-
fault mode network (80%) and, to a lesser extent, to the visual (8.6%) and frontoparietal
(10%) networks. Finallyconcerning the distant functional connectivity analysis, no clus-
ters survived the threshold of p<.05 FWE.

Figure 19: (a) Differences in local functional connectivity between adults with ADHD and healthy controls.
(b) Group differences in local functional connectivity in terms of large-scale functional networks (Yeo et
al., 2011). Each color represents a different functional network.

3.3. Symptom Severity Correlations

Figure 20 shows the results of the regression analyses between the degree of local func-
tional connectivity and the ADHD symptom severity scale. Results revealed four clusters
whose local connectivity negatively correlated significantly with the severity of ADHD
symptoms. That is, higher scores on the ADHD clinical scale were associated with de-
creased local functional connectivity in several occipital, parietal, and frontal lobe re-
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gions. Peak values of the four significant clusters were located in the medial PreFrontal
Cortex mPFC (r=—-.4733), the PCC (r=-.4720), the left occipital cortex (r=—.4691), and
the right occipital cortex (r=—.4897; Table 10). When examined in terms of large-scale
functional networks, these regions pertained mainly to the visual (44%) and default mode
(41%) networks, and to a lesser extent, to the attentional (5.8%), frontoparietal (4.7%),
and limbic (3.5%) networks. No significant correlations were found between ADHD
score and distant functional connectivity.

Figure 20: Correlations with clinical severity. (a) Results of the regression analyses between the degree
of local functional connectivity and ADHD clinical scores. Peak-values of the four significant clusters are
located in the mPFC (11, 58, —12; r=—.4733), the PCC (4, —53, 50; r=—.4720), the left Occipital Cortex
(—24, -72, 0; r=—.4691), and the right Occipital Cortex (15, —84, 0; r=—4897). (b) Results of the regres-
sion analyses in terms of large-scale functional networks [19]. Each color represents a different functional
network. (c) Plots of the regression analysis using the mean local connectivity value of each cluster as
dependent variable and the ADHD rating scale as independent variable. The effect of the covariables of no
interest mentioned in the statistical analysis section (head coil, sex, age, and FD) was removed from local
connectivity measure before plotting the regression.

3.4. Functional Connectivity Differences in Areas With Altered Local Connectivity

As a post-hoc analysis, we tested whether there were group differences in functional con-
nectivity between the cluster in the SFG/dACC (ADHD>HC) and the rest of the brain;
and between the cluster in the precuneus/PCC (HC>ADHD) the rest of the brain. As
observed in Figure 21, we found greater functional connectivity in adults with ADHD
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Peak MNI Coordinat
ADHD Rating Scale © OOTCIAIEs Number of Voxels Highest » Cluster-level p value
X y z
Local functional connectivity
Negative associations

Cluster 1

24 72 0 169 -0.4691 <0.01
(L. Occipital Cortex) 2
Cluster 2

: , 1158 12 175 0.4733 p<0.005
(Bil. medial Prefrontal Cortex)
Cluster 3 15 -84 0 133 -0.4897 p<0.05
(R. Occipital Cortex)
Cluster 4

uster 53 50 232 -0.4720 p<0.002

(Bil. Precuneus and Bil. Posterior Cingulate Cortex)

Table 10: Correlation between local and distant functional connectivity measures and ADHD symptoms
severity as assessed by the ADHD rating scale. Abbreviations: R,right; L,left; Bilbilateral; ADHD:
Attention-Deficit and Hyperactivity Disorder; MNI: Montreal Neurological Institute.

between the SFG/dACC cluster and the bilateral sensorimotor cortices (r=4.3013, Table
11). Regarding the precuneus/PCC cluster, adults with ADHD present a decreased level of
connectivity within the precuneus (=4.4667) and between the PCC and the bilateral me-
dial Prefrontal Cortex (mPFC; 1=4.4693), both regions pertaining to the DMN (85.91%).
No other significant group differences were detected.
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4. Discussion

In this study, we investigated the local and distant connectivity patterns of 31 medication-
naive adults with ADHD by cross-sectionally comparing them to 31 healthy adults. Mim-
icking the results observed in children with ADHD [16], we found that adults showed
increased local connectivity in an area comprising part of the dACC and the SFG. In ad-
dition, adults with ADHD exhibited decreased local functional connectivity in the PCC,
which is one of the nodes of the DMN. Furthermore, the lower the local functional con-
nectivity in the PCC and other areas of the DMN, the more severe the clinical symptoms
as assessed by the ADHD rating scale. As will be explained along the discussion, our
results provide an integrative explanation for the three main theoretical frameworks on
ADHD: the DMN interference hypothesis, the neurodevelopmental delay hypothesis, and
multi-network models.

4.1. Increased Local Connectivity in the dACC/SFG

Adults with ADHD show increased local connectivity in a cluster that encompasses the
dorsal part of the ACC and part of the SFG. Alterations in the dACC have been extensively
reported in both children and adults with ADHD [168, 250]. The dACC is, together with
the anterior insula, one of the key nodes of the Ventral Attentional Network (VAN), also
known as salience network. The interplay between the VAN, the Fronto-Parietal Network
(FPN), and DMN has been proposed as a critical feature in ADHD [14, 178]. Specifically,
it has been suggested that ADHD symptoms related to mind wandering might result from
an inability of the VAN to disengage the DMN, leading to continuous intrusions of self-
referential thinking or mind wandering during executive tasks [251-253].

Peak MNI Coordinat
Connectivity Differences © oorcinates Number of Voxels Highest s Cluster-level p value
X y z
SFG/dACC cluster (ADHD >HC)
luster 1
Cluster 6 34 64 313 43013 p<0.001
Precentral
PCC cluster (HC>ADHD)
Cluster 2
st 62 0 378 4.4693 p<0.001
Medial Prefrontal Cortex
Cluster 3
uster 10 -54 8 126 4.4667 <0.001
Precuneus

Table 11: Results of the seed-based functional connectivity analyses. Abbreviations: R,right; L, left;
Bil,bilateral; ADHD: Attention-Deficit and Hyperactivity Disorder; MNI: Montreal Neurological Insti-
tute. Abbreviations: SFG: Superior Frontal Gyrus; dACC: dorsal Anterior Cingulate Cortex; PCC: Poste-
rior Cingulate Cortex; ADHD: Attention-Deficit and Hyperactivity Disorder; HC: Healthy Controls; MNI:
Montreal Neurological Institute.

The SFG has been less studied in the context of ADHD. This region is mainly involved
in executive (dorsolateral part) and default mode (anteromedial part) processes [254]. A
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recent study indicates that SFG shows decreased degree centrality in children with ADHD
[255]. Moreover, it is important to note that the same cluster encompasses both the dACC
and the SFG, reflecting a higher level of connectivity between VAN, FPN, and DMN.
Under this paradigm, our findings dovetail with the hypothesis that in ADHD the ability
of VAN to modulate the activation of FPN and DMN might be altered. Our findings also
agree with the neurodevelopmental delay hypothesis. The dACC/SFG cluster lies in the
boundaries separating the FPN, the VAN, and the DMN networks, thus, increased con-
nectivity within this region might represent a sign of atypical segregation. Segregation
is a developmental process through which functional connectivity between anatomically
close regions is reduced or even becomes negative. Functional segregation, together with
the integration between anatomically distant regions, underlies the typical developmental
pattern of the large-scale functional networks [139, 226]. Reduced between-network seg-
regation has been previously reported not only in children with ADHD [256], but also in
adults with the disorder [257]. Our study reveals that the brain of patients with ADHD
shows features that resemble those of a more immature brain, and suggests that, at least
when the disorder has never been medicated and persists into adulthood, those features
do not remit with age.

4.2. Reduced Local Connectivity in the PCC

We also found decreased local functional connectivity within the PCC in adults with
ADHD. The PCC is one of the core nodes of the DMN [258-260], and one of the principal
hubs of the functional whole-brain network [126]. Thus, its integration is essential during
neurodevelopment for keeping the typical small-world organization of the brain and for
maintaining efficient communication among different functional systems [126]. This is
the first study to show that local functional connectivity within the PCC is also affected in
adults with ADHD.

Neuroimaging studies have consistently reported alterations in the PCC in patients
with ADHD. For instance, functional studies have found overactivation of the PCC dur-
ing attentional tasks, which has been related to attentional lapses [261]. Other studies
also revealed functional connectivity reductions between two of the main default mode
nodes, the PCC and the mPFC [21, 167, 226], as well as functional connectivity increases
between the PCC and nodes of other networks, such as the ACC and the Anterior Insula
[21, 167, 168]. These studies, together with our results of decreased functional coherence
within the precuneus, point toward an abnormal large-scale functional network segrega-
tion and integration that can be also explained in the context of the DMN interference
hypothesis.

Furthermore, we found that the lower the degree of local connectivity within DMN
regions, including the PCC, the higher the ADHD symptom severity score. This asso-
ciation goes in line with that found by Oldehinkel et al. [262] who reported that lower
connectivity within the DMN was associated with the severity of inattention.
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Figure 21: (a) Functional connectivity group differences taking the PCC cluster as seed. Functional con-
nectivity group differences (PCC cluster as seed) in terms of large-scale functional networks [19]. Each
color represents a different functional network. (b) Functional connectivity group differences taking the
SFG/dACC cluster as seed. Functional connectivity group differences (SFG/dACC cluster as seed) in terms
of large-scale functional networks [19]. Each color represents a different functional network.

4.3. Post Hoc Analyses

As post-hoc analyses, we tested whether there are group differences in functional connec-
tivity when taking as seeds the clusters obtained from the main analyses, that is, when
taking as seeds the dACC/SFG and the PCC.

On the one hand, we found that adults with ADHD showed increased functional con-
nectivity between the dACC/SFG and the motor cortex. The dACC sends strong motor
output, and has direct connections to the spinal cord and oculomotor areas, thus giving
it direct control over motor action [263]. Alterations in the motor cortices have been ex-
tensively reported in ADHD using anatomical [242], diffusion tensor imaging [240, 241],
task-based [243], and resting-state [178] fMRI data. According to previous data they
might be related mainly to motor symptoms [262, 264] although this statement cannot be
directly extracted from our data.

On the other hand, when taking the PCC as a seed we found decreased functional
connectivity between that cluster and the mPFC in patients with ADHD. As previously
stated, the mPFC and the PCC are the two principal hubs of the DMN, and thus, show
a high level of functional connectivity in neurotypical populations [165]. Our results are
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consistent with previous reports that show reduced between-region integration within the
DMN [21, 167, 265]. In fact, they extend the previous literature by suggesting that the
decreased inter-region connectivity between the PCC and the mPFC might be related to
decreased integration, or decreased local connectivity, within the PCC. According to that,
the reduced local connectivity within the PCC offers a parsimonious explanation of pre-
vious reports indicating less integration within the DMN, as well as poor communication
between the DMN and the rest of the brain networks. It would be interesting that future
studies test whether atypical within and between network connectivity can be explained
in terms of atypical local connectivity, as a similar overlap of within and between regions
connectivity has also been observed in many other psychiatric disorders [266—269].

4.4. Relation With the Results in Children

To date, this is the first study that explores local and distant functional connectivity in
adults with ADHD. Our results are similar to those obtained in children [16]. Specifically,
both samples exhibited greater local connectivity in areas of the SFG and the dACC. This
suggests a persistent lack of segregation between DMN, VAN, and FPN across develop-
ment in those areas. However, children with ADHD did not show decreased local connec-
tivity in the PCC. The PCC is thought to be one of the most important regions in ADHD
etiology [169, 187] and its activation and connectivity normalizes with methylphenidate
medication. Thus, the different results in children and adults with ADHD concerning the
PCC could be explained by the medication condition of the children, as some of them
were medicated/ has been previously medicated [211, 270, 271]. While the child sam-
ple contained both medicated and medication-naive children, all the adults have never
received medication. However, all these comparisons must be taken with care, since we
are making inferences in developmental trajectories from cross-sectional data.
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5. Limitations and Conclusions

Limitations

One of the main limitations of this study is the relatively small sample size. Even though
it is challenging to recruit medication-naive adults with ADHD, the fact is that reduced
sample sizes imply low power of statistical analyses. Another limitation of this study is
the cross-sectional nature of the data that prevent us from directly testing the neurode-
velopmental delay hypothesis. Another limitation is the usage of different head coils for
some of the participants. Although we have controlled the effect of the head coil in the
statistical analysis, it is difficult to know exactly its effects on results.

Conclusions

In summary, we compared the local and distant functional connectivity patterns between
adults with ADHD and healthy adults. We found that adults with ADHD show increased
local connectivity within the dACC and the SFG, and decreased local functional con-
nectivity within the PCC. We also found that PCC’s local connectivity is correlated with
clinical symptomatology, and that this region presents a decreased level of functional
connectivity with the mPFC. These findings reflect a level of integration and segregation
proper of a more immature brain, and that affects the regions and networks relevant for
the DMN interference hypothesis. Moreover, secondary analyses also show alterations
of sensory networks as well, specifically visual and sensorimotor cortices, highlighting
the importance of the interplay between basic sensory-motor and higher-order cognitive
circuits.
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DISCUSSION

The present dissertation aims to determine whether there is an alteration of the global
brain organization in people with ADHD that may underlie the features that characterize
the different neurobiological models of the disorder. For that, we will apply two different
graph-theory methods based on systems science to the resting-state functional Magnetic
Resonance Imaging data of adults and children with ADHD.

The first of the methods is called Stepwise Functional Connectivity (SFC) and evalu-
ates the multilevel information processing streams in terms of topological distance. Thus,
it provides information about the consolidation of sensory regions in terms of direct con-
nections between them and the integration of information into regions related to high-
order cognitive functions. This method was previously applied to children with ADHD
[178] and Study 1 extends it by applying it to medication-naive adults with the disorder.
Study 2 and Study 3 apply a technique called Local and Distant Functional Connectivity
(LFC and DFC), which relates topological and physical distances and gives information
about how each voxel is connected with those spatially around them and those far away.
Study 2 explores LFC and DFC in children with ADHD using the same sample used in
Carmona et al. [178] and Study 3 applies the same method to the sample of adults used in
Study 1 (with the inclusion of 9 new participants, as described in the Section 2.1 of Study
3). The consistency of the samples allows us to directly relate the results obtained from the
different methods for a more complete interpretation of them. Besides, the combination
of the information provided by these two methods is sensitive to be interpreted under the
main neurobiological frameworks that explain ADHD, namely, the dual-pathway model,
the maturational lag hypothesis, the DMN interference hypothesis, and multi-network
models. So since the results of the different studies are already discussed in their re-
spective discussion sections, this general discussion will focus more on the relationship
between them.

As summarized in Figure 22, our results consist of a set of alterations distributed
throughout the brain that affect most of the FNs, some as increases and some as decreases
in the functional network properties. These widespread results suggest a differential con-
figuration of the whole brain network affecting how the information is transmitted glob-
ally instead of specific deficits in localized areas. This, however, does not mean that the
abundant structural and functional abnormalities found in concrete regions of the brain of
people with ADHD are false positive results, but that they represent different parts of the
same alteration affecting the whole brain network [8, 9]. Interestingly, no significant re-
sults were found in DFC in Study 2 nor Study 3. This can be due to a real lack of changes
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in distant functional connectivity (which is highly unlikely if we review the previous liter-
ature), a compensation between increases and decreases in long-range connections since
DFC is a global measure, or that the number of connections that change is small with
respect to the total number of distant connections.

Group Symptoms

Sample Comparisons orrelation

« Greater SFC in SN at low steps.

« Greater SFC in VN at low and high steps.

. « Greater SFC in a DMN at high steps.
Children « Reduced SFC in VAN at low and medium steps.
« Reduced SFC in FPN at medium and high
steps.

Carmona et al., 2015

Stepwise
FuHCtlonal_ « Greater SFC in SN at medium to high steps is
ConneCtIVlty « Greater SEC in VN at medium to high steps. related with greater severity in adults with
Adults « Reduced SFC in DMN at medium steps. ADHD.
«Lower SFC in DMN at medium to high steps is
Study 1 related to greater severity in adults with ADHD.
« Greater Local Connectivity in a region where « Greater Local Connectivity in SN is related
Children FPN, VAN and DMN converge. with greater severity in both children with
« Greater Local Connectivity in a VAN region. ADHD and ND children.
Study 2
Local
Functional
Connectivity

« Greater Local Connectivity in a region where + Lower Local Connectivity in DMN is related

Adults FPN, VAN and DMN converge.

« Reduced Local Connectivity in a DMN region.
Study 3 with greater severity in adults with ADHD.

with greater severity in adults with ADHD.
« Lower Local Connectivity in VN is related

Figure 22: Summary of the main results of the four scientific articles that apply SFC, LFC and DFC to
children and addults with ADHD.

Study 1 is the first to explore the SFC patterns of medication-naive adults with ADHD,
even though this method was previously applied to children with the disease [178]. In the
case of the VN, we found that adults with ADHD show greater SFC at short to long
link-step distances, which could intuitively be related to the general hyperconnectivity
of the visual cortex previously described in ADHD [135, 175, 177]. However, this is
unlikely since Study 3 did not find any LFC increases in the visual cortex using the same
sample and lower LFC in that area predicted higher severity of ADHD symptoms. So it is
probable that the alterations that we and Carmona et al. [178] and colleagues found in the
VN are related to a more associative role in the global functional network, which supports
previous findings of increased nodal efficiency of the visual cortex of children with ADHD
[272]. Regarding the DMN, we found an opposite pattern of differences in this study, that
is, that adults with ADHD showed decreased SFC at medium link-step distance (5 steps)
in the mPFC. Furthermore, the lower SFC at low to high link-step distances in the two
core regions of the DMN (PCC and mPFC), the higher their symptom score. Areas of the
DMN are some of the most consistently reported to be altered in ADHD, especially (but
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not exclusively) in studies involving FC [169, 187, 273]. In our case, the results in SFC
overlap with those of LFC by which there is a decreased level of connectivity in the PCC,
as will be discussed when interpreting Study 3.

Study 2 was the first to explore LFC and DFC patterns in the ADHD population,
specifically in children with ADHD (with the same sample used in Carmona et al. [178]).
The results show an increase in LFC in two clusters lying in the boundaries between the
DMN, the VAN, and the FPN, which suggests a lack of segregation between these net-
works that had already been described in ADHD [154]. The interplay between them has
been suggested as a critical feature in multiple explanations of ADHD, from the DMN
interference hypothesis [13] to multi-network models that also include the VAN regulat-
ing the DMN-FPN interaction [14, 170]. Apart from the involvement mentioned above of
DMN in ADHD, FPN is related to some of ADHD’s core symptoms, such as sustained
attention or response inhibition [19, 274]. Additionally, a different age trajectory of the
SN was found where LFC tended to decrease with age in ND children while in children
with ADHD remained stable or even increased. Using the same sample, Carmona et al.
[178] found greater SFC at direct distance in the SN, which reveals the high importance
of this area in the understanding of the disease as it has been suggested by structural, dif-
fusion, and functional studies [240-243](An et al., 2013). Moreover, LFC in this network
predicted symptom severity in both children with ADHD and ND children pointing to a
continuous relation between these variables in the global population.

Finally, Study 3 examined the same LFC and DFC metrics in medication-naive adults
with ADHD. We found increased LFC in a cluster that overlaps with the one found in
children (Figure 23) and encompasses the DMN, the VAN, and the FPN. A post-hoc anal-
ysis revealed that this brain area also presented greater FC with the motor cortex. This is
especially relevant because the aforementioned cluster includes the dorsal Anterior Cin-
gulate Cortex (dACC), a VAN region tightly related to motor functions [275]. Conversely,
adults with ADHD showed decreased LFC in an area in the mPFC, which is one of the
main core nodes of the DMN, and this area also exhibited lower FC with the PCC (the
other core component of the DMN)[165] in post-hoc analysis. This points to a lack of
integration within the mPFC, which could also be responsible for the lack of integra-
tion between the two components of the DMN. In other words, if the voxels within one
node have different behaviors, there are fewer potential similar voxels to the ones of the
mPFC. The relation between these results and the ones in Study 1 lies in the fact that in a
densely connected subnetwork, multiple pathways reach each of its nodes, even from the
outside. This happens because of combinatory properties of the graph since once a path
has reached a node of the subnetwork, there are a great number of ways to reach any of
its other nodes. Moreover, both SFC and LFC levels in these two regions predict ADHD
symptoms negatively, that is, the lower the metric, the higher the severity.

To summarize, we found four main alterations in ADHD using SFC and LFC: a more
associative role of the VN, increased integration of the SN, decreased integration within
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Figure 23: Clusters where LFC is increased in both children and adults with ADHD.

and between nodes of the DMN, and decreased segregation between the DMN, the FPN,
and the VAN. The following section will describe the similarities and dissimilarities be-
tween the SFC and LFC patterns of adults and children with ADHD and the possible
source of these differences. The final section of the discussion will explain how the al-
terations we found can be contextualized in terms of the main neurobiological models of
ADHD, suggesting that all of them can be explained in terms of alterations of the proper-
ties of the whole brain network.

Relationship between adults and children

The results in adults partially resemble those of children with ADHD. In both samples,
increased SFC has been found in the VN but, while in adults we found them from short
to long functional distances (3,5 and 7 steps), Carmona et al. [178] also found increased
SFC at direct functional distance in children (1 step)[178]. These results highlight that the
visual system is altered in both children and adults with ADHD, and structural abnormali-
ties have indeed been found in the visual cortex of both populations [276, 277]. Moreover,
a 33-year follow-up study related the persistence of ADHD diagnosis into adulthood with
decreased cortical thickness in the visual cortex [278].

Another sensory network that we consistently found to be altered is the SN. There
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is a general pattern of increased integration within the SN in children and adults with
ADHD and a positive relationship between this integration and symptomatology. Again,
one study found cortical morphology alterations in adults and adolescents with ADHD
[213]. Furthermore, the FC between the sensorimotor cortex and associative areas during
a go/no-go task (a task that measures control inhibition) was equal in healthy controls than
in ADHD remitters but altered in people with persistent ADHD [279], which suggests an
essential role of the SN in the remission of ADHD when reaching adulthood.

One of the most striking findings of this dissertation is the overlap in LFC increases
in the dACC/SFG of the children and adult samples, which is displayed in Figure 11. The
magnitude of the FC between the dACC and the PCC (which in healthy population is
negative) is decreased in both children and adults with ADHD [155, 167], and this fea-
ture was proposed as a core locus of dysfunction in ADHD [167]. However, we found
that local segregation between the DMN and the VAN in areas around the dACC is re-
duced, but whether this is related to its altered FC with the PCC or not needs to be further
investigated.

The main discrepancies between children and adult samples lie in regions typically
associated with the DMN. Carmona et al. [178] found increased SFC at long functional
distance, while in adults we found a decrease in SFC at medium functional distance.
Moreover, the region of the DMN showing this (almost) opposite pattern of SFC is the
same: the mPFC. In LFC, no differences were found in any DMN area in children, but the
LFC of the mPFC was reduced in adults. The important role of the DMN in ADHD has
been consistently reported [169, 273], and the difference found could be due to the fact
that some of the children were medicated [211, 270, 271] while adults were not.

All in all, we found convergences in most of the areas affected in children and adults
with ADHD. Most of the discrepancies occur in SFC where, apart from the opposite
pattern in the DMN, we did not find any alterations in areas of the VAN or the FPN, while
Carmona et al. did. Again, this could be due to the effect of medication, or it could also
reflect different subtypes of ADHD. Future remitters and prevalent ones can pertain to the
children sample, and in the adult sample, we could have a group of the hypothesized late-
onset ADHD [30]. But without knowing the age of onset of the adults, it is impossible to
elucidate it. Finally, the interpretation of this section, although crucial for understanding
a neurodevelopmental disease, must be taken with care since we are making inferences
about longitudinal trajectories with cross-sectional data.

Integrating the different neurobiological models of ADHD

In this section, I will interpret each of the main results of the dissertation in terms of the
four neurobiological models of ADHD to test whether they can be considered incomplete
views of a global brain alteration. For that, I will relate each of the main results with
previous literature, focusing on the models applicable to them. For example, alterations
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in sensory regions cannot be related to the DMN interference hypothesis. Multinetwork
models, on the other hand, even if they are applicable by default because we found alter-
ations in multiple networks, will only be mentioned if a specific model coincides with our
results.

As pointed out, alterations in the visual cortex may reflect a more associative role in
this area. This means that its functional connectivity with areas related to other functions
is increased and, thus, that it is less segregated from them. In Gu et al. [280], the authors
studied the segregation and integration patterns of different networks during brain matu-
ration, showing that both VN’s integration and segregation increased across development
[280]. So a mature VN is, in their own words, a “cohesive provincial” network in that
it has high within-network connectivity but low connectivity with other networks [280-
282]. Our findings are thus coherent with a more immature state of the VN but in terms
of its relationship with other networks and, maybe, its role in the global brain network.
This supports previous findings of delayed cortical thickness trajectories in the VN of
people with ADHD [144], highlighting the relevance of multimodal studies that explore
the relationship between these two brain features.

In the case of the SN, we found that greater integration within the network predicts
higher severity in ADHD scores. The developmental pattern of the FC of this subnetwork
is mostly plain, that is, the SN presents a high level of within-network FC from at least two
weeks of age, and it remains more or less like that for the next years [280, 283]. Thus,
our findings point more to an aberrant configuration of the SN than to delayed cortical
maturation of this region, as supported by the differential age trajectories we found in
children with ADHD. Moreover, this goes in line with previous findings that pointed to
the motor cortex as the exception of the maturational lag hypothesis, showing a faster
development in ADHD [144].

The decreased DMN integration that we found can be explained under both the DMN
interference hypothesis and as a maturational lag. The architecture of the DMN suffers
great change from being a group of sparsely connected regions in young children to a
densely integrated component of the brain in adulthood [209]. Moreover, during child-
hood and adolescence the integration is also related to age, with greater within-network
integration in older children and adolescents than in young ones [284-286]. Our results
can thus be interpreted as a sign of immaturity, but since we also found decreased inte-
gration in adults with ADHD, it is unlikely that this lag catches up with age. Reduced
integration within the DMN can be due to a more task-positive behavior of some of its
regions, which would be related to the multiple studies reporting decreased segregation
between the DMN and areas of task-positive networks [155, 167]. This relation comes
from the fact that if part of the DMN has a more task-positive behavior, but other parts
are still task-negative, their connectivity will be reduced, and thus, we will be facing an
alteration of local integration. Since the local specialization in different FN is a process
that occurs during development [139, 196, 229], the ubiquitous alterations of the DMN in
ADHD could simultaneously support two of the strongest models that explain the disease.
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We found indeed decreased segregation at a local level between the DMN and task-
positive networks. The local decreased segregation between DMN, VAN, and FPN in
the dACC can be interpreted as one of the main alterations of the DMN interference hy-
pothesis [155, 167] and the triple-network model, which is a multinetwork model [14].
Moreover, the local-to-distributed pattern of development of FC [139] and the lack of
segregation between proximate areas that we found are directly linked with the matura-
tional lag. This lack of segregation between regions of the DMN-FPN-VAN triplet has
previously been described as a sign of immaturity in people with ADHD [21, 154].

The only model that evades our results is the dual-pathway model. This is one of the
oldest models of ADHD and characterized the disease as a dysfunction of two localized
corticostriatal streams in the brain [11, 12]. We did not find any significant alterations
in subcortical structures, but LFC will not probably work in small volumetric regions
like the subcortical structures as well as in the cortex, and SF does not even analyze the
basal forebrain. However, the amount of previous evidence of alterations in areas out
of the ones involved in this model has proven it insufficient [187]. However, even if we
did not find alterations in areas directly related to this model, our measures are based
on the relation with other parts of the brain and, thus, some of the alterations we find
may be related to the “hot” and “cool” corticostriatal pathways. For instance, the DMN
interference hypothesis is linked to subcortical structures since they play an important
role in the activation and suppression of this FN [287]. Besides, the two methods we used
measure some properties of the whole functional network, but maybe the alterations in
these circuits concern different network properties.

Altogether, we found alterations that are highly compatible with the maturational lag
hypothesis regarding a lack of segregation between the VN and other FNs, a decreased in-
tegration within the DMN, and a lack of segregation between DMN, VAN, and FPN. The
DMN interference hypothesis was supported by the decreased integration of the DMN
and the increased segregation between the DMN, VAN, and FPN. Finally, this lack of
segregation reinforces the triple network model, but wider multinetwork models are re-
quired to explain the alterations in sensory systems. However, we propose to analyze the
brain as a whole brain network instead of a group of segregated systems (as multinetwork
models typically do), even though this segregation may help relate alterations to cognitive
functions.

Concluding remarks

ADHD is one of the most prevalent disorders during childhood and one of the hobgoblins
of mental health these days. Public imagination has situated ADHD as a highly overdiag-
nosed disorder and, in extreme cases, as a fiction created by pharmaceutical enterprises to
sell drugs. Besides, the capitalist and consumerist western model of society propels the
cognitive structure of ADHD among its citizens. On the one hand, the constant availabil-
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ity of services and products difficults the process by which the “cool” processing pathway
suppresses the “hot” one, so the immediate reward is more prone to surpass a delayed
one. On the other hand, there is a continuous bombardment of highly relevant stimuli to
attract attention to products and services, and by habituation this can make us less reactive
to less intense stimuli. This collective change in cognitive processing patterns can alter
some mental properties, at least as we have defined them in tests.

As an example of the aforementioned cognitive patterns, we can take a look at music
(the examples can be found in the QRs below). The pinnacle of mainstream music now
can be the Spanish singer Rosalia, and I think her last album and specially the song CUU-
UUuuuuuute is a perfect example of some ADHD features in society. We find short songs
(2 or 3 mins each) with highly relevant stimuli in both terms of music and lyrics, and even
though the songs are short, there are abrupt changes in them with a whole different stim-
ulus set. By contrast, [ have chosen music from different temporal and cultural locations,
characterized by longer duration and lower relevance stimuli, thus requiring sustained at-
tention and more cognitive effort to enjoy the whole songs. As an old example, I have
chosen the Saxophone Concerto of Alexander Glazunov and, as a contemporary one, All
Melody from Nils Frahm, both using repeating patterns with variations on and over them.

However, this is not about music quality (which is entirely out of the scope of this
dissertation) but about noting how social changes can affect what we consider symptoms
of mental disorders. One curious anecdote is that two out of three people I told this past
month about my dissertation were self-diagnosed with ADHD. Since epidemiology does
not support this numbers, the self-perception of ADHD’s symptoms are more probably
related to a transition in cognitive abilities than a real diagnosis. So to really under-
stand ADHD, we must consider social changes and constantly revisit how we measure its
symptoms and how they are distributed in the whole population. And it is crucial that we
understand brain function so we define the neurobiological bases of ADHD, which will
improve diagnosis, and treatment and, thus, improve people’s life quality.

CUUUUuuuuuute Concerto for Saxophone, All Melody
Rosalia Op. 109 Nils Frahm
Alexander Glazunov
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CONCLUSIONS AND FUTURE
DIRECTIONS

The present dissertation aims to determine whether there is an alteration of the global
brain organization in people with ADHD that may underlie the features that character-
ize the different neurobiological models of the disorder. For that, we have applied two
different graph-theory methods based on systems science to the resting-state functional
Magnetic Resonance Imaging data of adults and children with ADHD.

Study 1 was the first to analyze the Stepwise Functional Connectivity patterns of
medication-naive adults with ADHD, a method that was previously applied to children
with the same disease. We found alterations affecting multiple brain subsystems: a lack
of segregation between the VN, a lack of integration within the DMN, and increased in-
tegration within the SN. Study 2 was the first to analyze the Local and Distant Functional
Connectivity patterns of children with ADHD. Again, we found various alterations in
the brain functional network, namely, a lack of segregation between the DMN and task-
positive networks and excessive integration within the SN that predicts ADHD as a trait
in the whole sample. Finally, Study 3 explored the same Local and Distant Functional
Connectivity patterns but to medication-naive adults with ADHD. We found alterations
compatible with both previous studies: a lack of integration within the DMN and de-
creased segregation between the DMN and task-positive networks.

Each of the currently available neurobiological models that characterize ADHD is able
to explain part of the results that we found, which suggests that all of them are different
views of the same global alteration of the functional brain architecture. This alteration
may affect information processing, highlighting the need to study the pathological brain
globally rather than looking for localized alterations that function independently.

However, studying the global brain network is conceptually challenging, and more ad-
vanced techniques are needed to understand complex systems like the brain. Multilayer
networks is a promising technique that can analyze multimodal information, thus explor-
ing the relationship between structural alterations and functional connectivity is on the
roadmap of my career as a postdoc. We also aim to explore dynamic connectivity, a tech-
nique that provides a more accurate approximation of neural coupling and its variations
over time. Finally, I believe it is necessary to study the disorder based on the conception
of ADHD as a continuous trait represented in the population and not as a dichotomous
label.
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Appendix 1. DSM-V Diagnostic Criteria for Attention Deficit and Hy-
peractivity Disorder

Diagnostic Criteria

A. A persistent pattern of inattention and/or hyperactivity-impulsivity that interferes with
functioning or development, as charactetized by (1) and/or (2):

1. Inattention: Six (or mare) of the following symptoms have persisted for at least
6 months to a degree that is inconsistent with developmental level and that nega-
tively impacts directly on social and academic/occupational activities:

Note: The symptoms are not solely a manifestation of oppositional behavior, defi-
ance, hostility, or failure to understand tasks or instructions. For older adolescents
and aduits (age 17 and older), at least five symptoms are required.

a. Often fails to give close attention to details or makes careless mistakes in
schoolwaork, at work, or during other activities (e.g., overlooks or misses details,
work is inaccurate).

b. Often has difficulty sustaining attention in tasks or play activities {(e.g., has diffi-
culty remaining focused during lectures, conversations, or lengthy reading).

c. Often does not seem to listen when spoken to dirsctly (e.g., mind seems else-
where, even in the absence of any obvious distraction).

d. Often does not follow through on instructions and fails to finish schoolwork,
chores, or duties in the workplace (e.g., starts tasks but quickly loses focus and
is easily sidetracked).

e. Often has difficulty organizing tasks and activities {e.qg., difficulty managing se-
quential tasks; difficulty keeping materials and belongings in order; messy, dis-
organized work; has poor time management; fails to meet deadlines).

f. Often avoids, dislikes, or is reluctant to engage in tasks that require sustained
mental effort (€.g., schoolwork or homework: for older adolescents and adults,
preparing repons, completing forms, reviewing lengthy papers).

g. Often loses things necessary for tasks or activities {e.g., school materials, pen-
cils, books, tools, wallets, keys, paperwork, eyeglasses, mobile telephones).

h. Is often easily distracted by extranecus stimuli (for older adolescents and
adults, may include unrelated thoughts).

i. s often forgetful in daily activities {e.g., doing chores, running errands; for older
adolescents and adults, returning calls, paying bills, keeping appointments).

2. Hyperactivity and impulsivity: Six (or more) of the following symptoms have per-
sisted for at least 6 months 1o a degree that is inconsistent with developmental level
and that negatively impacts directly on sacial and academic/occupational activities:
Note: The symptoms are not solely a manifestation of oppositional behavior, defi-
ance, hostility, or a failure to understand tasks or instructions. For older adolescents
and adults (age 17 and clder), at least five symptoms are required.

a. Often fidgets with or taps hands or feet or squirms in seat.

b. Often leaves seat in situations when remaining seated is expected (e.g., leaves
his or her place in the classroom, in the office or other workplace, or in other
situations that require remaining in place).

¢. Often runs about or climbs in situations where it is inappropriate. (Note: In ad-
olescents or adults, may be limited to feeling restless.)

d. Often unable to play or engage in leisure activities quietly.

e. Is often “on the go,” acting as if “driven by a motor” (e.g., is unable to be or un-
comfortable being still for extended time, as in restaurants, meetings; may be
experienced by others as being restless or difficult to keep up with).

Often talks excessively.

Often blunts out an answer before a question has been completed (e.g., com-

pletes people's sentences; cannot wait for turn in conversation).

Often has difficulty waiting his or her tum (e.g., while waiting in ling).

i. Often interrupts or intrudes on others (e.g., butts into conversaticns, games, or
activities; may start using other people’s things without asking or receiving per-
mission; for adolescents and adults, may intrude into or take over what others
are deing).
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2. Hyperactivity and impulsivity: Six (or more} of ihe following symptoms have per-
sisted for at least 6 monihs to a degree that is inconsistent with developmenial level
and that negatively impacts direclly on social and academic/occupational activities:
Note: The sympioms are not solely a manifestation of oppositional behavior, defi-
ance, hoslility, or a failure to understand tasks or inslructions. For older adolescents
and adults (age 17 and older), al least five symptoms are required.

a. Ofien fidgets with or taps hands or feet or squirms in seal.

b. Often leaves seat in situations when remaining seated is expected {e.g.. [eaves
his or her place in the classraom, in |he office or olher workplace, or in other
situalions that require remaining in place).

¢. Often runs about or climbs in situations where il is inappropriate. {Note: In ad-
clescents or adults, may be limited to feeling restless.)

d. Often unable to play or engage in leisure activities quietly.

e. |s often “on the go," acting as if “deiven by a motor™ (... is unable to be or un-
comfortable being still for extended time, as in restaurants, meetings; may be
experienced by others as being restless or difficult to keep up with).

f. Often talks excessively.

g. Often blurts out an answer before a question has been compleled (e.g., com-
pletes people’s sentences; cannol wait for tun in conversation).

h. Often has ditficulty waiting his or her turn {e.g., while waiting in line).

i. Often interrupts or intrudes on others {e.g., butts into conversations, games, or
activities; may start using other pecple’s things without asking or receiving per-
mission; for adolescents and adults, may inirude into or take over what others
are doing}.

. Several inattentive or hyperactive-impulsive symptoms were present prior to age
12 years.

. Several inattentive or hyperactive-impulsive symptoms are present in two or more set-
tings {e.g., at home, schaol, or work; wilh friends or relatives; in other activilies).

. There is clear evidence that the symptoms interfere with, or reduce the quality of, so-
cial, academic, or occupational functioning.

. The symptoms do noi occur exclusively during the course of schizophrenia or another
psychotic disorder and are not better explained by anoiher mental disorder (e.g., mood
disorder, anxiely disorder, dissocialive disorder, personality disorder, substance intox-
ication or withdrawal).

Specify whether:

314.01 {(F30.2) Combined presentation: If both Criterion A1 (inattention) and Crite-
rion A2 {hyperactivity-impulsivity) are met for the past 6 months.

314.00 (F90.0} Predominantly inattentive presentation: It Criterion A1 (inattention)
is met but Criterion A2 (hyperaclivity- |mpulsw|ry) is not met for the past 6 months.,
314.01 (F90.1) Predominantly h Isive presentation: If Criterion A2 {hy-
peractivity-impulsivity) is mel and Cntenon Al (manenuonj is not met for the past 6 months.

Specify it:

in partial remissian: When full criteria were previously met, fewer ihan the full criteria
have been met for ihe past 6 months, and the symptoms still result in impairment in
social, academic, or occupational tunctioning.

Specify current severity;

Mild: Few, if any, symptoms in excess of those required to make the diagnosis are
present, and symptoms result in no mare than minor impairments in social or occupa-
tional funclioning.

Moderate;: Symptoms or funclional impairment between “mild” and “severe” are presenl,



Appendix 2. Cognitive and emotional processes

e Attention:Attention is a cognitive process that controls and manages the resources
of the mind. Since there is a huge amount of inner and outer stimuli and a limited
amount of computational resources it is necessary to select where we are directing
these resources to [288]. That is what attention does, and it can be divided in
three different functions: bottom-up attention or salience is an automatic process
that focuses our mind to a “salient” stimulus (e.g. an strident noise), top-down
attention is the voluntary focus on certain stimulus, and sustained attention keeps
the focus on a stimulus or a task for a continuous time. These different functions
also involve different brain areas, as displayed in Figure 11. Sustained attention is
the main attentional process altered in ADHD [289], however, these results must
be interpreted with care since deficits in other cognitive processes such as working
memory or motivation may be the cause of it.

e Response Inhibition: It is a cognitive process that suppresses actions that are inap-
propriate or unwanted for achieving a goal [290]. According to Barkley, response
inhibition consists in three interrelated processes: inhibiting a prepotent response (a
response that results in immediate reinforcement), stopping an ongoing response,
and suppressing the response to salient stimuli for keeping focus [87]. Response
inhibition has been proposed as the core deficit in ADHD, affecting other domains
such as working memory or sustained attention [87], but there is now controversy
about this hypothesis [15, 88].

e Working Memory: Working memory is one of the three types of memory, being
the other two short-term memory and long-term memory. While these two latter
types of memory functions are only differentiated by the amount of time that the
information is retained, working memory refers to the information that is handled
“online”. We can see it as the RAM (Random Access Memory) of a computer,
which is the information that it is manipulating at a determined moment. There
are several articles reporting deficits in working memory in ADHD, and concretely
spatial working memory seems to be more affected than verbal working memory
[83, 84]. However, various cognitive processes are involved in the tasks used for
measuring working memory (such as attention or motivation), so special care is
required when interpreting the results of these studies.

e Set Shifting: Set shifting is a process that refers to the ability to change the at-
tentional set, defining set as the properties of the stimulus that are relevant [291].
One of the most notable examples of set-shifting is the figure-ground perceptual
grouping used in Gestalt (Figure 1). This cognitive function is related to attention
and specially to response inhibition in that it is necessary to inhibit certain stim-
uli to focus on others. There are studies showing moderate effect size impairment
of set-shifting ability in both children [88] and adults [292] with ADHD, although



other studies suggest that if response inhibition is executed successfully there is no
evidence of alteration of set-shifting alone [293].

Motivation: Motivation is a wide construct that describes a variety of functions,
but in summary it is the mechanism that engages the subject into goal-directed
action [90]. It is related to reward because normally motivational action requires
perceiving potential value on the outcome of the behavior. There is a great amount
of evidence of impaired motivation and reward perception in ADHD, making people
with the disorder more prone to initiate actions with an immediate reward even if
it is much smaller than the long-term one [11, 12]. However, even if reward and
motivation are tightly related they are not the same construct and more studies that
aim to clearly differentiate alterations in these two functions are needed [90].

Emotional Regulation: Although intuitive and even obvious from an everyday-
life perspective, the consensual definition of emotion is hard to find. For the sake
of simplicity, we will define it as Lazarus, who states that “Emotions are organized
psychophysiological reactions to news about ongoing relationships with the envi-
ronment” (Lazarus, 1991; more information on this debate can be found elsewhere
[294]). Emotional regulation, thus, is people’s ability to redirect their emotional
status and resist being carried away by their psychophysiological outcomes [295].
Emotional dysregulation (lack of emotional regulation) has been consistently re-
ported in ADHD across all lifespan [296, 297], and even if this symptom is present
in a wide variety of mental disorders its presence in ADHD cannot be explained by
comorbidity [298].



Appendix 3. Philosophical foundations of Systems and Network Anal-
ysis

Network Analysis is based on the philosophical theory of relation, which states that the
properties of the substances are based on their relationships with other substances instead.
The roots of this framework lie in the works of Gottfried Leibniz, specially his Monadol-
ogy [299]. This author claimed that the world is constituted of indivisible closed elements
called monads, similar to what was the primal definition of atoms. However (and this is
where the difference with atoms lies), the monads are not substantial elements but in-
finitesimal units of analysis, that is, they are conceptual elements that depend on the scale
of observation. For example, if we are analyzing a social network, each person can be a
monad because it is indeed the infinitesimal unit of analysis at that scale. Another exam-
ple could be found if we examine an ecological system, where the living beings would
be the monads. In the case of the brain, depending on which resolution we are studying
we can define different elements as indivisible. For example in experiments with a small
nervous tissue we could use the neurons as monads, but in fMRI we could use the voxels
(which are going to represent a group of neurons) or even regions of the brain.

In Leibniz’s words “all the monads express each other because they all represent the
same universe under their particular point of view” [299], which means that each of them
is defined by their relation (point of view) with the rest of them. Again, in the case
of rfMRI data, a voxel would be defined by its FC with the rest of the voxels of the
brain, which is its particular “point of view” of the system. That is why the Monadology
represents a definition of holism as the unity in multiplicity, namely, that the multiple
units and their interactions between them constitute a unitary element, which is a network
or in mathematical terms, a graph.
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